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ABSTRACT
Uncovering mechanisms of cadmium tolerance in a Euglena mutabilis fungal-algal-
bacterial (FAB) consortium
Emma Kaszecki
Acid mine drainage (AMD) and metal-contaminated tailings represent some of the
most inhospitable aquatic environments on Earth, characterized by low pH, elevated metal
concentrations, and chronic carbon limitation. Yet these systems support microbial
consortia with remarkable resilience. Among the most conspicuous inhabitants is Euglena
mutabilis, an acidophilic protist traditionally regarded as an indicator species of AMD but
seldom thoroughly investigated. This thesis reframes E. mutabilis at the center of a fungal-
algal-bacterial (FAB) consortium, demonstrating that its cadmium tolerance and

persistence are emergent properties of the consortium.

Culture-based experiments revealed that E. mutabilis survival under cadmium stress
declined when fungal and bacterial partners were disrupted, underscoring their
indispensability. Glucose supplementation revealed the consortium’s capacity for structural
and metabolic reorganization: fungal hyphae bound algal cells into flocs, bacterial
associates proliferated, and hormone production shifted. Hormone profiling suggested a
distributed signaling system in which fungi contributed cytokinins (CKs) and gibberellins
while algae produced methyl-thiolated CKs, jasmonic acid, and salicylic acid.
Transmission electron microscopy revealed bacterial-like inclusions within algal vacuoles,
suggesting facultative endosymbiosis or phagotrophic retention. Transcriptomic analyses

revealed that cadmium stress suppresses light-harvesting complexes and growth-promoting
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hormone biosynthesis while activating metal transporters and chloroplast sequestration

mechanisms.

Beyond stress physiology, the FAB consortium unlocked chemical diversity
inaccessible to axenic cultures. Molecular networking revealed that environmental
consortia consistently produced unique metabolite families, often linked to silent
biosynthetic pathways. Metagenomic sequencing linked these products to bacterial gene
clusters further supporting the view that metabolic innovation is an emergent property of

the collective.

Together, these findings suggest that the FAB consortium should be understood not
as a loose association but as a microbial superorganism. This framing extends beyond the
holobiont concept by dissolving the hierarchy between host and symbiont: E. mutabilis,

fungi, and bacteria are all indispensable, and the identity of the host itself becomes blurred.

By reframing E. mutabilis as the nucleus of a microbial superorganism, this work
highlights both theoretical and applied significance. It advances ecological understanding
of how life persists under geochemical extremes, while pointing to new opportunities for
sustainable bioremediation and natural product discovery through the deliberate cultivation

of naturally evolved microbial consortia.

Keywords: Bioremediation - Algal symbiosis - Co-culture - Microscopy - Hormones -

Transcriptomics
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PREFACE

This thesis is presented in manuscript form. Chapter 1 serves as an introduction to
the central concepts underpinning the work. Content from Chapter 2 encompasses
published experimental work. Chapters 3 and 4 encompass experimental work that is
presently under review for publication. All co-authors and their associated contributions
are listed in the preface of each chapter. Copyright authorization associated with published
chapters is presented in the preface of each chapter. References across all chapters have
been uniformly presented in the style of the Journal of Forensic Science (JFS), and a digital

object identifier (DOI) has been provided when available.
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Kaszecki E, Kennedy V, Shah M, Maciszewski K, Karnkowska A, Linton E, et al. Meeting
report: Euglenids in the age of symbiogenesis: Origins, innovations, and prospects,
November 811, 2021. Protist. 2022;173(4):125894. doi:
10.1016/j.protis.2022.125894.
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Figure 2.1

Figure 2.2

Figure 2.3

Figure S2.1

INDEX OF FIGURES

Antibiotic and CdCl: treatment reveal differences in cell 78
viability between E. mutabilis and E. gracilis. Cultures were
grown in MAM for 72 h. Light-colored bars indicate the
inclusion of a dilution series of antibiotics alone, while
darker-colored bars indicate exposure to antibiotics at a
fixed concentration, 100 uM, of CdCl.. Colors indicating
different antibiotic concentrations are indicated in the
legend at the bottom of the figure. Error bars represent
standard deviation (n = 3). A star (*) indicates statistical
difference (z-test) between cells exposed to antibiotics and
cells exposed to the same concentration of antibiotics with
the addition of 100 uM CdCL (* p <0.05, ** p <0.01, ***
p <0.001). A dagger (7) indicates statistical difference (¢-
test) between control cells exposed to 100 uM CdCl; and
those exposed to antibiotics and CdCL (F p <0.05, T+ p <
0.01, 711 p <0.001).

Cadmium exposure increases the chlorophyll content of 79
Euglena cultures. Total chlorophyll content (chl a + chl b)
per 100,000 Euglena cells was determined after 72 h of
exposure to varying concentrations of antibiotics (light-
coloured bars) and varying concentrations of antibiotics +
100 uM CdCl; (dark-coloured bars). Error bars represent
standard deviation (n = 3). The statistical difference
between total chlorophyll content in control and treatment
conditions was assessed using a #-test, and significant
differences are denoted by a star (* p <0.05, ** p <0.01,
*xE p <0.001).

PacBio sequencing identifies a major bacterial and a major 80
fungal partner for E. mutabilis. Relative abundance taxa bar

plot of E. mutabilis co-culture (CPCC 657) grown in MAM

at pH 4.3 (A samples), MAM at pH 2.7 (B samples), TSB
grown in light (C samples), and TSB grown in dark (D
samples). Taxa (targeting the full 16S region of bacterial
rDNA and full ITS region of fungal rDNA) are represented

at the species level where possible where a) displays bacteria

taxa and b) displays fungal taxa.

Schematic of a modified minimum inhibitory concentration 82
(MIC) assay in 12-well plates. Each plate contains a sterile
control in A1 (MAM + antibiotic) and a growth control in A2
(MAM + water + cells). Antibiotics that have been
reconstituted in alcohol (rifampicin, chloramphenicol,
cycloheximide) also contain a growth check condition in A3
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Figure S2.2

Figure S2.3

Figure 3.1

Figure 3.2

(MAM + alcohol + cells). The initial treatment of cell
cultures with antibiotics begins in A4 with a concentration of
64pg/mL which is serially diluted in subsequent wells to a
final concentration of 0.25pug/mL in C4 (a, b). This is
repeated with the addition of 100uM CdCl to assess Cd
tolerance against antibiotic treatments ranging from 2-
64pg/mL (c, d). Plates containing CdCl» also have a Cd
control in C2 (MAM + 100uM CdCL). It can be noted that
the lower stock concentration of amphotericin B precludes
the addition of the antimycotic at the same volume as other
antibiotics in this study, therefore adjustments were made to
account for an increase in the volume required to obtain the
accurate concentrations required (b, d). Images were created
with BioRender.com.

Plate photographs of an E. mutabilis co-culture (CPCC657)
after 7 days on R2A plates in control conditions (a),
following 72 hours of exposure to 8 pg/mL of cycloheximide
(b), 64 ng/mL of cycloheximide (c), 32 pg/mL of kanamycin
(d), and after 7 days on PDA plates following 72 hours of
exposure to 4 u/mL of amphotericin B and 100 uM CdCl»
(e). Growth of E. mutabilis (yellow arrows) exhibits intimate
interactions with constituent bacterial (blue arrows) and
fungal (orange arrows) organisms which prohibits the
isolation on single colonies.

Plate photographs of an E. mutabilis co-culture (CPCC 657)
after 7 days on PDA plates following 72 hours of exposure to
64png/mL of cycloheximide (a) and 2pg/mL of exposure to
amphotericin B (b, c).

E. mutabilis FAB culture floc in the presence of glucose.
Representative photographs from underneath culture flasks
reveal enhanced fungal growth (blue arrows indicating
mycelium mats) in the presence of 5 g/L (a, d) and 2.5 g/L
(b, e) of glucose compared to cultures grown in the absence
of glucose (c, ). Furthermore, cultures grown without CdCl»
(a-c) exhibit a more even distribution of E. mutabilis (red
arrows) throughout the medium, along with some
flocculation (black arrows), whereas cultures exposed to
CdCl; (d-f) tend to exhibit increased flocculation.

Cell counts of E. mutabilis increase in the presence of
glucose. Cultures of E. mutabilis were grown in for 5 days in
MAM, cycling light (16L:8D), and amended with glucose in
the presence (light coloured bars) and absence (dark coloured
bars) of CdCl,. Error bars represent standard deviation (n =
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Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

3). Statistical significance within each timepoint was
assessed using a one-way ANOVA and Tukey’s HSD post-
hoc test (p < 0.05).

Effects of glucose and cadmium on total chlorophyll content
of E. mutabilis over time. Cultures of E. mutabilis were
grown for 5-days in MAM, cycling light (16L:8D), and
amended with glucose in the presence (light coloured bars)
and absence (dark coloured bars) of CdCl.. Error bars
represent standard deviation (n = 3). Statistical significance
within each timepoint was assessed using a one-way
ANOVA and Tukey’s HSD post-hoc test (p < 0.05).

Cellular CdCl, accumulation varies depending on the amount
of glucose present. Cultures were grown in MAM, cycling
light (16L:8D), and exposed to 100 uM CdCl,, and Cd
content was measured at days 1, 3, and 5. Control media
blanks for each condition (n = 3) were extracted in parallel to
verify the absence of Cd in the control environment (0 ng).
Each symbol represents the mean value for a given glucose
treatment (n = 3): dark red circles = 5 g/L. glucose, blue
circles = 2.5 g/L glucose, and yellow circles = 0 g/L glucose.
Dashed lines connect timepoints for the same treatment to
illustrate temporal trends and are not statistical fits. Error bars
represent standard deviation. Statistical significance within
each timepoint was assessed using a one-way ANOVA and
Tukey’s HSD post-hoc test, however, no significant
differences were found (p < 0.05).

Growth of E. mutabilis FAB in glucose-amended media
reveals the presence of bacterial and fungal associates.
Cultures supplemented with 5 g/L (a) and 2.5 g/L (b) glucose
showed visible proliferation of 4. acidophilum (blue arrow)
and Talaromyces (yellow arrow) with E. mutabilis (white
arrow), whereas no such growth was observed in the absence
of glucose (c). A similar trend was seen under Cd exposure,
where cultures grown with 5 g/L. (d) and 2.5 g/L (e) glucose
supported microbial growth, while those without glucose (f)
did not. The absence of observable extracellular microbial
growth in glucose-free conditions suggests these organisms
may persist intracellularly within E. mutabilis until
environmental conditions permit their proliferation.

Transmission electron microscopy of E. mutabilis cells
reveals potential endosymbiotic organisms. Images of E.
mutabilis cross-sections grown in MAM, cycling light
(16L:8D) (a), and MAM + 100 uM CdCl,, cycling light
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Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure S3.1

(16L:8D) (b), readily display chloroplasts (c), mitochondria
(m), the nucleus (n), paramylon (p), vacuoles (v), and the
pellicle (black arrow). In both growth conditions, electron-
dense bodies housed in vacuoles (indicated by the white
arrows) resemble bacteria-containing vacuoles (BCVs) at
various stages of decomposition. These BCVs suggest that A.
acidophilum and potentially Talaromyces are being stored in
and consumed by E. mutabilis.

Supernatant concentrations (fmol/mL) of tZ (a), tZR (b), and
tZNT (c) from an E. mutabilis FAB grown in varying
concentration of glucose in the presence and absence of
CdCl, over 5-days. Error bars represent standard error (n =
3). Statistical significance within each timepoint was
assessed using a one-way ANOVA and Tukey’s HSD post-
hoc test (p < 0.05) including cultures where the hormones
were not detected.

Supernatant concentrations (pmol/mL) of MeSZ (a) and
MeSZR (b) from an E. mutabilis FAB grown in varying
concentration of glucose in the presence and absence of
CdCl, over 5-days. Error bars represent standard error (n =
3). Statistical significance within each timepoint was
assessed using a one-way ANOVA and Tukey’s HSD post-
hoc test (p < 0.05) including cultures where the hormones
were not detected.

Supernatant (a) and pellet (b) concentrations (fmol/mL and
fmol/mg DW) of GA7 from an E. mutabilis FAB grown in
varying concentration of glucose in the presence and absence
of CdCl, over 5-days. Error bars represent standard error (n
= 3). Statistical significance within each timepoint was
assessed using a one-way ANOVA and Tukey’s HSD post-
hoc test (p < 0.05) including cultures where the hormones
were not detected.

Supernatant concentration (nmol/mL) of JA (a) and SA (c)
and pellet concentrations (nmol/mg DW) of JA (b) and SA
(d) from an E. mutabilis FAB grown in varying concentration
of glucose in the presence and absence of CdCl, over 5-days.
Error bars represent standard error (n = 3). Statistical
significance within each timepoint was assessed using a one-
way ANOVA and Tukey’s HSD post-hoc test (p < 0.05)
including cultures where the hormones were not detected.

Dead cell counts of E. mutabilis exposed to Cd decrease
when cells are grown in glucose. Culture of E. mutabilis were
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Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

grown for 5-days in MAM amended with glucose in the
presence (light coloured bards) or absence (dark coloured
bars) of CdCl,. The number of dead cells in each culture were
determined using Trypan Blue dye and counting on a
Haemocytometer. Error bars represent standard deviation (n
= 3). Statistical significance within each timepoint was
assessed using a one-way ANOVA and Tukey’s HSD post-
hoc test (p < 0.05).

Assessment of Cd tolerance of E. mutabilis. Growth of E.
mutabilis over 21-days in 100 uM CdClz revealed significant
decreases in cell counts compared to E. mutabilis cells grown
in MAM only. Error bars represent standard deviation
between biological replicates (n = 7), and asterisks represents
significant difference between 0 pM and 100 uM Cd on each
day (* = p < 0.05; ** = p < 0.01; *** = p < 0.001) as
determined by an F-test for variance and Student’s t-test.

Cellular CdCl accumulation increases progressively over the
21-day exposure to Cd. Each light green dot represents an
individual biological replicate (n = 7) while the dark green
point represents the average + standard deviation (black error
bars). The dotted line illustrates the overall trend of
increasing average Cd accumulation over time (R? = 0.93; y
= 11.5x + 67.8). Based on the initial Cd dosing (674,000 ng
per 60 mL culture flask), intracellular uptake accounted for
3-11% over time. Background media controls indicated
abiotic Cd losses where 500,000 ng, 525,000 ng, and 491,000
ng remained after 7-, 14-, and 21-days, respectively. This
raised the effective sequestration efficiencies to 5-15%.

Transmission electron microscopy of E. mutabilis cells
points to an elevated presence of paramylon and Cd
accumulation after 21-days of growth. Representative cross-
sections of E. mutabilis grown in (a) MAM and (b) MAM +
100 uM CdCl, display chloroplasts (c), Golgi bodies (g),
mitochondria (m), the nucleus (n) vacuoles (v), the pellicle
(black arrows), paramylon granules (white arrows), and
electron-dense bodies within the chloroplast (red arrows).
While not measured, paramylon granules appeared more
numerous in Cd-treated cells. The scale bar on each image is
2 pm.

Gene expression when E. mutabilis is grown in 100 uM Cd
changes over time. A Euler diagram (a) displays the number
of unique DEGs between control and Cd-treated cultures
after 7 (red), 14 (yellow), and 21 (blue) days growing in the
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Figure 4.5

Figure 4.6

presence of 100 uM Cd. Volcano plot comparing the log> fold
change (x-axis) and -logio adjusted p-value (y-axis) illustrate
the distribution of DEGs which are significantly (padj <0.05;
llog> fold change| > 1) upregulated (red) and downregulated
(blue) after 7 (b), 14 (c), and 21 (d) days of growth with Cd.

Relative abundance of the top 10 most abundant species
identified in metatranscriptomic samples across timepoints
and treatment conditions using Kraken2 classification with
Bracken refinement. (a) Full-scale relative abundance
showing that Euglena gracilis overwhelmingly dominated all
samples across control and Cd-treated cultures at Days 7, 14,
and 21. (b) Expanded view (0—1.5% scale) highlighting low-
abundance taxa, including Prototheca wickerhamii,
Heterocapsa triquetra, Exophiala oligosperma, Homo
sapiens, and others. The analysis was performed at the
species level, and values represent the estimated fraction of
reads assigned to each species normalized by Bracken. Bars
represent the average relative abundance across replicates (n
= 7) for each condition.

Conceptual model of the multifaceted response of the
Euglena mutabilis FAB consortium to Cd stress, integrating
metal handling, metabolic regulation, antioxidant defense,
and hormonal modulation. Cd uptake is initially mediated by
ZIP family transporters, followed by upregulation of cation
diffusion facilitators and CDF transporters to support
intracellular sequestration or export. Chloroplasts may serve
as key detoxification compartments, limiting damage to other
organelles. Cd exposure induces ROS, prompting
downregulation of LHC and formate/nitrite transporter genes
to reduce light harvesting and electron leakage. Despite
suppressed photosystem activity, upregulation of ATP
synthase and PSII core components suggests maintenance of
basal photosynthetic function (depicted as pigmented
chlorophyll). Paramylon accumulation (yellow) provides
metabolic buffering under prolonged stress. Hormone
responses include suppressed active cytokinins and auxin
with the downregulation of IPT and LOG but increased CK
nucleotide forms, indicating a shift toward hormonal
dormancy. Symbiotic partners such as Talaromyces and
Acidiphilium acidophilum may further enhance tolerance via
metal chelation, pH stabilization, and phytohormone
signaling. Together, the model highlights a coordinated
strategy for survival in metal-contaminated environments.
Figure was made using BioRender.com.
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Figure S4.1

Figure S4.2

Figure S4.3

Figure S4.4

Visualization of DNAase-treated RNA samples. Integrity and
quality of DNAse-treated RNA was visualized by
electrophoresis on a 1.5% BPTE agarose gel after glyoxal
denaturation. A single-stranded RNA ladder (“L”; New
England BioLabs, Whitby, Canada) was used as a reference.
The rRNA of Euglena is fragmented, consisting of
approximately 14 RNA molecules [1], which accounts for its
distinct appearance on the gel. Control (MAM; green
lettering) and treatment (MAM + 100 uM Cd; blue lettering)
samples are numbered sequentially: samples 1-7 were
analyzed after 7-days of growth, samples 8-14 were analyzed
after 14-days of growth, and samples 15-21 were analyzed
after 21-days of growth.

Principal component analysis (PCA) of differentially
expressed genes in control (0 uM Cd) and Cd-treated (100
uM Cd) cultures. (a) PCA including all samples, with Control
8 appearing as an outlier along PC1. (b) PCA with Control 8
removed, resulting in clearer clustering by treatment group.
Variance explained by each principal component is indicated
on the axes.

Volcano plots depicting differential gene expression across
growth conditions, as identified using DESeq2. Comparisons
include control vs. Cd-treated cultures after 7 days (a), 14
days (b), and 21 days (c) of growth. Additional comparisons
were made within control cultures between days 7 and 14 (d),
days 7 and 21 (e), and days 14 and 21 (f). Cd-treated cultures
were compared across days 7 and 14 (g), 7 and 21 (h), and 14
and 21 (i). Genes highlighted in red are significantly
upregulated (padj < 0.05; log> fold change > 1), blue are
significantly downregulated (padj < 0.05; log> fold change <
—1), and grey indicate genes not meeting significance
thresholds.

Volcano plots depicting differential gene expression across
growth conditions, as identified using edgeR. Comparisons
include control vs. Cd-treated cultures after 7 days (a), 14
days (b), and 21 days (c) of growth. Additional comparisons
were made within control cultures between days 7 and 14 (d),
days 7 and 21 (e), and days 14 and 21 (f). Cd-treated cultures
were compared across days 7 and 14 (g), 7 and 21 (h), and 14
and 21 (i). Genes highlighted in red are significantly
upregulated (padj < 0.05; log> fold change > 1), blue are
significantly downregulated (padj < 0.05; log> fold change <
—1), and grey indicate genes not meeting significance
thresholds.
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Figure S4.5

Figure S4.6

Figure S4.7

Figure I1.1

Figure I11.2

Gene Ontology (GO) term enrichment of differentially
expressed genes (DEGS) in E. mutabilis cultures exposed to
Cd. DEGs were annotated using the PANTHER classification
system, resulting in 1,377 GO term associations across 369
significant genes (FDR < 0.05) identified over three
timepoints: 105 genes on Day 7, 115 on Day 14, and 149 on
Day 21. Of these, 211 genes were unique and 158 were
shared across multiple timepoints. Bar plots show the number
of upregulated (red) and downregulated (blue) DEGs
associated with the top GO terms at each timepoint. In total,
39 unique GO terms were represented.

Gene Ontology (GO) term enrichment of differentially
expressed genes (DEGs) in E. mutabilis after prolonged Cd
exposure. GO terms associated with DEGs identified in
cultures treated with cadmium for 21 days compared to 14
days were annotated using the PANTHER classification
system. A total of 124 significant genes (FDR < 0.05) were
annotated, of which 78 were unique. These genes were
associated with 264 GO term annotations encompassing 24
unique GO categories. Bars indicate the number of
upregulated (red) and downregulated (blue) DEGs linked to
each GO term.

Volcano plot showing differential taxonomic abundance
between Cd-treated and control samples. Each point
represents a species identified in the metagenomic data. The
x-axis indicates the logz fold change in abundance between
conditions, and the y-axis represents the —logio of the pad.
Vertical dashed lines correspond to + 1 log> fold change, and
the horizontal dashed line marks the threshold for statistical
significance (padj < 0.05). Species labeled in italics represent
the top differentially abundant taxa based on both statistical
significance and fold change. Red points indicate
significantly different taxa, while gray points are not
significant.

The growth of E. gracilis and E. mutabilis vary across
different medium. Cultures were grown for 7 days in five
different types of media. Differences in cell concentrations
within each strain were determined using a one-way ANOVA
(p < 0.05) with a Tukey HSD. Error bars represent standard
deviation (n = 4).

Molecular network with media removed. Turquoise nodes
represent ions unique to CPCC 95, yellow nodes represent
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Figure I11.3

Figure 11.4

Figure I1.5

Figure 11.6

Figure I1.7

Figure I1.8

Figure SII.1

ions unique to CPCC 452, orange nodes represent ions
unique to CPCC 657, and red nodes represent ions unique to
CPCC 658. Blue nodes indicate that an ion was present in
multiple samples. The full molecular network consisted of
7,469 nodes (Figure SII.1). However, after removing nodes
associated with and connected to media blanks, 2,538 nodes
remained from samples.

Additional attributes play a role in the diversity of
compounds present in the molecular network. Euler diagrams
display the distribution of 202 reproducible nodes from 540
Euglena culture samples across extraction solvents (a),
timepoints (b), and types of media (c).

Average microbial abundance at the domain level assigned
taxonomically by non-redundant genes across three strains of
environmental E. mutabilis consortia. Error bars represent
the standard deviation of the number of non-redundant genes
(n=3).

Relative microbial abundance assigned taxonomically by
non-redundant genes of the average top 10 most abundant
microbes at phylum (a) and family (b) levels compared to top
10 most abundant microbes in each sample (A samples =
CPCC 452, B samples = CPCC 657, C samples = CPCC 658)
across three strains of natural E. mutabilis consortia.

Abundance of secondary metabolite regions identified using
bacterial (a) and fungal (b) versions of antiSMASH v7.0 for
each strain of natural E. mutabilis consortia.

Assigned atoms for NMR shifts detected in 3-(9a-methyl-3-
octanoyl-2,9-dioxofuro[3,2-g]isochromen-6-yl)prop-2-enoic
acid. Arrows denote shifts detected via Heteronuclear
Multiple Bond Correlation (HMBC) or Total Correlation
Spectroscopy (TOCSY).

Cluster containing metabolites of interest related to
Talaromyces furanochromenes. Each node is annotated with
its m/z. Associated nodes have been annotated with either
their corresponding library match or their confirmed
structure.

Complete molecular network from all samples and blanks.
Turquoise nodes represent ions unique to CPCC 95, yellow
nodes represent ions unique to CPCC 452, orange nodes
represent ions unique to CPCC 657, and red nodes represent
ions unique to CPCC 658. Blue nodes indicate that an ion
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Figure SII.2

Figure SIL.3

Figure SI1.4

was present in multiple samples. The 6 highlighted
compounds were identified as library hits from the GNPS
database and have been previously characterized as having
pharmaceutical or antimicrobial properties (Table SI.1).

Growth of E. mutabilis (CPCC 658) after 7 days of growthin 308
EG (a) and EG:JM (b) media at 10x magnification.

Plate photographs of an E. mutabilis co-culture (CPCC 657) 309
after 7 days on malt agar following 7 days of growth in MAM
+ G (a) and of an E. mutabilis co-culture (CPCC 658) after 7
days on malt agar following 7 days of growth in EG:JM (b).

MS/MS assignment for precursor m/z 413.16. Predicted 313
structures are shown below assigned peaks.

XX



Table 2.1

Table S2.1

Table S2.2

Table S2.3

Table 3.1

Table S3.1

INDEX OF TABLES

Cell viability test (n = 3) comparing colony-forming units of
E. mutabilis (CPCC 657) and uncharacterized fungal growth,
in addition to E. gracilis (CPCC 95) after 7 days of incubation
at 24 °C in darkness.

Relative growth of viable E. mutabilis (CPCC 657) and E.
gracilis (CPCC 95) following 72 hours of antibiotic exposure
at various concentrations compared to control conditions
(MAM only) where nil indicates there was no difference in
growth, ng indicates no Euglena cells were detected, an up
arrow (1) indicates the growth of Euglena after antibiotic
exposure increase, and a down arrow () indicates the growth
of Euglena after antibiotic exposure decreased. A star (*) is
used to denote the difference in growth (* =p <0.05, ** =p <
0.01, *** = p <0.001) determined by a #-test.

ITS and 16S primers selected for the identification of
constituent fungal and bacterial organisms in an E. mutabilis
co-culture (CPCC 657) through Sanger sequencing. ITS
primers were selected from Raja et al. [56], while 16S primers
were selected from Thijs et al. [57].

Cell viability test (» = 3) comparing colony forming units of
E. mutabilis (CPCC 657) and uncharacterized fungal growth,
in addition to E. gracilis (CPCC 95) after 7 days incubation at
24°C in darkness.

Cell survivability test (» = 3) comparing colony forming units
of E. mutabilis (CPCC 657) and Talaromyces after 7-days of
incubation on PDA at 22°C cycling in darkness. Before
plating, samples were grown in their respective media types
for 5-days.

Hormones, grouped accordingly, included in the UHPLC-
MS/MS method using PRM mode [62]. 23 CKs (freebase,
riboside, glucoside, methylthiolated, and aromatic forms) and
8 acidic hormones were analyzed directly while 4 CK
nucleotides were analyzed in their dephosphorylated riboside
state.
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Table S3.4

Table S3.5

Table S3.6

Quantified hormone concentrations detected in the culture
media under varying growth conditions. Only hormones
present in the extracellular medium are reported; compounds
from Table S3.1 not detected in the media have been excluded.

Quantified CK concentrations (fmol/mL) in the culture
supernatant across experimental treatments. Values represent
the mean concentration (+ standard error, n = 3) of each sample
measured at indicated time points. Treatments include varying
glucose amendments with and without Cd exposure. Data
reflect extracellular CK accumulation as part of the
experimental assessment of environmental and nutrient stress
on CK production.

Quantified CK concentrations (fmol/g [DW]) in culture pellets
across experimental treatments. Values represent the mean
concentration (+ standard error, n = 3) of each sample
measured at indicated time points. Treatments include varying
glucose amendments with and without Cd exposure. Data
reflect intracellular CK accumulation as part of the
experimental assessment of environmental and nutrient stress
on CK production.

Quantified methylthiolated CK concentrations (fmol/mL) in
the culture supernatant across experimental treatments. Values
represent the mean concentration (+ standard error, n = 3) of
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in culture pellets across experimental treatments. Values
represent the mean concentration (+ standard error, n = 3) of
each sample measured at indicated time points. Treatments
include varying glucose amendments with and without Cd
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accumulation as part of the experimental assessment of
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Quantified gibberellin concentrations (fmol/mL) in the culture
supernatant across experimental treatments. Values represent
the mean concentration (+ standard error, n = 3) of each sample
measured at indicated time points. Treatments include varying
glucose amendments with and without Cd exposure. Data
reflect extracellular gibberellin accumulation as part of the
experimental assessment of environmental and nutrient stress
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Quantified gibberellin concentrations (fmol/g [DW]) in culture
pellets across experimental treatments. Values represent the
mean concentration (+ standard error, n = 3) of each sample
measured at indicated time points. Treatments include varying
glucose amendments with and without Cd exposure. Data
reflect intracellular gibberellin accumulation as part of the
experimental assessment of environmental and nutrient stress
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Quantified acidic hormone concentrations (pmol/mL) in the
culture supernatant across experimental treatments. Values
represent the mean concentration (+ standard error, n = 3) of
each sample measured at indicated time points. Treatments
include varying glucose amendments with and without Cd
exposure. Data reflect extracellular acidic hormone
accumulation as part of the experimental assessment of
environmental and nutrient stress on acidic hormone
production.

Quantified acidic hormone concentrations (pmol/g [DW]) in
culture pellets across experimental treatments. Values
represent the mean concentration (+ standard error, n = 3) of
each sample measured at indicated time points. Treatments
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accumulation as part of the experimental assessment of
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production.
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Table 4.3

Table 4.4

Table S4.1

Comparison between the frequency of non-viable cells in
control and Cd treated cells after 21-days of growth (n = 7).
Dead cell frequency was assessed by staining with Trypan
Blue and counting on a haemocytometer at 10x magnification.
The frequency of dead cells was determined using the formula:
(# dead cells / total cell count) * 100% = frequence of dead
cells.

Concentrations of hormones detected in the culture
supernatant of E. mutabilis under control and Cd-treated
conditions over 21 days. Hormone levels are reported as mean
+ standard error (SE) in picomolar per 100,000 -cells
(pmol/100,000 cells) or femtomolar per 100,000 cells
(fmol/100,000 cells). CKs are grouped into free bases,
ribosides, and nucleotides, with total concentrations provided
for each class where applicable. A dagger (1) indicates
significant difference in hormone concentration between
control and Cd-treated cultures at each timepoint using an F-
test to assess variance followed by Student’s t-test (n = 7).

Identification of unique GO terms in the presence of Cd. 39
statistically overexpressed (FDR < 0.05) gene ontology (GO)
terms were identified from the list of DEGs using the
PANTHER classification system when E. mutabilis cultures
grown in MAM were compared to cultures grown in MAM +
100 uM Cd. Databases for GO term identification include
Homo sapiens, Arabidopsis thaliana, Chlamydomonas
reinhardtii, and Synechocystis sp. in relation to clusters of
orthologous genes (COGs) identified using BLASTX.

Identification of unique GO terms from cultures grown in Cd.
24 statistically overexpressed (FDR < 0.05) gene ontology
(GO) terms were identified from the list of DEGs using the
PANTHER classification system when E. mutabilis cultures
grown in 100 pM Cd for 14 days were compared to cultures in
100 uM Cd for 21 days. Databases for GO term identification
include Homo sapiens, Arabidopsis thaliana, Chlamydomonas
reinhardtii, and Synechocystis sp. in relation to clusters of
orthologous genes (COGs) identified using BLASTX.

Hormones, listed in order of retention time (minutes) included
in the UHPLC-MS/MS method using PRM mode. 29 CKs
(freebase, riboside, glucoside, methylthiolated, and aromatic
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Table S4.4

Table S4.5

Table S4.6

forms) and 8 acidic hormones were analyzed directly while 4
CK nucleotides were analyzed in their dephosphorylated
riboside state.

Average number of raw and quality-trimmed reads (n = 7)
obtained from RNA-sequencing of E. mutabilis cultures
exposed to 0 uM or 100 uM Cd across three time points. Read
counts represent the average per condition after initial
sequencing and post-trimming quality control.

Average number of reads (n = 7) assigned to genes and
isoforms in cultures treated with 0 uM or 100 uM Cd across
Days 7, 14, and 21. Reads were quantified at both the gene and
isoform levels to assess mapping efficiency to the assembly.

Summary of differentially expressed genes (DEGs) identified
by DESeq2 and edgeR across treatment and timepoint
comparisons. The number of DEGs with an adjusted p-value
(Padj) < 0.05 and those with both Padj < 0.05 and [log> fold
change| > 1 are reported for each method. The final two
columns show the overlap in DEGs identified by both DESeq2
and edgeR using the same thresholds. Comparisons include
control vs. Cd treatment and intra-treatment changes over
time.

Overlap of differentially expressed genes (DEGs) across
control vs Cd comparisons at days 7, 14, and 21. Genes were
identified using both DESeq2 and edgeR with padj < 0.05 and
llog2 fold change| > 1. The table shows the number of DEGs
unique to each day and those shared between two or all three
timepoints.

Functional classification of differentially expressed genes
(DEGs) identified from comparisons between control and Cd-
treated E. mutabilis cultures across days 7, 14, and 21.
Functional annotation was conducted via BLASTX searches
against the NCBI non-redundant protein database, SWISS-
Prot, and Ensembl 113 databases for Homo sapiens,
Arabidopsis  thaliana, Chlamydomonas reinhardtii, and
Synechocystis sp. The majority of DEGs lacked functional
assignment; however, annotated genes were grouped into
clusters of orthologous genes (COG). Some genes may be
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assigned to more than one COG, accounting for the
discrepancy between the number of COGs identified and the
number of DEGs.

Functional classification of differentially expressed genes
(DEGs) identified from comparisons between cultures of E.
mutabilis grown in 100 uM Cd over 7-, 14-, and 21-days.
Functional annotation was conducted via BLASTX searches
against the NCBI non-redundant protein database, SWISS-
Prot, and Ensembl 113 databases for Homo sapiens,
Arabidopsis  thaliana, Chlamydomonas reinhardtii, and
Synechocystis sp. Some genes may be assigned to more than
one COQG, accounting for the discrepancy between the number
of COGs identified and the number of DEGs.

Keyword and KEGG classification framework used to identify
genes involved in phytohormone biosynthesis. Keywords and
KEGG identifiers related to auxin and cytokinin (CK)
biosynthetic pathways were compiled and used to filter
annotated genes derived from SPROT BLASTX results,
transcript-predicted  functions, and KEGG orthology
assignments. This strategy enabled the targeted identification
of transcripts potentially involved in phytohormone
production and regulation.

Differential abundance of taxa in control and Cd-treated
cultures. A Mann—Whitney U test was used to identify
significantly enriched taxa between treatment groups. The
table includes the taxon name, raw p-value, log> fold change
(Logz FC), and adjusted p-value (Padj). Positive logoFC values
indicate enrichment in Cd-treated cultures, while negative
values indicate enrichment in control cultures. Taxa are
ordered from most to least statistically significant (padj <0.05)
from the top of the table down.

Cell viability test (n = 4) comparing colony forming units of
E. gracilis (CPCC 95), E. mutabilis (CPCC 452, 657, 658), and
fungus after 7 days of incubation on malt agar at 25°C cycling
light and dark (16:8). Before plating, samples were grown in
their respective media types for 7 days.
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Overview of GNPS library matches from the full molecular
network that have been previously characterized as having
pharmaceutical or antimicrobial properties.

Non-redundant genes present in each E. mutabilis sample at
the domain level. A-samples are replicates of CPCC 452, B-
samples are replicates of CPCC 657, and C-samples are
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Average 10 top phyla based on non-redundant genes present in
each E. mutabilis sample. A-samples are replicates of CPCC
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Actual 10 top families based on non-redundant genes present
in each E. mutabilis sample. A-samples are replicates of CPCC
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Spot count of top 10 hits from NCBI taxonomic analysis for
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452, B-samples are replicates of CPCC 657, and C-samples are
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BGC predicted using the bacterial antiSMASH database for E.
mutabilis co-cultures. The percentage (%) indicates the
proportion of gene similarities to predicted clusters. T1PKS:
type I polyketide synthase; T3PKS: type III polyketide
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proportion of gene similarities to predicted clusters. NRPS:
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CHAPTER 1
GENERAL INTRODUCTION

1.2 SYMBIOSIS

Symbiotic systems are pervasive in nature. Organisms rely on each other for
survival, from intertwining mycorrhizal fungi and plant root systems, to the bacteria that
live in our gut, and the inseparable interkingdom collaborations that form lichens and corals
[1-4]. The classically studied symbiotic systems are those that are advantageous in nature,
where the benefit of each associated organism increases because of the relationship. This

is known as mutualism [5].

One of the most researched mutualistic systems combines a photosynthetic algae or
cyanobacteria, communities of bacteria, and two fungi — one of which is a basidiomycete
yeast — to create an organism called a lichen [6—8]. Although it is unknown when lichens
began to evolve, the earliest fossils date back approximately 400-600 million-years-ago [9].
Presently, it is estimated that 20,000 known fungi can lichenize to create unique structures
that cover 8% of the Earth’s surface [7,10]. An oversimplified interpretation of these
relationships would be that they are driven by the need to survive: the photosynthetic algae
provide nutrients for the fungi, while the fungal thallus provides shelter and protection for
the algae, and the bacteria assist in nutrient acquisition and resistance against environmental
stressors [7,10—12]. This convergence is an example of co-dependence in nature for which
the separate species in a lichen come together to serve each other’s need, and in doing so,

creating an entirely new organism [9,10].



Mutualism can exist outside of a defined lichen structure between free-living algae
and fungi, algae and bacteria, or fungi and bacteria [13—15]. While these relationships exist
everywhere in nature, they are historically understudied for the following reasons: (1) It is
widely agreed that the relationship between algae and fungi, and the structure they take on
when cultured together, is foundational to the formation of a lichen [14]. Therefore, this
interaction in the evolutionary context of lichenization is explored as opposed to studying
the free-living organisms [16]; (2) Studying two unique microbes that have evolved
together is challenging because the possibility of isolating one microbe to create an axenic
culture is difficult [7,14]; and (3) Fungi, bacteria, and algae have traditionally been studied
axenically to make them more amenable to advanced molecular tools, therefore the

biological significance of microbial associations is often lost in a laboratory setting [14,17].

Phycology, like many other disciplines over the last decade, has endeavoured to
understand basic principles of physiology and ecology through a reductionist approach
[18]. Laboratory settings typically used sterile culture techniques with a view to study
axenic algal cultures, uncontaminated by “interference” from other microbes. More
recently, with the realization of how important microbiomes are to even simple living
assemblages, a new imperative has arrived to understand the true functioning of algal
populations, inclusive of all its bacterial and fungal partners [19,20]. The positive
associations between co-cultures of algae and fungi and/or bacteria have been highlighted
in the movement towards sustainable environmentally friendly technologies. These systems
are being synthetically created and investigated for potential use in bioremediation, as

biofuel development, and in consumer products [21-23]. Generally, the interactions in



these co-cultures are not reflective of natural microbial relationships as much as they are

an attempt to optimize their potential use [21,23,24].

Exploratory studies of interkingdom mutualism with algae have focused primarily
on synthetic bipartite associations, while investigations of algal tripartite co-cultures
remain limited [14,25,26]. In general, tripartite systems with free-living organisms are not
widely researched outside of mycorrhizal associations, largely because their inherent
complexity makes them difficult to disentangle, despite the natural association of algae
such as Euglena sp. and Chlorella sp. with other organisms, at times in extreme
environments [27-29]. The potential for developing biotechnology with Euglena and
Chlorella has led to increased interest in the association of organisms, however their
evolved associations are often substituted by the formation of synthetic co-cultures from

axenic strains in these technologies [30,31].

1.3 ALGAL RELATIONSHIPS
Since the idea of “algal-bacterial” consortia was proposed in 1981, their
evolutionary history, interactions, and how they can be used together for biotechnology

have been extensively examined [19,22,32,33].

1.3.1 PHOTOSYNTHETIC EVOLUTION FROM CYANOBACTERIA

The theory of the evolution of organelles in algae can be traced back to the
endosymbiotic theory proposed by Konstantin Mereschkowski and substantiated by Lynn
Margulis [34-37]. In its modern form, the endosymbiotic theory proposes that

mitochondria and plastids — including chloroplasts — originated from free-living
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alphaproteobacteria and cyanobacteria, respectively, that were engulfed by an ancestral
eukaryotic host through a process akin to phagocytosis. Rather than being digested, these
prokaryotic symbionts established a stable, long-term endosymbiotic relationship,
eventually evolving into obligate organelles through extensive genomic integration and
functional interdependence with the host [34—37]. Subsequent evolutionary diversification
involved additional rounds of symbiosis. In secondary endosymbiosis, a eukaryotic host
engulfed another eukaryote that already contained a primary plastid. This led to plastids
surrounded by three or four membranes, as seen in lineages from green and red algae [38].
These events represent a horizontal transfer of photosynthetic capacity, rather than vertical

descent, and significantly expanded the diversity of photosynthetic eukaryotes.

Several species of photosynthetic algae can obtain food and energy
heterotrophically in the absence of light, either by absorbing dissolved organic molecules
or ingesting particles from their environment [39—42]. Under experimental heterotrophic
culture conditions, Chlorella sp. have shown markedly increased respiration rates and
biomass accumulation compared with autotrophic cultures [41-43]. Despite these
observations, many algal species are obligate phototrophs and have lost the ability to grow
in complete darkness [41,44,45]. Light generally stimulates growth and increases growth
rates, but the highest biomass yields are often achieved under mixotrophic conditions,
where cells combine autotrophic and heterotrophic nutrition and thus avoid dependence on
either light or carbon as a sole nutrient source [40,41]. When the growth of Chlamydomonas
reinhardtii were compared under autotrophic, heterotrophic, and mixotrophic conditions
the highest growth rates and biomass accumulation have been observed under mixotrophy

[46].



While the evolution of plastids through primary and secondary endosymbiosis is
well-established, the retention or loss of phagocytosis in algal lineages provides insight into
the metabolic flexibility and ecological strategies of these organisms. In particular, the
Archaeplastida lineage — which includes glaucophytes, red algae, green algae, and land
plants — appears to have lost phagocytotic capacity early after plastid integration, likely due
to the reduced selective pressure to maintain heterotrophic feeding once efficient
autotrophy was established [47]. Most green algae lack the cellular machinery necessary
for phagocytosis; however, not all algae have abandoned phagotrophy [47,48]. Several
algal groups derived from secondary or tertiary endosymbiotic events — including
euglenoids, dinoflagellates, cryptophytes, and some chrysophytes — have retained or
reacquired the ability to phagocytose particles [49,50]. These algae can use both light and
organic matter as energy sources, offering a competitive advantage in nutrient-poor or
variable environments. For example, Euglena gracilis can grow heterotrophically in the
dark and phagocytose bacteria [50-52], while the dinoflagellate Oxyrrhis marina exhibits
life stages with active ingestion of prey [53]. The presence of phagocytosis in these lineages
suggests that while plastid acquisition limited phagotrophy in some groups, others have
maintained it as a complementary or fallback strategy. This evolutionary pattern
underscores that phagocytosis is not universally lost among algae but has been selectively

retained, lost, or modified depending on ecological pressures and metabolic needs [54].

1.3.2 ALGAL-BACTERIAL SYMBIOSIS
Despite the extensive evolutionary history between algae and bacteria, the idea of

an “algal-bacterial consortia” was proposed only 40 years ago [32]. Since then, the various
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interactions between algae and bacteria have been extensively researched [22]. These
associations can be found in virtually every aquatic habitat on Earth, including extreme
environments where acidity and heavy metal concentrations do not favour species diversity
[13,28,55]. Recent studies have demonstrated that these interactions can be mutually
beneficial, particularly through the bidirectional exchange of nutrients, supporting the

existence of symbiotic relationships [22,56-58].

There are many examples of the mutualistic relationship between algae and
bacteria, but perhaps the most familiar is bacteria enhancing algal growth through the
supplementation of vitamin Bi> [57,59]. Over half of the 326 algal species surveyed by
Croft et al. [57] require vitamin B, for growth because it acts as a cofactor for
methylmalonyl-CoA mutase (MCM) which is involved in amino acid and protein synthesis
[3,60]. Two enzymes are responsible for methionine synthesis: vitamin Biz2-independent
MetE can synthesize methionine without Bi2, and vitamin Bi>-dependent MetH which
relies on B> as its cofactor [3,57]. There is no molecular evidence of vitamin B, synthesis
in the algal lineage, and it is noted that most algae have lost MetE, although C. reinhardtii
and the diatom Phaeodactylum tricornutum have been reported to contain both MetE and
MetH [57,61,62]. Despite this anomaly, both organisms significantly repress MetE
transcript expression when treated with exogenous vitamin B2 [61,62]. An exogenous
application of only 50 ng/L of vitamin Bi> reduced the transcript expression of MetE by
30% [61]. This correlation suggests that there is a strong cellular advantage for the gene to
remain inactive when possible and instead have the organism rely on external sources of
vitamin B> for MetH facilitated methionine synthesis [61,62]. This ecological dependence

has been empirically demonstrated: the algae Lobomonas rostrata cannot grow axenically
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without Bi2, but in co-culture with B2 producing bacterium Mesorhizobium loti both

partners persist through reciprocal exchange of B12 and organic carbon [63].

In addition to providing vitamin B12 some bacteria are capable of fixing nitrogen to
supply the algae, who do not possess nitrogen-fixing mechanisms [22]. This is seen in the
Great Lakes among the growth of Cladophora with an abundance of nitrogen-fixing
bacteria and archaea, and in a laboratory setting upon which Ditylum brightwellii only
survives in nitrogen-limited media when co-cultured with bacteria [64,65]. It should be
noted that for nitrogen fixation the interactions exist between free-living algae and free-
living bacteria, as it was recently discovered that of 437 lichen metagenomes analyzed none

of them contained nitrogen-fixing bacteria [66].

Although the relationship between algae and bacteria initially appear beneficial for
the algae only, the bacteria capitalize on using algae as a carbon source [59,67]. In the case
of the above-mentioned with D. brightwellii, it was observed that bacterial growth was
limited by lack of a carbon source and exhibited improved growth once co-cultured with
D. brightwellii [64]. This phenomenon is also seen in the mutualistic interaction between a
culture of Pseudo-nitzschia multiseries from the Pacific and Atlantic Oceans that is
associated with Sulfitobacter [68]. Separation of the organisms resulted in significantly
decreased growth for both the algae and bacteria in their respective monocultures [68].
Some bacteria produce the antioxidant dimethylsulfoniopropionate (DMSP) which is
released into the environment and used as a sulfur and carbon source, although not enough
is produced to supply the bacteria with sufficient carbon [69]. DMSP is also produced by

algae who do not recycle it for themselves, generating an excess of DMSP in axenic
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cultures; however, when co-cultured with bacteria, DMSP is almost undetectable as it is

being rapidly metabolized by bacteria [69].

1.3.3 ALGAL-FUNGAL SYMBIOSIS

Lichens are an example of algal mutualistic symbiosis [70,71]. First characterized
by Simon Schwendener in 1868, the algal-fungal association was widely rejected until the
twentieth century when an aposymbiotic culture of the fungus Cladonia pyxidate and its
green algal partner were successfully used to reconstitute a lichen [70,71]. This led
scientists to believe that a lichen is a symbiotic relationship between a fungus — typically
an Ascomycota — and a photosynthesizing partner — typically an alga or cyanobacteria
[10,70,71]. Bacteria were being isolated from lichen thalli as early as the 1920s, however
it was believed that these organisms did not affect the algal-fungal association and were
“contaminants” [8,72]. Aschenbrenner et al. [73] were the first group to identify a diverse
bacterial community within lichens. They recognized that the bacteria were directly
interacting with thalli propagules and determined that a portion of the lichen microbiome
was vertically transferred using the bacteria [73]. Additionally, Spribille et al. [8]
characterized a basidiomycete yeast embedded in the cortex of 15 Bryoria spp. across
Montana, U.S.A., and confirmed this interaction in 52 other lichen genera from around the
world. This caused the definition of what a lichen is to be corrected. Now, it is understood
that a lichen is a mutualistic interaction between a photobiont, two mycobionts, and a
plethora of bacteria [8,72]. Approximately 20,000 lichen-forming fungal species and 156
species of photobionts have been identified, however the consistent flow of new

information about lichens underscores how much remains unknown [10,71,74].



Often, physical interaction is regarded as the earliest stage in the development of a
lichen and has been frequently used as a criterion to distinguish lichen from the simple
cohabitation of two organisms [14,29,75,76]. Lichens form defined structures that can be
described as crust-like, leaf-like (foliose), or shrub-like (fruticose) in which the fungal
hyphae surrounding the photobiont forms a colourful growth chamber called a thallus [77].
The organisms that make-up a lichen are unable to re-lichenize following intentional
separation, suggesting the thallus structure formed in co-culture is critical to the

survivability of the lichen relationship [16,78-80].

A transitional case was illustrated by Watanabe et al. [29], who documented the first
mutualistic association involving Chlorella, fungi, and bacteria. Their study revealed that
both fungal and bacterial populations adhered directly to Chlorella cells, indicating
colonization. From this community, they successfully isolated a fungal strain, CSSF-1,
closely related (98.8%) to the Acremonium-like hyphomycete KR21-2, and demonstrated
that it could be cultured independently. When co-cultured for seven days, Chlorella and
CSSF-1 exhibited significantly enhanced growth rates compared to their respective axenic
cultures. The authors attributed this growth promotion to a mutualistic nutrient exchange
between the fungus and alga. Notably, although reminiscent of lichen symbioses, the co-
culture did not result in a lichenized structure, and the symbiotic relationship could be re-
established after physical separation [29]. This study highlights the continuum between

strict lichenization and more flexible algal-fungal partnerships.

The absence of clear criteria distinguishing between mere association, co-

habitation, and true lichenization presents a challenge for accurately defining these
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relationships. This ambiguity limits our understanding of their ecological significance and
hinders the exploration of their potential applications in emerging biotechnologies such as
bioremediation [81] and biofuel [21,33]. Currently, most of the literature which concerns
relationships between algae and fungi concentrate on lichens, while other mutualistic
associations are rarely discussed. In the absence of a clear standard for classifying algal-
fungal interactions, the term “lichen” has become increasingly ambiguous. More
concerning, the overuse of the label has led to a proliferation of reductive language — such
as “lichen-like” — which risks oversimplifying or overlooking the complexity of these
associations [82,83]. As a result, important insights into the biochemical and ecological
dynamics that underpin these symbioses may be obscured, contributing to persistent

knowledge gaps in our understanding of their natural roles and potential applications.

Such flexibility becomes apparent when considering algal symbiosis outside of the
fungal context. For example, the dinoflagellate Symbiodinium is commonly associated with
corals across vast geological ranges, including the Great Barrier Reef and the Caribbean,
with diverse host specificities [84,85]. Through photosynthesis, the alga promotes coral
growth and calcification, while the corals themselves provide the photobiont with refuge
from the nutrient-poor open ocean [86]. Unfortunately, rising ocean temperatures from
climate change has placed immense heat stress on corals resulting in the expulsion or
digestion of its photosynthetic partner, and bleaching [87,88]. Disrupted nutrient cycling
which occurred during the onset of heat stress was later identified as the mechanism behind
functional breakdown of this system and loss of the symbiotic relationship [88]. Examples
such as this demonstrate that “lichen-like” interaction with algae, though structurally

distinct, are equally important to recognize as traditional lichens.
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The ambiguity of the term “lichen” complicates these discussions. Some
researchers argue that any association between fungi and a photobiont should be classified
as a lichen, while others take a more cautious approach — emphasizing technical definitions,
functional distinctions, and phylogenetic evidence to more precisely delineate these
relationships [80,87-89]. Beyond its original context, the term is now being applied to
interactions that do not exclusively involve algae and fungi. Algae found in association with
animals such as Hydra spp. and Spongilla spp. have been described as “animal lichens,”
while symbiotic relationships between bacteria and viruses have even been termed

“microlichens” [82,83,89].

A clearer picture of this complexity emerges from microbial co-culture studies.
Hom and Murray [90] documented obligate mutualism between Saccharomyces cerevisiae
and Chlamydomonas reinhardtii, driven by bidirectional nutrient exchange. The organisms
formed a close wall-to-wall interface without hyphal penetration or complex morphological
structures associated with lichenization. In this relationship, S. cerevisiae supplied CO> via
glucose metabolism to fuel algal photosynthesis, while C. reinhardtii reduced nitrite to
ammonia for fungal use. Interestingly, co-culturing C. reinhardtii with Aspergillus nidulans
— a fungus that also requires nitrite — failed to yield obligate mutualism, suggesting that
functional complementarity, not just metabolic overlap, is critical to establishing

interdependence [90].

In a related study, Du et al. [91] explored carbon and nitrogen exchange between

Nannochloropsis oceanica and Mortierella elongata. They found that physical contact was
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essential for efficient carbon transfer from alga to fungus, although the alga could still
acquire carbon from the fungus regardless of its viability. When the organisms were
separated by a membrane, carbon transfer to the fungus was significantly reduced, while
algal uptake remained largely unaffected. Notably, nitrogen transfer from fungus to alga
was more than double the amount transferred in reverse and did not require direct contact

[91].

Beyond nutrient exchange, fungal partners provide algae with both physical and
biochemical protection in symbiotic systems [10,91,92]. Krespach et al. [92] investigated
the interaction between Chlamydomonas reinhardtii and Aspergillus nidulans under
exposure to the algicidal bacterium Streptomyces iranensis. In co-culture, A. nidulans was
observed to attract C. reinhardtii and envelop it in developing mycelium, effectively
embedding the alga within its fungal structure. This physical shielding protected the algal
cells from azalomycin F, a secreted algicide produced by S. iranensis in response to C.
reinhardtii. The authors found that A. midulans produces polar lipids that bind and
neutralize azalomycin F, thereby preventing algal bleaching. Algal cells encased within the
fungal matrix exhibited significantly higher tolerance and survival rates compared to

unprotected cells grown outside the mycelium [92].

Similarly, Kranner et al. [93] investigated the model lichen Cladonia vulcani,
composed of the mycobiont Cladonia sp. and the photobiont Trebouxia excentrica. The
study explored how the intact lichen responds to desiccation stress by maintaining a
dynamic antioxidant system centered on glutathione (GSH). When cultured separately, both

partners suffered oxidative damage from reactive oxygen species (ROS) during desiccation.
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The alga showed some desiccation tolerance, though its photoprotection was reduced, while
the fungus displayed a diminished capacity to maintain glutathione homeostasis. Upon
rehydration, neither isolated partner fully restored antioxidant function. In contrast, the
intact lichen showed robust oxidative stress management, rapidly converting oxidized
glutathione (GSSG) back to its reduced form and resuming metabolic activity. This
demonstrates that biochemical cooperation in the symbiotic state enhances desiccation

tolerance through shared antioxidant strategies [93].

Some have proposed the fungal—algal relationship as helotism, a form of symbiosis
in which the fungus parasitizes the alga, exploiting its photosynthetically derived nutrients
for metabolic gain [73,94,95]. In this framework, the fungus benefits disproportionately:
carbon flow from the photobiont often exceeds the mineral supplementation returned by
the mycobiont, positioning the fungus as the dominant partner. However, the interaction
remains stable because the photobiont receives shelter and protection, which are critical to
sustaining the symbiosis [72,96]. Indeed, increased thallus growth — where the photobiont
resides — is positively correlated with photosynthetic activity, further highlighting the
importance of carbon fixation to the overall system [12,97,98]. This association reflects a
self-serving survival strategy for both partners, rather than a purely cooperative interaction
[11,96]. While the degree of mutual dependency remains under debate, aforementioned
studies have demonstrated enhanced growth, metabolic exchange, and stress tolerance in

algal—fungal co-cultures compared to their axenic counterparts [93,99-101].
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1.4 INTERKINGDOM COMMUNICATION

Diverse microbial communities engage in complex interactions that are often
dynamic and non-harmonious. Each organism tends to act in its own self-interest, and even
slight environmental changes can alter the nature of these interactions [22,102,103],
microbial coordination frequently results in mutual or community-level benefits [20,22,57].
Two major forms of chemical communication that mediate such interactions are
phytohormone signaling and quorum sensing (QS), which allow microbes to perceive and
respond to their environment [104-107]. QS, a well-studied bacterial communication
system, enables cells to detect population density by sensing autoinducers, triggering
collective behavioral changes [105,108,109]. Phytohormones, on the other hand, are low-
molecular-weight metabolites which modulate growth, metabolism, and stress responses in
neighboring organisms [110]. Originally discovered in plants, they have since been detected

in algae, bacteria, and fungi [106,111,112].

Microbial communication in algal systems often relies on the production of
secondary metabolites — organic compounds not essential for primary growth or
reproduction but instead providing competitive or ecological advantages [113,114]. Among
these are QS molecules produced by bacteria and analogous compounds secreted by algae,
such as pheromones, homoserine derivatives, fucoserratene, and ectocarpene. These
molecules have been implicated in regulating reproductive behavior and enhancing
biomass accumulation [115,116]. Such compounds often exert allelopathic effects or inhibit
key biological processes in competing species, thereby conferring a selective advantage

[114,117].
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Algae also communicate stress states through the release of signaling molecules
that can stimulate antioxidant responses [113,118,119]. For example, Brisson et al. [118]
identified several extracellular metabolites — including lunichrome, monolaurin, and
aleuritic acid — that impact algal growth and physiology. In a different study, Ramachandran
et al. [119] isolated five endophytic actinomycetes (EA) from Caulerpa racemosa that
produced novel secondary metabolites with antagonistic effects against drug-resistant
bacteria. These EA-derived metabolites — likely flavonoid and alkaloid in nature — were
active against Escherichia coli, Pseudomonas aeruginosa, and Enterobacter sp.,
demonstrating the dual ecological and biotechnological relevance of secondary metabolite

production by algal-associated microbes [119].

In addition to their antimicrobial or allelopathic roles, secondary metabolites may
also enable interkingdom communication. Kessler et al. [120] demonstrated that Ulva
mutabilis releases dimethylsulfoniopropionate (DMSP), a secondary metabolite that
attracts beneficial bacteria such as Roseovarius sp. and Maribacter sp. These bacteria, in
turn, secrete morphogenic compounds that enhance algal growth. This reciprocal exchange
of nutrients and signals illustrates a sophisticated form of metabolic coordination,

dependent on diffusion at ecologically relevant concentrations [120].

Unlike secondary metabolites, primary metabolites are involved in fundamental
processes such as energy production and cellular development. These include amino acids,
nucleotides, vitamins, and organic acids [121,122]. Phytohormones classified as auxins and
cytokinin (CK), though derived from primary metabolites, occupy a grey area between

primary and secondary metabolites due to their broad roles in growth and development

- 16 -



[123,124]. Auxins, particularly indole-3-acetic acid (IAA), promote cell elongation and
division, stimulate root formation in plants, and play vital roles in plant-microbe symbioses
[125-127]. TAA-producing rhizobacteria enhance plant stress tolerance and root
development, facilitating nutrient acquisition and nodulation [128,129]. CKs support
chloroplast development, vascular differentiation, and cell proliferation, while also
improving resistance to abiotic stressors such as heavy metals and salinity [110,130,131].
Other phytohormones, such as abscisic acid (ABA), jasmonic acid (JA), and salicylic acid
(SA) are often regarded as secondary metabolites due to their specialized functions in stress

mitigation [123,124].

Although less is known about phytohormone biosynthesis in algae, species such as
Euglena gracilis, Chlorella spp., and Scenedesmus spp. are known to produce CKs, while
others including Dunaliella spp., Stigeoclonium spp., and Chlamydomonas spp. have been
shown to synthesize ABA under stress conditions [132—134]. In parallel, fungi produce a
suite of phytohormones — CKs, IAA, ABA, and JA — some of which support their own
development, while others are linked to parasitic behavior or encourage mutualistic growth

[107,135-137].

Interactions between algae and bacteria, particularly Chlorella and rhizobacteria,
have demonstrated that co-cultures often yield greater algal biomass than axenic cultures
[19,22,26]. Bacteria can stimulate algal growth through phytohormone production, while
algae in turn produce compounds that promote bacterial growth [138]. Peng et al. [139]
demonstrated that Azospirillum brasilense, a plant growth-promoting bacterium (PGPB),

increased algal growth via IAA production ranging from 3.1 mg/L to 25 mg/L. However,
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excessive [AA concentrations were inhibitory, underlining the importance of dosage [139].
Comparable results were obtained when Scenedesmus sp. was co-cultured with gibberellin-
producing Pseudomonas sp. [138]. The bacterial secretion of gibberellins led to increased
algal cell density, chlorophyll content, and photosynthetic efficiency. This effect was
confirmed by axenic cultures of Scenedesmus sp., where exogenous gibberellin addition at

a concentration of 0.1 mg/L produced the same outcomes [138].

Similar symbioses have been observed between algae and fungi. Although fungi are
known to produce phytohormones, relatively little is understood about the specific role
these molecules play in algal-fungal interactions [80,103,140]. Nevertheless, studies
examining the endogenous phytohormone profiles of algae and fungi, correlated with
comparable exogenous applications, provide a useful foundation for generating hypotheses

about their ecological and physiological significance [140-143].

When cultured together, algae and fungi produce phytohormones that influence
each other's physiology. Work by Pichler et al. [144] investigated phytohormone production
by three isolated lichen mycobionts and assessed the effects of IAA on their compatible
photobionts. The mycobionts released several hormones, with IAA being most abundant,
alongside SA and JA. Exogenous IAA, at physiologically relevant concentrations,
increased photobiont water content but did not significantly affect photosynthetic
efficiency, biomass, pigment levels, or a-tocopherol content [144]. Although evidence for
phytohormone signalling between algae and fungi outside of lichen systems is scarce and
not well understood, recent findings by Liu ef al. [145] indicate such signalling does occur.

In non-contact co-cultures, Clonostachys rosea enhanced the biomass 6.5-fold and more
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than doubled photosynthetic performance of Chlorella sp. Metabolomic and transcriptomic
analyses showed increased tryptophan and IAA production by both partners, identifying
IAA as a likely diffusible signal. This interaction activated algal pathways related to energy
production, photosynthesis, and overall metabolism, providing new insights into algal-

fungal communication [145].

Taken together, this body of evidence suggests that phytohormones are key
regulators of microbial interactions in algal systems. Whether through nutrient exchange,
chemical signaling, or stress mitigation, these compounds mediate complex symbioses that

can be harnessed for ecological and bioremediation applications.

1.5 HEAVY METAL BIOREMEDIATION WITH ALGAE

Rapid urbanization, drastic increases in population, industrialization, and human
activity have all been factors that have contributed to the deteriorating water quality around
the world [146,147]. Conventional remediation approaches are costly and inefficient [148—

150], driving interest in microbial biotechnology as a more sustainable alternative [151—

155].

Algae are often used as bioindicators of environmental pollution due to their
adaptability and inherent tolerance to harsh conditions [156]. They detoxify through
biosorption and bioaccumulation of heavy metals, facilitated by abundant hydroxyl and
carboxyl functional groups which bind metal ions, chelation by metallothioneins and
phytochelatins, and vacuolar sequestration [157-160]. Tolerance mechanisms vary by

species: Euglena and Scenedesmus produce sulfur-rich thiols, while Chlorella relies more
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on carboxyl groups and amino acids [161-163]. Genetic engineering can enhance capacity,
as shown by cadmium-tolerance Chlamydomonas reinhardtii expressing a plant transporter
[164]. Increasingly, however, progress comes from co-culturing algae with bacteria or

fungi.

1.5.1 ALGAL-BACTERIAL BIOREMEDIATION

Bacteria contribute to bioremediation by restricting metal entry, exporting ions, or
transforming them enzymatically [165]. A synthetic co-culture of Chlorella vulgaris with
Enterobacter sp. MN17 removed substantially more pollutants from textile wastewater than
the alga alone [166]. Importantly, native consortia also show promise: cultures isolated
from wastewater or metal polluted lakes removed both nutrients and metals simultaneously
[81,167]. These results indicate that leveraging native algal-bacterial consortia could be a
promising, underexplored strategy for simultaneous nutrient and heavy metal remediation

in real-world settings.

1.5.2 ALGAL-FUNGAL BIOREMEDIATION

Fungi detoxify metals through biosorption, precipitation, and intracellular
sequestration [168,169]. Co-cultures with algae can reduce toxicity and improve stability.
In synthetic consortia, Chlorella vulgaris and Aspergillus niger formed pellets that
enhanced cadmium biosorption while protecting algal cells [23]. Yet, the heavy metal
tolerance of natural algal-fungal consortia remains almost completely unexplored, despite
evidence that such organisms inhabit polluted acidic environments [25]. Addressing this
gap — by isolating and characterizing natural algal-fungal partnerships from metal polluted

environments or constructing consortia from pre-adapted strains — could reveal synergistic
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mechanisms of tolerance and detoxification, paving the way for more robust and

sustainable bioremediation strategies.

1.5.3 ALGAL-FUNGAL-BACTERIAL BIOREMEDIATION

Although most engineered bioremediation systems have focused on single algal—
bacterial or algal-fungal partnerships, naturally occurring fungal-algal-bacterial consortia
— often in the form of mixed biofilms — have shown considerable promise for heavy metal
remediation. One of the best-characterized examples comes from acid mine drainage
(AMD) sites, where Orandi et al. [170] isolated a metal-tolerant biofilm from the Sar
Cheshmeh copper mine in Iran. The filamentous green algae Ulothrix gigas, fungi
Geotrichum sp. and Aspergillus sp., and bacteria Pseudomonas sp. and Thiobacillus sp.,
was immobilized in a photo-rotating biological contactor (PRBC). Operated under
continuous flow for 10 weeks, the biofilm consistently removed 20-50% of multiple
metals, with removal efficiencies in the order Cu > Ni > Mn > Zn > Sb > Se > Co > Al and

retained activity under the extreme acidity typical of AMD [170].

Similar mixed-kingdom systems occur in freshwater periphytic biofilms, which are
defined as complex matrices of algae, bacteria, fungi, and protozoa adhered to submerged
surfaces. In one study, a periphyton community achieved cadmium removal of up to
89.86% under high-light conditions, while simultaneously removing large fractions of
dissolved phosphorus [171]. Zhong et al. [172] demonstrated that lab-grown periphyton —
dominated by filamentous algae within a microbial matrix — could remove over 98% of

copper at initial concentrations of 0.5-2 mg/L in under five days. Comparable performance
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was reported in a periphyton tubular bioreactor, which removed 98.2% of Cu from

contaminated water [173].

More recently, Zhang et al. [174] developed a novel tri-kingdom system by using
algal-mycelial pellets as “starter nuclei” for forming self-sustaining algal-bacterial
granular sludge. The pellets, comprising microalgae embedded in filamentous fungal
matrices, served as structural scaffolds that facilitated rapid bacterial colonization,
accelerating granulation from over 60 days in conventional systems to less than 20 days.
The resulting granules maintained stable phototrophic—mycelial-bacterial interactions,
promoted efficient nutrient removal, and provided high surface area for potential metal
sorption and sequestration. Although this work targeted nutrient-rich wastewater rather than
metal-contaminated streams, the approach demonstrates how fungal scaffolds can be
engineered into algal-bacterial systems to yield highly stable, harvestable aggregates that

could be adapted for multi-mechanistic heavy metal remediation [174].

Beyond aquatic systems, biological soil crusts (BSCs) in AMD settings have been
shown to integrate algae, fungi, and bacteria in phototrophic surface mats capable of
withstanding pH values around 3.3 and accumulating multiple metals and metalloids [175].
Across these examples, the combination of algal photosynthetic activity, fungal hyphal
sorption capacity, and bacterial metabolic versatility enables multi-mechanistic
detoxification — through biosorption, bioaccumulation, biomineralization, and precipitation
— while maintaining tolerance under extreme environmental stress [175]. These findings

highlight that tri-kingdom consortia can provide both broad-spectrum and robust removal
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of heavy metals, and that their integration into engineered systems represents a promising,

yet still underexplored, avenue for scalable bioremediation.

1.6 THE GENUS Euglena

Euglena is a genus of unicellular, flagellated eukaryotes in the phylum Euglenozoa,
class Euglenophyceae [176]. Although phylogenetically distinct from true plants, Euglena
is often regarded as microalgae because many species are photosynthetic and contribute to
primary production in aquatic environments [177,178]. In the traditional five-kingdom
classification, photosynthetic Euglena are placed among the protists, making them
photosynthetic protists rather than members of the plant kingdom [179]. Taxonomically,
“algae” is a functional rather than a strictly evolutionary term, referring to photosynthetic
organisms that are not true plants, fungi, or bacteria [180]. Under this ecological definition,
Euglena qualifies as an alga — Multiple studies have demonstrated the genus to have
tolerance of wide ranges of salinity, pH, and inorganic and organic pollutants, and therefore
makes it relevant for wastewater treatment and bioremediation [28,176,180,181].
Phylogenetically, however, Euglena belongs to the eukaryotic supergroup Excavata, not to
the green plant lineage (Plantae), even though its chloroplasts originated from secondary
endosymbiosis of a green alga [182]. Thus, Euglena is an alga by ecological function, but

a protist by evolutionary classification.

Species of Euglena are mixotrophic, switching between autotrophy and
heterotrophy depending on environmental conditions [52,177]. Photosynthesis occurs via
chloroplasts containing chlorophylls a and b [176], but in darkness they can absorb

dissolved organics or phagocytose food particles [50-52,183]. Cells are elongated and
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encased in a pellicle — a flexible layer of protein strips beneath the plasma membrane — that

permits shape changes [184].

One of the most extensively studied species is Euglena gracilis, a freshwater model
organism in photosynthesis, cell biology, and environmental biotechnology [185]. It
possess paramylon, a B-1,3-glucan granule storage polysaccharide that functions as an
energy reserve and contributes to stress tolerance [186,187]. Its metabolic flexibility under

fluctuating light and nutrients makes it highly adaptable [185].

E. gracilis shows notable resistance to salinity and heavy metals, supporting its
potential in polluted water remediation. It removes metals via surface biosorption and
intracellular bioaccumulation. Transcriptomic analyses have revealed upregulation of
antioxidant defenses and metal transporter genes in response to mercury [188].
Pretreatment with sulfur or nitrogen further increases cadmium tolerance by boosting
glutathione synthesis, stress defences, and expression of metal-binding proteins [162].
Coupled with high biomass productivity and ease of cultivation [189], these traits position
E. gracilis as an attractive organism for biotechnology applications, especially

bioremediation.

In addition to nutrient pretreatments, E. gracilis relies on phytohormones to survive
and adapt under stress. It synthesizes a diverse suite of phytohormones, including CKs,
abscisic acid (ABA), auxins, jasmonates, and salicylic acid (SA) [132] which provide an

intrinsic network for growth, metabolism, and defense.
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Experimental studies have shown that manipulating these pathways enhance
tolerance to heavy metals. Supplementations with ABA or the CK trans-Zeatin (tZ)
improved cell survival and metal removal under cadmium and lead stress, driven by
hormone-induced increased in thiol-rich compounds, antioxidant metabolites, and
upregulation of ROS-scavenging enzymes [190]. Phytohormone treatment also stabilized
pigments, maintained photosynthesis efficiency, improved osmotic balance, and influenced
broader pathways such as carbohydrate metabolism and nitrogen assimilation, collectively

supporting homeostasis under adverse conditions [52].

Compared to the extensively researched model species E. gracilis, the related
organism Euglena mutabilis is far less studied, yet it occupies a remarkable ecological niche
as a photosynthetic, mixotrophic euglenoid capable of thriving in extreme environments. It
is frequently found in extreme acidic environments such as AMD streams, where it thrives
at pH values as low as 1.8-3.0 and in the presence of elevated concentrations of dissolved
heavy metals, including iron, copper, zinc, and cadmium [28,181,191]. Its survival in such
harsh conditions is attributed to a suite of physiological and structural adaptations,
including a flexible pellicle, highly efficient antioxidant systems, and the ability to form
dense benthic mats or biofilms. These mats not only protect cells from direct metal toxicity
through extracellular binding and precipitation but also trap and immobilize suspended

particulates, enhancing contaminant removal from the water column [191].

Unlike E. gracilis, which typically requires acclimation or nutrient pretreatment to
achieve high heavy metal tolerance, E. mutabilis is naturally pre-adapted to low pH and

high-metal environments, enabling immediate survival and function in conditions lethal to
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many microalgae [192-194]. In situ observations and laboratory experiments have
demonstrated that E. mutabilis can accumulate and sequester metals through both
biosorption to cell surfaces and bioaccumulation into intracellular compartments, often in
association with extracellular polymeric substances (EPS) produced by the organism or its
microbial partners [195-197]. Comparative tolerance experiments show that E. mutabilis
is markedly more resistant to most heavy metals than E. gracilis, making it the stronger
candidate for remediation of AMD and other metal polluted waters. While both species
grow well at low pH, E. mutabilis withstands up to 17.5-fold higher iron, 10.8-fold higher
nickel, and substantially greater cadmium, aluminum, and zinc concentrations than E.
gracilis [194]. This exceptional metal tolerance, particularly to iron, the dominant metal in
AMD, rather than acidity alone, explains E. mutabilis’ dominance in such environments

and underscores its potential in bioremediation systems targeting extreme metal loads.

Although no studies have directly measured phytohormone production in E.
mutabilis, a metatranscriptomic investigation of natural E. mutabilis biofilms from the
acidic Rio Tinto system revealed large-scale gene expression changes tied to UV stress,
photosystem repair, and oxidative stress mitigation highlighting the functional breadth of
its transcriptome [198]. While that study did not target hormone pathways specifically, the
presence of such regulated metabolic machinery suggests that E. mutabilis is
transcriptionally responsive to environmental stressors in ways that are analogous to
hormonal regulation. Given that its close relative, E. gracilis, has been confirmed to
produce a suite of phytohormones, it is plausible that E. mutabilis possesses similar

biosynthetic capabilities. This inference aligns with the diverse stress tolerance observed in

-26 -



E. mutabilis, though verifying it will require direct phytohormone profiling and gene-level

validation.

It is also possible that the stress tolerance of E. mutabilis is influenced by
interkingdom signaling from associated microorganisms. E. mutabilis is commonly
associated with other microorganisms, which are thought to play a role in enhancing its
extremophilic traits. Nakatsu and Hutchinson (1988) investigated E. mutabilis isolates from
extremely acidic tundra ponds in the Smoking Hills, Northwest Territories, along with a
co-occurring yeast. They assessed tolerance by measuring growth under both low pH and
elevated metal concentrations. Remarkably, both E. mutabilis and the yeast could tolerate
conditions 10 to 100 times more extreme than previously reported for algae. Importantly,
the mutualistic association between the two organisms greatly enhanced their combined
tolerance suggesting a generalized mutual benefit [28]. Similarly, Brake et al. [199]
documented E. mutabilis interwoven with diatoms and bacteria within stromatolite
structures, where these organisms collectively trap and bind ferric iron precipitates. In this
assemblage, diatoms and E. mutabilis contribute photosynthetically derived organic matter
that supports the community, while microbial interactions help stabilize the biofilm matrix
under extreme acidity and high metal concentrations. Such natural associations suggest that
E. mutabilis’ stress tolerance and ecological success in AMD systems may be enhanced

through cooperative interactions with other phototrophs and heterotrophs [199].

Understanding how E. mutabilis survives in highly acidic, metal-rich environments
has direct relevance for developing biological remediation systems. AMD presents extreme

challenges for most microalgae, yet E. mutabilis naturally tolerates, and often thrives in,
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conditions with metal concentrations an order of magnitude higher than those tolerated by
E. gracilis and other microalgae. Its frequent occurrence in multi-kingdom consortia with
bacteria, fungi, and diatoms suggests that both intrinsic physiology and community-
mediated interactions contribute to its tolerance. Clarifying the physiological, biochemical,
and potential phytohormone-driven mechanisms behind this tolerance could inform the

design of robust, biologically based systems for remediating heavy metal-polluted waters.

1.7 CORE RESEARCH OBJECTIVES

The primary objective of this research was to investigate the mechanisms
underlying heavy metal tolerance in a natural E. mutabilis culture isolated from a gold mine
in Timmins, Ontario. This culture contained unidentified bacteria and fungi that could not
be separated from E. mutabilis despite repeated attempts. Preliminary experiments aimed
at enhancing cadmium tolerance revealed that the unmodified culture was more tolerant to
cadmium than E. gracilis [162]. These findings prompted further investigation into the
interactions among the organisms in the culture in order to understand community

dynamics.

The literature reviewed in this introduction demonstrates that E. mutabilis is an
extremophilic microalga with exceptional tolerance to acidic, metal-rich environments,
often surpassing that of the model species E. gracilis. This tolerance is likely driven by a
combination of intrinsic physiological traits — such as efficient antioxidant systems, metal
sequestration mechanisms, and structural adaptations — and its frequent occurrence in
multi-kingdom microbial consortia, where associated bacteria and fungi may contribute to

stress mitigation. Although E. gracilis is known to produce phytohormones that influence
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stress responses, the role of such signaling in E. mutabilis, particularly within mixed
microbial communities, remains unexplored. Together, these observations led to the central
hypothesis that the heavy metal tolerance of natural E. mutabilis cultures arises not only
from intrinsic cellular adaptations, but also from synergistic interactions with associated

microbial partners.

To address this hypothesis, the research was structured around three main
objectives. The first was to characterize the composition of the natural E. mutabilis culture
and identify associated microorganisms that may contribute to its stress tolerance (Chapter
2). PacBio full-length amplicon sequencing and targeted Sanger sequencing revealed the
presence of the fungus Talaromyces sp. and the bacterium Acidiphilium acidophilum. As
these partners could not be separated from E. mutabilis, antimycotic and antibiotic agents
were applied to suppress their growth and evaluate their role in cadmium tolerance. The
resulting reduction in tolerance confirmed that these associated microbes contribute to the

heavy metal resistance of E. mutabilis.

To investigate these interactions, the second objective examined how altering
resource availability influenced the consortium’s performance and composition (Chapter
3). Glucose supplementation experiments were conducted under both control and cadmium
stress conditions to determine whether providing an additional carbon source would modify
growth, photosynthetic performance, and community dynamics. The results showed that
glucose enhanced E. mutabilis growth, chlorophyll content, and flocculation, particularly
in the presence of cadmium. Both Talaromyces sp. and Acidiphilium acidophilum also

exhibited improved growth under glucose enrichment. Phytohormone profiling revealed
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dynamic changes in CKs, gibberellins, JA, and SA in response to glucose and cadmium,
pointing toward possible signaling processes that coordinate stress responses within the
consortium. Together, these findings indicate that cooperative interactions, resource
sharing, and hormonal signaling may all contribute to the enhanced metal tolerance of the

E. mutabilis culture.

The third objective focused on identifying transcriptional changes in E. mutabilis
under cadmium stress, with an emphasis on phytohormone metabolism and metal
detoxification strategies (Chapter 4). A combined transcriptomic and hormonomic
approach revealed unique genes linked to phytohormone biosynthesis, with significant
shifts in auxin and CK pathways. In parallel, cadmium exposure induced upregulation of
genes associated with metal detoxification consistent with enhanced chelation and
intracellular compartmentalization of metal ions. Transcriptomic data also suggested that
the Talaromyces sp. and A. acidophilum may contribute to heavy metal tolerance through
extracellular metal binding, potentially supporting E. mutabilis metabolism and defense
responses under stress. Together, these results provide molecular evidence that cadmium
disrupts hormone metabolism while simultaneously activating detoxification pathways,
with the microbial partners likely playing complementary roles in enhancing the

consortium’s overall tolerance to heavy metals.
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CHAPTER 2
Euglena mutabilis exists in a FAB consortium with microbes that enhance cadmium
tolerance
Published in: International Microbiology (2024) 27;1249-1268

2.2 ABSTRACT

Background: Synthetic algal-fungal and algal-bacterial cultures have been
investigated as a means to enhance the technological applications of the algae. This
inclusion of other microbes has enhanced growth and improved stress tolerance of the algal
culture. The goal of the current study was to investigate natural microbial consortia to gain
an understanding of the occurrence and benefits of these associations in nature. The
photosynthetic protist Euglena mutabilis is often found in association with other microbes
in acidic environments with high heavy metal (HM) concentrations. This may suggest that
microbial interactions are essential for the protist’s ability to tolerate these extreme
environments. Our study assessed the Cd tolerance of a natural fungal-algal-bacterial

(FAB) association whereby the algae is E. mutabilis.

Results: This study provides the first assessment of antibiotic and antimycotic
agents on an E. mutabilis culture. The results indicate that antibiotic and antimycotic
applications significantly decreased the viability of E. mutabilis cells when they were also
exposed to Cd. Similar antibiotic treatments of E. gracilis cultures had variable or non-
significant impacts on Cd tolerance. E. gracilis also recovered better after pre-treatment
with antibiotics and Cd than did E. mutabilis. The recoveries were assessed by
heterotrophic growth without antibiotics or Cd. In contrast, both Euglena species displayed

increased chlorophyll production upon Cd exposure. PacBio full-length amplicon
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sequencing and targeted Sanger sequencing identified the microbial species present in the
E. mutabilis culture to be the fungus Talaromyces sp. and the bacterium Acidiphilium

acidophilum.

Conclusion: This study uncovers a possible fungal, algal, and bacterial relationship,
what we refer to as a FAB consortium. The members of this consortium interact to enhance
the response to Cd exposure. This results in an E. mutabilis culture that has a higher
tolerance to Cd than the axenic E. gracilis. The description of this interaction provides a
basis to explore the benefits of natural interactions. This will provide knowledge and
direction for use when creating or maintaining FAB interactions for biotechnological
purposes, including bioremediation.

Keywords: Bioremediation - Biotechnology - Heavy metals - Algal symbiosis - Co-

culture - Fungal—algal-bacterial (FAB)

2.3 INTRODUCTION

The association of algae with fungi is perhaps best known from lichen symbioses,
but these alliances occur in a wider range of systems in which bacteria and fungi exchange
key metabolites with algae [ 1-3] or strengthen their stress responses [4,5]. Algae have been
co-cultured with bacteria or fungi to enhance levels of algal biomass [6,7] or the production
of high-value products [8—10]. One natural association studied was that between the
euglenoid Euglena mutabilis and a fungus, found in acid environments with high levels of
heavy metals [11]. In the present investigation, potential associations between E. mutabilis
and a fungus, as well as bacteria, are investigated to assess the contributions of the co-

cultured species to cadmium (Cd) tolerance of the Euglena. Euglenoids are a group of
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unicellular flagellates with a diverse ecological distribution [12,13]. They fill similar
ecological niches as algae and have been investigated for applications in pharmaceuticals,
cosmetics, biofuels, bioremediation, and foodstuffs [10,14-17]. Euglena gracilis is the
model organism for this group, as it is readily cultured and has been widely studied and
characterized. However, its genome sequence remains unannotated [18,19], and knowledge
of gene content has relied heavily on transcriptome analyses [12,20]. Insight regarding
microbial interactions with FEuglena in various environments has been gained by
establishing synthetic associations in culture. Notably, E. gracilis is incapable of
synthesizing vitamins Bl and B12 and must obtain these from exogenous sources [21].
When it is cultured with bacteria that can produce these vitamins, Lysinibacillus
boronitolerans or Pseudobacillus badius, E. gracilis is able to grow for several generations
without exogenous vitamin application [21]. Euglena biomass and compound production
were also enhanced when grown with the growth promoting bacteria Emiticicia sp. EG3
[10] or with Vibrio natriegens, a bacterium capable of synthesizing the phytohormone
indole-3-acetic acid (IAA) [22]. While studying synthetic associations is informative and
has led to many interesting findings related to fungal—algal-bacterial (FAB) associations,
the full potential of Euglena co-cultures and FABs would be better revealed by
investigating naturally occurring interactions such as those between E. mutabilis and its

inextricably associated partner organisms [23-25].

E. mutabilis is an extremophilic Euglenoid that is often found in toxic environments
such as peat bogs, volcanic lakes, and acid mine drainage (AMD) [23,26,27]. In fact, its
ability to grow in these environments, where few other organisms can grow, has led to it

becoming a bioindicator for AMD [28-31]. Acid drainage is naturally produced as water
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seeps through iron sulfide-aggregated rocks; however, its production is dramatically
enhanced by the disposal of industrial mining waste, which creates acidic pools of toxic
substances, including high concentrations of heavy metals (HMs). AMD thus poses severe
human and environmental health concerns. When E. mutabilis grows in these
environments, it often associates with other microorganisms to form biofilms [11,27,32—
34]. An isolate of E. mutabilis from an acidic pond in the Northwest Territories (Canada)
was found to contain a yeast, later identified as Cryptococcus sp. [11]. The fungus was
originally considered a contaminate, but the culture could not be cured, and the authors
concluded this was a form of E. mutabilis—fungal mutualism [11]. The difficulty in
obtaining axenic E. mutabilis cultures was also noted during subsequent isolation attempts
from toxic environments [11,35]. This led the authors to hypothesize that partner organisms
augment the stress tolerance of E. mutabilis and aid its ability to survive in acidic, metal

polluted environments.

The objective of the presented research was to test this hypothesis by investigating
the impact of antibiotic treatments on the growth and Cd tolerance of a natural E. mutabilis,
fungal, and bacterial co-culture. A culture of E. mutabilis with associated fungal and
bacterial organisms originally from an AMD site in Timmins, Ontario, Canada, was
investigated. Extensive attempts to axenically separate fungi and bacteria from the E.
mutabilis were not successful. Therefore, in the present study, an array of five antibiotics
and two antimycotics were used in systematic attempts to suppress the growth of the partner
organisms in the presence and absence of 100 uM CdCl. Our findings indicate that there
is a significant decrease in the number of viable E. mutabilis cells across all antibiotics and

CdCl; treatments compared to E. mutabilis co-cultures that are only exposed to CdCl,. This
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indicates that the associated microbes play a role in modulating the HM stress responses of
Euglena. Suppressing bacterial and fungal growth also revealed the complexity of the
interactions in this naturally occurring FAB association and supports the further
investigation of natural interactions as model FABs for use in microbe technologies,

including bioremediation.

2.4: METHODS
Culture selection and growth of E. mutabilis and E. gracilis

Field samples of E. mutabilis were obtained from the Canadian Phycological
Culture Centre (CPCC, University of Waterloo, Canada). The strain of E. mutabilis (CPCC
657) contained unidentified bacteria and fungi. The CPCC did not have an axenic culture
of E. mutabilis, therefore an axenic culture of E. gracilis (CPCC 95) was obtained to act as
an experimental control. Both organisms were grown autotrophically in 250-mL Pyrex
Erlenmeyer flasks capped with foam stoppers and aluminum foil under standard aeration
(100 RPM on a Thermo Fisher Scientific MaxQ 3000) while cycling light and temperature
(16:8 LD cycle at 260 pmol s™! m™!; 24°C + 0.5°C in light and 18°C + 0.5°C in dark) in a
Conviron PCG20 environmental chamber [36]. Stock cultures were grown in a modified
acid medium (MAM), a defined inorganic medium [37], with modifications recommended
by the CPCC and adjusted to a pH between 4.3 and 4.5 [38]. Filter-sterilized F/2 vitamin

mix was added after the medium was autoclaved.
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Antibiotic Preparation

The five antibiotics and two antimycotic stock solutions were prepared with
appropriate solvents. Kanamycin monosulfate (Bioshop Cat. No. KAN201) and
tetracycline hydrochloride (Fisher Scientific Cat. No. A39246) were reconstituted in sterile
MilliQ (13.4 MQ-cm) water at a concentration of 1280 pg/mL. Rifampicin (Fisher
Scientific Cat. No. 5573031GM), chloramphenicol (Fisher Scientific Cat. No.
AAB2084122), and cycloheximide (Fisher Scientific Cat. No. AAJ6690103) were
reconstituted in MeOH, 100% EtOH, and 95% EtOH, respectively, at a concentration of
1280 pg/mL [39-41]. A penicillin—streptomycin blend was purchased in solution (Fisher
Scientific Cat. No. 15140122) and diluted using sterile MilliQ (13.4 MQ-cm) water to a
concentration of 1280 units/L. Amphotericin B was also purchased as a solution (Fisher
Scientific Cat. No. 15290026), and its concentration was not modified (250 mg/L).
Antibiotics were stored at—20°C in sterile polypropylene test tubes (VWR Cat. No.
CA60819-761) with parafilm around the lid. Most of the antimicrobial agents selected have
a broad spectrum of impact. Their mechanisms of action include inhibition of protein
synthesis (kanamycin, bactericidal; tetracycline, bacteriostatic; chloramphenicol,
bacteriostatic; penicillin—streptomycin, bactericidal) [42,43], inhibition of nucleic acid
synthesis (rifampicin, bactericidal; cycloheximide, fungicidal) [42,44], and disrupting the

cell membrane permeability (amphotericin B, fungicidal) [42,44].

E. mutabilis and E. gracilis antibiotic treatments
Cell counts of Euglena from stock cultures of E. mutabilis were performed using a
hemocytometer (Hausser Scientific) at 10x magnification. A 1-mL volume of 500,000 cells

was aliquoted into 1.5 mL microfuge tubes, which were centrifuged (6000RCF for 5 min),
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and the supernatant was removed using a micropipette. The pelleted cells were inoculated
into a well of a 12-well culture plate (VWR Cat. No. 10861-556) containing 1 mL of media

per well.

Separate 12-well culture plates (VWR Cat. No. 10861-556) were prepared for each
antibiotic and antimycotic in the format of a minimum inhibitory concentration assessment
used by Weigand et al [45] (Figure S2.1a) . Culture plates contained a sterile control (900
uL of MAM and 100 pL of antibiotic solvent), growth control (900 pL of MAM, 100 pL of
sterile MilliQ (13.4 MQ-cm) water, and 500,000 cells), and growth “check” (900 pL of
MAM, 100 pL of alcohol, and an aliquot of cells) if an antibiotic was reconstituted in an
alcohol. Wells that contained antibiotics were prepared using serial dilutions beginning with
1800 uL of MAM and 200 pL of an antibiotic or antimycotic in well A4. Upon completion
of serial dilutions, each well contained a final volume of 1000 pL of media with antibiotic
concentrations of 64, 32, 16, 8, 4,2, 1, 0.5, and 0.25 pg/mL. Due to its stock concentration,
modifications were made to the volume of media and antimycotic in culture plates
containing amphotericin B; however, the final antibiotic concentrations were the same
(Figure S2.1b). Cells were added to each well in the culture plate, except for the sterile
control. Culture plates were sealed with parafilm and stored in the Conviron PGC20
environmental chamber under the same temperature and light conditions (16:8 LD cycle at
260 umol s~ ! m™!; 24°C +0.5°C in light and 18°C +0.5°C in dark; shaking at 120 RPM) as
the stock cultures with aeration (120 RPM) for 72 h. This time was previously determined
to be the maximum length for which amphotericin B and penicillin—streptomycin remained

fully effective [46].
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An identical method and analysis were used for E. gracilis. Each experiment was

replicated 3 times.

Euglena cell viability after antibiotic and antimycotic exposure

Seventy-two hours post-inoculation, 100 pL aliquots were taken from each well
containing cells. 400uL of a 0.4% solution of Trypan Blue (Bioshop Cat. No. TRY477.100)
in PBS (Bioshop, Cat. No. PBS404.100) was added to each aliquot. Euglena cell viability
was assessed by visualizing differential uptake of the Trypan Blue stain, and cell counts
were performed using a hemocytometer (Hausser Scientific) at 10x magnification. Each
sample was counted twice per replicate, for a total of 6 counts per treatment. This was

carried out on both E. mutabilis and E. gracilis.

Assessment of chlorophyll content

A modification of the methanol (MeOH) extraction procedure developed by Warren
[47] was used to extract chlorophyll. In the modified procedure, 500 puL aliquots from each
well in the culture plates were added to 2 mL Eppendorf tubes containing 200 pL of glass
beads (Sigma Aldrich Cat. No. G8772). The media was decanted after centrifugation at 4°C
(maximum speed for 2 min); 1 mL of chilled MeOH was added to the Eppendorf tubes, and
samples were bead-beaten at 30 Hz for 2 min (Retsch Mixer Mill MM 400). Tubes were
then centrifuged at 4°C (maximum speed for 2 min), and MeOH was aliquoted into a fresh
2-mL Eppendorf tube. This method was repeated so the final volume of extracted
chlorophyll was 2 mL in MeOH; 200 pL of extract was added to each of three 96-well optic
plates (ThermoFisher Scientific Cat. No. 165305) for triplicate readings on a BioTek

Synergy HTX Multimode Reader at 652 and 665 nm wavelengths. Chlorophyll content was
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determined using the equations from Warren [47], and chlorophyll content was normalized

against the amount of chlorophyll per each Euglena cell.

Growth recovery and cultures after antibiotic treatment

Recovery of E. gracilis and E. mutabilis cultures after growth in antibiotic and
CdCl, was assessed to distinguish between growth-inhibiting and cell-killing effects by
plating on media without selection and allowing heterotrophic growth. Reasoner’s 2A
(R2A) and potato dextrose agar (PDA) plates were prepared using a 1.4% (w/v) agar
mixture. Solutions were autoclaved to sterilize, and then 15 mL of media was added to each
plate (Greiner Bio-One Cat. No. 633181). In sterile MilliQ (13.4 MQ-cm) water, 100 pL
aliquots were taken from wells in the culture plates containing cells and diluted with 900
uL of sterile 0.9% NaCl; 50 pL of diluted sample was added to an agar plate, sealed with
parafilm, and incubated in darkness at 24°C for 7 days. Cultures treated with antibiotics
were plated on R2A, while cultures treated with antimycotics were plated on PDA. The
number of Euglena, fungal, and bacterial colony-forming units (CFUs) were noted every

24 h throughout the 7-day incubation period.

Cadmium tolerance of E. mutabilis and E. gracilis with antibiotics

Kanamycin, rifampicin, chloramphenicol, tetracycline hydrochloride, penicillin—
streptomycin, and amphotericin B at concentrations of 64, 32, 16, 8, 4, and 2 pg/mL were
used to assess the impact of antibiotics and antimycotics on the CdCl; tolerance of E.
mutabilis and E. gracilis. Cultures treated with cycloheximide at concentrations higher than
16 pg/mL did not contain viable cells, and therefore this antimycotic was not used in CdCl»

trials. The inoculation of 12-well plates was carried out in the same manner as indicated for
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the cell viability assessment (2.4 METHODS: Euglena cell viability after antibiotic and
antimycotic exposure), with 500,000 cells being added to each well and the antibiotics
added through serial dilution as described (Figure S2.1cd) [45]. Each well in the plate
containing antibiotics or antimycotics received 10 pL of CdCl; at a stock concentration of
10,000 uM, resulting in a final concentration of 100 pM CdCl>. A CdCl> concentration of
100 uM was selected because it is comparable to the concentration of CdCl, found in
Canadian AMD [36], and E. mutabilis has previously demonstrated tolerance to this
concentration of CdCl, under the conditions used in this experiment [48]. One well in each
plate was a CdClx control containing only CdCl, at a concentration of 100 uM and cells.
Culture plates were sealed with parafilm and incubated in the environmental chamber under
the same conditions (16:8 LD cycle at 260 umol s ™! m™!; 24°C +0.5°C in light and 18°C
+0.5°C in dark; shaking at 120 RPM) as the initial antibiotic trials for 72 h. After 72 h
assessments of cell count, cell viability, chlorophyll content, and agar plate growth checks

were carried out using the methods described.

This method of assessing Cd tolerance, including subsequent analyses, was carried

out on E. mutabilis and E. gracilis. All experiments were performed in triplicate.

DNA isolation

Total genomic DNA (gDNA) was isolated from cultures of CPCC 657 grown in
different media to selectively enhance or limit the growth of E. mutabilis and its
unidentified bacterial and fungal partners. CPCC 657 was grown in MAM (pH 4.3), MAM
with CdCl; at a concentration of 100 uM (pH 4.3), MAM (pH 2.7), MAM with CdCl, at a

concentration of 100 uM (pH 2.7), potato dextrose broth (PDB) grown in light, PDB grown
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in dark, tryptic soy broth (TSB) grown in light, and TSB grown in dark. Cultures were
grown for 7 days in the Conviron PGC20 environmental growth chamber under standard
aeration (100RPM on a Thermo Fisher Scientific MaxQ 3000) with cycling light and
temperature (16:8 LD cycle at 260 umol s™! m™!; 24°C + 0.5°C in light and 18°C + 0.5°C

in dark).

After 7 days, 1 mL of culture was aliquoted into a microfuge tube, centrifuged (6000
RCF for 5 min), and media decanted. Total cellular DNA isolations were carried out
according to Hoffman and Winston (1987), with modifications [49]. Cells were
resuspended in 300 puL of Triton solution and transferred to a 1.5-mL screw-cap tube
containing 100 pL of glass beads and 300 pL 25 phenol:24 chloroform:1 isoamyl alcohol.
Samples were vortexed for 6 min, then 200 pL of Tris-EDTA (TE) buffer was added, and
the tubes were centrifuged at 4°C (maximum speed for 5 min). The aqueous layer was
transferred to a fresh 1.5-mL microfuge tube. Samples were precipitated in 1 mL of ice-
cold 100% EtOH and centrifuged at 4°C (maximum speed for 2 min) before decanting the
EtOH; 400 pL of TE and 1.5 pL of RNAase A solution (20 mg/mL) were added to each
tube, and samples were incubated at 37°C for 30 min. After incubation, 10 pL of 4 M
ammonium acetate and 1 mL of ice-cold 100% EtOH were added to each tube; they were
then mixed, centrifuged at 4°C (maximum speed for 2 min), and decanted. The pellet was
washed with ice-cold 70% EtOH. Following centrifugation, the EtOH was decanted, and
the pellets were air-dried and dissolved in 50 pL TE. Samples were visualized on a 0.8%
(w/v) agarose (BioShop Canada Inc.) gel in 0.5xTE with ethidium bromide gel to assess
the integrity of the gDNA and quantified using spectrophotometry (Thermo Fisher

Scientific Nanodrop 8000 Spectrophotometer).
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16S and ITS full-length amplicon PacBio sequencing

High-quality gDNA samples (at least 100 ng/pL and a 260/280 ratio of
approximately 1.80 as determined using a Thermo Fisher Scientific Nanodrop 8000
Spectrophotometer) were sent to the Integrated Microbiome Resource (IMR, Dalhousie
University, Canada) for library preparation and sequencing on a PacBio Sequel II
sequencer. Full 16S (forward primer: 27F(Paliy)=5'-AGRGTTYGATYMTGG CTCAG-3';
reverse primer: 1492R = 5-RGYTACCTT GTTACGACTT-3") and full ITS (forward
primer: 5-ITSIFKYO2-3" = 5-TAGAGGAAGTAAAAGTCGTAA-3'; reverse primer:
ITS4KYO1=5"-TCCTCCGCTTWTTGW TWTGC-3") sequences were obtained for
identification of the unidentified bacteria and fungus, respectively, and reported in the form

of hif.fastq.gz file types.

Bioinformatic analysis

16S and ITS sequencing data were processed using the PacBio CCS pipeline
(Comeau et al [50]) of the Quantitative Insights Into Microbial Ecology 2 (QIIME2) v
2022.11 software [51]. The dada2 algorithm was used to denoise raw sequences [52].
Taxonomic classification was performed against the SILVA 138.1 SSU Ref NR99 full-
length database for 16S data [53] and the ITS custom classifier for all eukaryotes generated
from the UNITE database [50], using the SK-Learn command from the q2-feature-classifier
plugin [54]. Reads were then rarefied to filter out low-depth samples and amplicon
sequence variants (ASVs) with frequencies of less than 100, as well as mitochondrial,

chloroplast, and unclassified sequences. Resultant tables from QIIME2 were imported into
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R-Studio for visualization and graphical analysis. The relative abundance of each ASV was

plotted using the phyloseq package in R [55].

PCR amplification

PCR amplification was performed in a total reaction volume of 50 pL containing 4
uL of template DNA, 27.5 uL of sterile deionized water, 4 uL of dNTPs, 10 pL of Phusion
Buffer HF (Thermo Scientific™), 0.5 puL of Phusion DNA Polymerase (Thermo
Scientific™), and 2 pL of each primer (5 uM). The ITS region was amplified [56] (forward
primer: ITSF=5-CTTGGTCATTTAGAGGAA GTAA-3'; reverse primer: ITS4=5'-
TCCTCCGCTTATTGA TATGC-3'), and the 16S region was amplified [57] (forward
primer: 68F=5'-TNANACATGCAAGTCG RRCG-3"; reverse primer: 518R=5'"-
WITACCGCGGCTGC TGG-3"). Amplifications were performed with a Veriti™
Thermocycler (Applied Biosystem™), using the following program: denaturation for 30 s
at 98 °C; then 35 cycles consisting of 98 °C for 10 s, 61 °C for 30 s, and 72 °C for 30 s;
and a final extension step at 72 °C for 10 min. Each sample was amplified by 6 separate
reactions with a volume of 50 puL and subsequently pooled for a total sample volume of 300

pL.

Gel extraction and DNA purification

60 pL of loading dye was added to each pooled sample, and amplification products
were analyzed by electrophoresis in a 0.8% (w/v) agarose (BioShop Canada Inc.) gel in
0.5xTE with ethidium bromide in order to visualize DNA bands. ITS amplification resulted
in a DNA fragment of approximately 460 bp, while 16S amplification resulted in a DNA

fragment of approximately 400 bp. The DNA band visualized on the gel at the appropriate
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location was subsequently cut out and purified using the PureLink™ Quick Gel Extraction

Kit (Invitrogen™).

Sanger sequencing

Gel-purified DNA was prepared for Sanger sequencing using the BigDye™
Terminator v3.1 Cycle Sequencing Kit with modifications. Template DNA was normalized
to approximately 70 ng/uL, and 3.00 pL was added to a 96-well plate (Progene Cat. No.
87-C96-ABI-2) along with 3.20 pL of primer (0.5 uM), 1.33 uL of Ready Reaction
(Applied Biosystems™), 1.33 uL of BigDye Buffer (Applied Biosystems™), and 1.14 uL
of deionized water for a total volume of 10.00 pL in each well. Six primers were selected
for ITS identification [56], and 2 primers were used for 16S identification [57] (Table S2).
Amplifications were performed with a Veriti™ Thermocycler (Applied Biosystem™),
using the following program: denaturation for 1 min at 96 °C; then 40 cycles consisting of
96 °C for 10, 50 °C for 5s, and 60 °C for 4 min. Following amplification, 2.5 uL of
125 mM EDTA and 30 pL of 100% cold EtOH were added to each well. The plate was
sealed, inverted 4 times to mix, covered with aluminum foil, incubated at room temperature
for 15 min, and then centrifuged for 4°C (2500 X g for 30 min). The plate was then decanted
by being placed upside down in a centrifuge and spun (190 x g for 60 s); 30 uL of ice-cold
70% EtOH was added to each well. The plate was sealed, inverted 4 times to mix, and then
centrifuged for 4°C (1650xg for 15 min). The plate was then decanted by being placed
upside down in a centrifuge and spun (190xg for 60 s); 15 pL of Hi-Di™ Formamide
(Applied Biosystems™) was added to each well; the plate was sealed and quickly
centrifuged and covered in aluminum foil for a 15-min incubation at room temperature.

The plate was run on an ABI 3730 (Applied Biosystems™), and bases were called using
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SequencingAnalysis v5.4 to produce .phd1 flees. The quality of the files was assessed using
Seq Scanner 2 (v. 2.0; Applied Biosystems), and the data were assembled into contiguous
(contig) sequences using SeqMan Pro (v. 11.2.1; DNASTAR). The average read length+the
standard deviation was assessed for each contig assembly. Generated contigs were then

analyzed using Nucleotide BLAST.

2.5: RESULTS
Antibiotic treatments and CdCl

After 72 h of growth, control E. mutabilis cells reached at a concentration of
approximately 9.4 x 10° + 6.4 x 10* cells/ mL, while cells exposed to 100 uM CdCl, were
approximately 5.5 x 10° + 1.7 x 10* cells/mL (a 41% reduction in cells). Similarly, control
E. gracilis cells grew to a concentration of approximately 8.0 x 10° + 8.1 x 10* cells/mL,
while cells exposed to 100 uM CdCl, grew to approximately 5.4 x 10° + 3.3 x 10* cells/mL
(a 31% reduction in cells). A t-test revealed that the application of 100 uM CdCl»
statistically (p < 0.05) decreases the number of viable E. mutabilis and E. gracilis cells in

culture, confirming that the application of CdCl; inhibits the growth of Euglena.

Cell counts of E. mutabilis and E. gracilis following antibiotic exposure revealed
influences of antibiotics on algal growth (Table S2.1). Applications of kanamycin,
rifampicin, chloramphenicol, and amphotericin B produced similar growth responses in
both Euglena species. Neither Euglena sp. was affected by kanamycin, as evidenced by the
lack of statistical (z-test; p < 0.05) difference in cell counts, while rifampicin,
chloramphenicol, and amphotericin B resulted in significant decreases in cell counts at

concentrations of 8—64 ug/mL (Table S2.1). Notably, the influence of the penicillin—
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streptomycin blend and tetracycline differed between E. mutabilis and E. gracilis.
Treatment with the penicillin—streptomycin blend here showed a significant reduction in E.
gracilis cell counts across all concentrations; however, these antibiotics did not
significantly impact on E. mutabilis cell counts. This was also seen with the application of
tetracycline to E. gracilis, which displayed statistical decreases in cell counts across all
concentrations of tetracycline, while E. mutabilis was only significantly impacted at 8 and

64 ng/ mL concentrations (Table S2.1).

Although some antibiotics impacted the growth of E. mutabilis and E. gracilis, the
combination of antibiotics and CdCl, reveals more substantial differences in response
between the organisms (Figure 2.1). The number of viable cells in E. mutabilis treated with
both 100 uM CdCl; and any concentration of antibiotics was significantly less than cells
treated with only antibiotics (#-test, p < 0.05; denoted by * in Figure 2.1). This was seen
across all treatments of antibiotics and antimycotics in E. mutabilis. In contrast, statistical
decreases in E. gracilis cells under the same treatments were only observed with a select
concentration of antibiotic treatment (Figure 2.1). The addition of 100 uM CdCl, resulted
in decreases in viable E. mutabilis cells ranging from 31 to 92%, while decreases in E.
gracilis cells ranged from 1 to 44%. The biggest differences in cell counts were observed
in samples treated with chloramphenicol and 100 uM CdCl,, which resulted in decreases
in cell counts ranging from 64 to 92% in E. mutabilis and 9 to 44% in E. gracilis, compared
to cells treated with only chloramphenicol. Additionally, E. mutabilis cells treated with
antibiotics and 100 uM CdCl; resulted in statistical decreases in cell counts compared to E.
mutabilis cells treated with only 100 pM CdCl, (z-test, p < 0.05; denoted by a dagger () in

Figure 2.1). This result was observed for every concentration of antibiotic and antimycotic
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application in E. mutabilis. In contrast, about one-third of the antibiotic treatments reduced
cell counts in E. gracilis. Although both E. gracilis and E. mutabilis showed similar
numbers of viable cells under 100 pM CdClo, E. mutabilis consistently maintained a higher
total cell count at every antibiotic concentration tested in combination with100 uM CdCl..
This suggested that the addition of antibiotics had a greater impact on the CdClI, tolerance

of the E. mutabilis co-cultures compared to those of axenic E. gracilis.

The antibiotics that resulted in the greatest decrease in Euglena cell viability were
rifampicin and chloramphenicol, for which 64 pg/mL treatments resulted in no viable E.
mutabilis or E. gracilis cells (Figure 2.1). However, the pattern of response to different
concentrations of chloramphenicol was distinct for the two species. Treatment with
32 pg/mL of chloramphenicol revealed the greatest number of viable E. mutabilis cells,
which remained as high as control conditions, while the least number of viable cells was
seen at a concentration of 2 pg/mL. By contrast, the lowest number of viable E. gracilis
cells was observed at 32 ug/mL, while the greatest number appeared at 2 pug/mL. When E.
mutabilis was treated with 100 uM CdCly, it displayed the same trend as E. gracilis (Figure

2.1).

Evaluation of chlorophyll content after antibiotic treatments and CdCl

The total chlorophyll content (chl a +chl b) of E. mutabilis and E. gracilis cultures
treated with antibiotics and 100 uM CdCl, was on average 1.95- and 1.82-fold higher,
respectively, than cells only treated with antibiotic (Figure 2.2). When exposed to
kanamycin, rifampicin, tetracycline, or penicillin—streptomycin, the chlorophyll content of

both E. mutabilis and E. gracilis is below 0.2 pg/100,000 cells; however, upon the addition
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of 100 uM CdCl», the concentration of chlorophyll significantly increases across every
antibiotic concentration. An exception to the impact of antibiotic treatments was the
exposure of E. mutabilis to amphotericin B, which resulted in an increased chlorophyll
content; however, when treated with CdCl> and amphotericin B, the level of chlorophyll
was significantly higher than the treatment with antimycotic alone. In contrast to these
similar responses, E. mutabilis showed increased chlorophyll concentration at all
concentrations of rifampin, while the E. gracilis response was variable. Furthermore, both
species showed wvariability in the level of chlorophyll present across the various
concentrations of chloramphenicol with CdCl,, but chlorophyll production was much

higher in E. mutabilis.

Growth recovery following antibiotic treatments and CdCl; exposure

Recovery of Euglena and the fungus co-cultured with E. mutabilis, following
growth in antibiotics or antimycotics in the presence or absence of CdCl, was assessed by
plating on non-selective media. The plates were incubated in the dark for 7 days, leading
to only heterotrophic growth. The growth of bacterial colonies was too numerous to count,
often exhibiting confluent growth, and therefore colony numbers were not recorded.
Intimate growth was observed between colonies of E. mutabilis and the fungus (Figure
S2.2). The control for the experiment was phototrophic growth in MAM =+ 100 uM CdCl.
without antibiotics, followed by heterotrophic growth on either R2A or PDA plates. In the
control, there were large numbers of E. mutabilis colonies, but no fungal CFUs (Table 2.1).
Generally, E. mutabilis cells treated with antibiotics exhibited decreased recovery
compared to control growth, except for tetracycline. Phototrophic growth in MAM + CdClo,

followed by heterotrophic growth, exhibited both E. mutabilis and fungal colonies. Pre-
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growth in the presence of antibiotics, with and without CdCly, led to reduced numbers of
colonies for both Euglena species for most of the antibiotics. An exception to this was E.
mutabilis pre-grown with tetracycline alone, which did not affect heterotrophic growth,
while pre-growth with tetracycline and CdCl; did. A notable pattern in fungal recovery
growth response was the reduced recovery following growth in kanamycin and
amphotericin B indicating both treatments had a negative impact on fungal viability, but

this impact did not occur when CdCl, was present (Table 2.1).

PacBio sequencing and culture identification

A total of 372,830 reads were obtained from sequencing the full-length 16S
ribosomal RNA (rRNA) gene. Reads per sample ranged from 7297 to 62,135. Sequencing
the full-length internal transcribed spacer (ITS) gene obtained a total of 154,027 reads,
ranging from 165 to 29,136 per sample. Denoising left 229,321 reads (62%), with an
average of 22,932 sequences per sample for 16S, and 141,901 reads (92%), with an average
of 14,190 sequences per sample for ITS. Filtering of low-level amplicon sequence variants
(ASVs), low-depth samples, as well as unclassified, chloroplast, and mitochondrial
sequences resulted in the exclusion of six samples and reserved a total of 34,857 reads
(9%), with an average of 8714 reads per sample for 16S. The filtering process resulted in
the exclusion of three samples from ITS and reserved 140,242 sequences (91%), averaging
20,034 sequences per sample. The sequences that passed the denoising and filtering
processes were clustered into four ASVs for 16S and three ASVs for ITS. In total, 91% of
the 16S sequences were excluded due to low sample depth or low frequency or were
classified as mitochondrial, chloroplast, or unclassified at the genus level. Of these, 187,716

sequences were classified as Euglena, alluding to the overrepresentation of this contributor.
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16S sequencing identified one bacterial genus, Acidiphilium (Figure 2.3a). Of the
sequences classified at the genus level as Acidiphilium, 46% were further classified at the
species level as Acidiphilium acidophilum. The remaining sequences could not be classified
at the species level. Thus, the major bacterial contributor is determined to be Acidiphilium
acidophilum. ITS sequencing identified three fungal genera: Acidomyces, Exophiala, and
Talaromyces (Figure 2.3b); only one ASV could be classified to the species level
(Exophiala oligosperma). Of the total ITS sequences that passed filtering, 98% were
classified as Talaromyces, whereas Exophiala and Acidomyces contributed only 2.13% and
0.09% of sequences, respectively. Thus, the major fungal contributor is determined to be a

species of the genus Talaromyces.

Sanger sequencing results

Sanger sequencing for ITS samples generates high-quality reads of 235+119 bp,
with initially ambiguous bases being manually called. Talaromyces amestolkiae showed a
93.63% match with the raw data (562 bp length), which was increased to 94.64% upon
manually calling ambiguous bases (565 bp length). The 16S reads generated were of
medium quality, with a mean + standard deviation of 151+27 base pairs. The contig
assembly produced one single contig with a length of 281 bp, approximately 62% of the
target region. The top match for the sequence was a 94.58% match to an uncultured bacteria

isolated from acidic soils, while the next result was a 94.22% match to Acidiphilium sp.

2.6: DISCUSSION
The Cd tolerance of an E. mutabilis natural co-culture with unknown fungi and

bacteria was investigated. Although extensive attempts were made, the culture bank was
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unable to create an axenic E. mutabilis culture from any natural isolate. Therefore, we used
an axenic E. gracilis culture as a control for assessing the impact of antibiotic treatments
on the E. mutabilis co-culture. E. gracilis is the model euglenoid and has been the focus of
antibiotic and heavy metal (HM) experiments using a euglenoid [58-61]. A recent
investigation revealed E. mutabilis had greater tolerance to CdCl, than E. gracilis, and that
it responded differently to pre-growth under nutrient conditions [48]. For the current study,
cultures were grown in the presence of antibiotics with and without CdClo. Comparing the
results between the two species allowed us to gain insight into the other microbes growing

with E. mutabilis.

Cultures were treated with five antibiotics and two antimycotics. There was no
impact on the viability of E. gracilis or E. mutabilis when grown in the presence of
kanamycin; however, the viability of E. mutabilis decreased in the presence of CdCl> and
kanamycin, while E. gracilis viability was not influenced by this treatment. These results
were consistent with previous research investigating Euglena sp. responses to kanamycin
[60,61] and indicated that any impact of kanamycin on the chloroplast or mitochondria of
these Fuglena species did not influence their viability. Therefore, the impact of kanamycin
on CdCl; tolerance can be attributed to kanamycin inhibiting the translation of a culture
member that is providing CdCl; tolerance to the consortium. Furthermore, since kanamycin
is active against gram-negative bacteria with little impact on gram-positive bacteria [62]
and no impact on fungi [63], this suggests that the consortium enhancing tolerance is a

gram-negative bacterium.
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The viability of both Euglena species was zero at 64 pg/ mL rifampin, while other
rifampin concentrations had a greater impact on E. gracilis viability than that of E.
mutabilis. We propose that this impact on viability was likely due to a negative impact on
organelle transcription [64]. In the presence of CdCly, both Euglena species have reduced
viability at a rifampin concentration of up to 8 ug/mL, which may suggest that organelle
transcription provides a component of the protection against the CdCl, challenge. This is
consistent with earlier research indicating chloroplasts in E. gracilis play a role in CdCl»

tolerance [14].

Chloramphenicol at 64 pg/mL kills all Euglena cells, likely through its inhibition
of organelle translation [65]. Chloramphenicol has also been shown to inhibit the synthesis
of ribulose diphosphate carboxylase (RuBisCO) and NADP-linked glyceraldehyde-3-
phosphate dehydrogenase (NADP-GAPDH) in Euglena [66]. These carbon fixation
enzymes are located in the chloroplast, and their inhibition is a potential aspect of reduced
chloroplast function caused by chloramphenicol [66,67], which could negatively influence
Cd tolerance. Interestingly, the viability of E. mutabilis decreases with decreasing
chloramphenicol concentrations, while the viability of E. gracilis increases with decreased
chloramphenicol concentrations. This unexpected difference in response may be due to the
presence of other consortium organisms in the E. mutabilis culture. The presence of
chloramphenicol-metabolizing enzymes in some bacteria enables them to inactivate and
breakdown the antibiotic, using it as a carbon source [68,69]. An E. mutabilis FAB
consortia organism with this function could influence the response of the culture to

chloramphenicol contributing to the observed dose curve response.
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Previous studies have shown that E. gracilis can tolerate tetracycline concentrations
ranging from 100 to 300 pg/mL [61,70]. The results here indicate that tetracycline has an
impact on E. gracilis viability at a concentration as low as 2 pg/mL, which does not align
with previous research, whereas the impact on E. mutabilis viability at all concentrations
was not significant except at 8 pg/mL. However, tetracycline significantly reduces E.
mutabilis viability in the presence of CdCl> while its influence on E. gracilis viability in
the presence of CdCl: is not significant. This suggests that tetracycline is inhibiting the
translation of a consortium member in the E. mutabilis culture [71]. The broad-spectrum
activity of tetracycline does not allow the nature of this consortium member to be

determined.

Penicillin and streptomycin are antibiotics that have repeatedly been shown to
bleach E. gracilis [60,70,72,73]. The results here indicate that the addition of a combination
of penicillin and streptomycin does not affect the viability of £. mutabilis but does have an
influence on E. gracilis viability; however, the combined antibiotics had a significant
impact on the viability of E. mutabilis exposed to CdCl,. There was no impact of the
combined antibiotics on E. gracilis CdCI2 tolerance. This suggested that these antibiotics
are inhibiting a consortium member that influences the CdCl, tolerance of the E. mutabilis
culture. While penicillin has a greater effect on gram-positive bacteria, streptomycin is a
broad-spectrum bacteriostatic that may also impact fungal growth [40], so the nature of the

consortium member influenced by this treatment cannot be determined.

The viability of both Euglena species was affected by amphotericin B; however, the

impact of amphotericin B treatment on Cd sensitivity was consistently significant only for
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the E. mutabilis culture. The greater impact on Cd tolerance in E. mutabilis is supported by
the results, in that a consortium member — specifically, a fungus — likely aids in the Cd
tolerance of the E. mutabilis culture. While all these results could reflect differences in E.
mutabilis responses relative to E. gracilis, we note that one major difference between the
cultures is the presence of other microbes. As such, we propose the microorganisms
growing with E. mutabilis in the tolerance of the culture to CdCl, and suggest that the
organisms supporting CdCl, tolerance are a gram-negative bacterium and a fungus

susceptible to amphotericin B.

The presence of microbes assisting a photobiont (algae, cyanobacteria, or
Euglenoid) is numerous. Many algae rely on exogenous vitamin B12 (cobalamin) and
nitrogen, which can be supplied by co-cultured bacteria [2,74,75] in exchange for the
bacteria receiving a carbon source from the algae [76,77]. Furthermore, the growth of the
marine diatom Ditylum brightwellii in nitrogen-limiting media and its symbiotic bacterium
in carbon-limited media are both lower relative to co-cultures [78]. Similarly, an
investigation of a symbiotic culture of Chlorella vulgaris and Bacillus subtilis revealed that
co-culturing resulted in increased growth, photosynthetic activity, carbon fixation, and

vitamin B12 content of the alga [79].

Fungi can influence algae by supplying nutrients and providing protective
mechanisms when grown together in co-culture [79-81]. When Chlamydomonas
reindhardtii was cultured with Aspergillus nidulans and exposed to the algicide azalomycin
F, algal cells grew within fungal hyphae, avoiding contact with the algicide [81].

Additionally, the presence of azalomycin F prompted 4. nidulans to produce polar lipids,
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which attract the algicide and effectively neutralize it [81]. Fungi also provide protection
from reactive oxygen species (ROS) generated during HM exposure and produce
extracellular polymeric substances (EPS) and organic acids that can bind HMs, reducing
their toxicity when co-cultured with algae [8§2—84]. Further examples that are more directly
related to the potential biotechnological application of the results here come from research
that shows several algae have been investigated for bioremediation of textiles, organic
pollutants, and HMs [85-88], and recent studies have suggested that co-culturing algae with
bacteria or fungi provides benefits to these applications. These include increased
flocculation efficiency, increased biomass, independent nutrient exchange, and enhanced
tolerance to extreme environments [7,89-93]. The creation of artificial associations with
algae, fungi, and bacteria has also been used to enhance heavy metal uptake [94], and the
model euglenoid E. gracilis has been co-cultured with other microbes to enhance nutrient
availability [21,95]. Given these previously described examples of microbes assisting
photobionts, it is not unreasonable to propose that the data presented here supports a role
for bacterial and fungal species as members of a FAB consortium with E. mutabilis, and

that they contribute to the Cd tolerance of this consortium.

Although we observed a decrease in the number of viable Euglena cells following
treatment with antibiotics and CdCl2, there was an increase in chlorophyll production by
Euglena in the presence of Cd (Figure 2.2). This was unexpected because Cd is known to
disrupt the physiological and metabolic processes of phototrophic organisms, including
algae, cyanobacteria, and plants, primarily by reducing the photosynthetic rate and
chlorophyll concentration [96—100]. Both E. mutabilis and E. gracilis display significantly

greater chlorophyll content per 100,000 cells under Cd exposure. Furthermore, the amount
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of chlorophyll being produced in the presence of Cd appears unaffected by the addition of
antibiotics, suggesting that the impact does not affect the associated bacteria. This
phenomenon has been reported in higher plants that have taken up Cd from their
surroundings [101,102]. The structural foundation of a chlorophyll molecule is Mg;
however, Mg is also essential for several other metabolic processes, including enzyme
activation, sucrose transport, and energy metabolism [103]. It has been shown that Cd can
replace Mg in the central position of a chlorophyll molecule as they are both divalent metals
[101]. Furthermore, the Cd hyperaccumulator Sedum alfredii demonstrated no noticeable
reduction in photosynthetic activity and a simultaneous increase in chlorophyll content
following Cd treatments, despite negative impacts on leaf and root growth [102]. A similar
result was observed in Chlamydomonas reinhardtii under excess Cu exposure, which is
also a divalent metal [104]. A correlation was observed between increased chlorophyll and
cell survivability, which was suggested to be the result of chlorophyll accumulation in cells
that do not divide [104]. Here we showed that Cd treatment of Euglena led to a reduction
in cell viability and an increase in the amount of chlorophyll produced per cell. This could
indicate that although exposure to divalent HMs debilitates overall culture health, Cd may
be able to replace the Mg in chlorophyll, leaving a less efficient but more plentiful

photosynthetic apparatus that allows the Euglena to survive some HM toxicity.

Despite the increasing chlorophyll content per cell, E. mutabilis is unable to recover
from antibiotic and Cd exposure during subsequent heterotrophic growth (Table 2.1). The
effects of antibiotics on E. gracilis have been extensively studied [60,70,73,105-107], and
the results here are consistent with previous findings; however, there has been no work on

the impact of antibiotics on E. mutabilis. Based on CFU comparisons, E. mutabilis recovers
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after antibiotic exposure better than E. gracilis, but E. gracilis shows better recovery
following treatment with antibiotics and Cd. This is notable because a synergistic effect can
occur where toxicity is increased through the formation of antibiotic and divalent HM
complexes [108,109]. The increased chlorophyll content in the presence of Cd suggests that
both Euglena species can generate energy and survive the treatment. Upon transfer to
nutrient-rich media plates, both species could shift to heterotrophic growth and employ a
number of ways to recover from Cd stress, including the use of major facilitator superfamily
(MFES) transporters, transmembrane (TrkA) transporters, and HM pumps (P1 B ATPase)
[110,111]. We postulate that while both Euglena species can recover, the recovery by the
fungi and bacteria co-cultured with E. mutabilis occurs more quickly than that of E.
mutabilis; consequently, substantial fungal and bacterial growth in heterotrophic conditions

results in fewer E. mutabilis colonies being formed.

The fungi and bacteria in the E. mutabilis co-culture recovered well following
antibiotic and CdCl, exposure and often grew to take over the entire plate. In heterotrophic
cultures containing fungi and microalgae, a similar overgrowth by the fungus was
previously observed [112—115]. The observations that extensive fungal colonies were
visible following heterotrophic growth after antibiotic exposure and not while the culture
was previously grown under phototrophic conditions in MAM suggest that antibiotic and
CdCl, treatment suppressed bacterial growth and allowed the fungus to access nutrients
typically taken up by the bacteria, thus giving it an improved ability to recover during
heterotrophic growth. However, the results show that the number of fungal CFUs decreases
with the concentration of antibiotics (Table S3), suggesting that the fungal-bacterial

interaction is not simply a matter of presence or absence. Together, these results suggest
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that co-cultures, in which the carbon source comes from E. mutabilis photosynthesis,
requires a specific light regimen and organism ratio to ensure the fungus and/or bacteria do
not overwhelm the photobiont. Interactions between the fungus and the bacteria were

further informed by determining the species present.

Sequence analysis of DNA extracted from the E. mutabilis FAB co-culture was used
to identify the prominent constituent organisms present in the co-culture. The fungus was
determined to belong to the genus Talaromyces, with a possible species identification being
T. amestolkiae, while the bacteria were determined to belong to the genus Acidiphilium,
with a probable species identification being A. acidophilum (Figure 2.3). Consistent with
the fungus belonging to 7alaromyces was the observation of yellow and red fungal colonies
on PDA plates following amphotericin B and cycloheximide exposure (Figure S2.3) [116].
Sequence analysis also detected a low-level sequence with similarity to Exophiala
oligosperma; however, this may have been an artifact since E. oligosperma colonies are
black in color, and there is no evidence that E. oligosperma can tolerate HMs [117,118].
Talaromyces sp., on the other hand, have been characterized by their ability to produce
different colored pigments based on the carbon source present and in response to stress or
predators [116,119,120]. Furthermore, they have been isolated from HM-polluted areas and
can withstand high concentrations of Cr, As, Pb, Ni, Cu, and Cd [121-123]. Red pigment
is produced by fungi that are susceptible to cycloheximide and carry the recessive ade2
gene, which, when repressed, results in red pigmentation from the accumulation of
phosphoribosylaminoimidazole, an intermediate in the biosynthesis of adenine [124—128].
The yellow pigmentation following amphotericin B and cycloheximide exposure is most

likely composed of products of the azaphilone family, namely mitorubrinol and
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mitorubrinic acid [116,129,130]. These compounds are found in numerous 7alaromyces sp.
and are proposed virulence factors regulated by polyketide synthesis genes pks// and
pks12, which become activated under stress [116,129—-131]. Talaromyces sp. are known to
be susceptible to amphotericin B, which may activate the pks// and pks12 genes and cause
the pigmentation seen during heterotrophic growth [132]. This cumulative information, in
combination with confirmatory Sanger sequencing results, indicates that the predominant

fungus present in the E. mutabilis co-culture is a Talaromyces sp.

The production of pigments by Talaromyces sp. only when stressed or acting as a
pathogen suggests that fungus in co-culture, where it does not produce pigments, is not
stressed or acting as a pathogen. Instead, we propose that the fungus has a positive role in
the FAB co-culture. Based on what is known about Talaromyces sp., we can attribute
several possible impacts provided by the fungal consortium member. The fermented broth
of red pigmentation produced by 7. amestolkiae has shown antimicrobial activity against
Staphylococcus aureus, although the pigmentation was significantly less cytotoxic to gram-
negative bacteria and displayed low cytotoxicity against fibroblasts NIH.3 T3 [133,134]. If
the consortium came under stress from an invading gram-positive bacterium, Talaromyces
pigment production may offer protection. However, since no pigment formation was noted
in the co-culture, the Talaromyces antibiotic production did not likely affect the
experiments carried out here. Talaromyces sp. are also known to produce the plant growth-
promoting hormone indole-3-acetic acid (IAA), and they display tolerance to Cd when
growing in soil [135]. As such, when this fungus was cultured with Arabidopsis thaliana,
it reduced the amount of Cd in the soil and underground plant tissues while simultaneously

increasing plant growth. It was postulated that the fungus promoted nutrient uptake and
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IAA production to promote plant development [136] and provided protection by increasing
the essential nutrient bioavailability under low Cd concentrations, thereby effectively
diluting the presence of Cd and enhancing plant HM tolerance [135]. These mechanisms
are prevalent during other plant-fungal interactions [137-139] and may be fundamental to
stress response in algal-fungal symbiosis [84,137,140,141], as well as being present in the
Euglena—Talaromyces interaction. Therefore, the Talaromyces sp. in the consortium may
be providing protection from gram-positive bacteria, enhanced Cd tolerance and it may

enhance the E. mutabilis growth.

Finding that the predominant bacterial species in the FAB co-culture is an
Acidiphilium species is consistent with this species being found in acidic environments with
high HM concentrations [142—144]. A. acidophilum is an obligate heterotroph that could
act as a nutrient source for other organisms in the FAB co-culture as it is a facultative,
sulfur-reducing mixotroph [145-147]; however, there is only evidence of heterotrophic
growth in AMD [148,149]. When growing heterotrophically, the main energy source for 4.
acidophilum is ferrous iron, which it can reduce to generate a usable form [147,149] and is
abundant in AMD [28]. 4. acidophilum is a gram-negative bacterium and therefore less
susceptible to the potential cytotoxic effects of the Talaromyces member of the consortium.
In the presence of fungal-produced gram-positive affecting antibiotics, 4. acidophilum
would have a competitive advantage. Cytotoxicity effects of 4. acidophilum have not been
reported. The production of an antibiotic by the fungal component of the consortium and a
carbon source by the photobiont E. mutabilis suggests benefits for 4. acidophilum in the
association. The results of the antibiotic experiments suggest that, in return, 4. acidophilum

contributes to the Cd tolerance and possibly other stresses the consortium is exposed to.
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The characteristics of Talaromyces sp. and A. acidophilum are consistent with their
persistence in the FAB co-culture and suggest they have a role in the stress protection of
and nutrient exchange with E. mutabilis. If the production of compounds by the fungal
member of the consortium is confirmed and they are shown to elicit an effect on other
members of the consortia, then this association would be interpreted as a commensal or
holobiont type of interaction [81,150—152]. Future research on FAB co-cultures could aim

to identify the mechanisms mediating the interactions between organisms.

Current methods for treating waterbodies that have been polluted with HMs include
neutralization processes, chemical precipitation, coagulation/flocculation, and adsorption;
however, these processes suffer from high costs, inefficient HM removal, and may produce
secondary pollution [28,153—-155]. As a result, biotechnological methods are being
employed to enhance the bioremediation potential of microbes [92,94,156—159]. Several
algae have been investigated for bioremediation of textiles, organic pollutants, and HMs
[85-88], and recent studies have suggested that co-culturing algae with bacteria or fungi
provides benefits that include increased flocculation efficiency, increased biomass,
independent nutrient exchange, and enhanced tolerance to extreme environments [7,89—
93]. However, the discoveries here show that E. mutabilis and its naturally associated
microbial partners offer substantial insight into how organisms interact in a co-culture and
provide a model to use for developing enhanced technological applications and potential

use in bioremediation.
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2.7: CONCLUSIONS

This study provides the first report of treating an E. mutabilis culture with both
antibiotics and a heavy metal (HM), with DNA-sequencing enabling interpretation of the
results by identifying the species present. The results indicated that the culture is a FAB
consortium consisting of an HM-tolerant, potentially antibiotic-producing, and plant
growth-promoting, fungus Talaromyces sp., the extremophilic photobiont Euglena
mutabilis, and an acidophilic bacterium Acidiphilium acidophilum. The FAB isolate
originated from acid mining runoff in Timmins, Ontario, Canada. Antibiotic and
antimycotic suppression of the bacterial and fungal members of the consortium decreased
the viability of E. mutabilis upon exposure to the CdCl,. This indicates the consortium
members have a role in responding to Cd stress and possibly other stresses. However, E.
mutabilis cells that survived had increased chlorophyll production, potentially resulting
from Cd supplementing Mg as a component of the chlorophyll pigment. Indicating it can
also adapt to the Cd challenge. These interactions, combined with the inability to separate
the organisms, suggest interdependence and possibly a tripartite commensal relationship,
which we have coined the FAB consortium. This FAB consortium thus can be considered
a holobiont consisting of constituent organisms from three separate kingdoms. Together,
they can withstand exposure to high concentrations of HM and possibly other stresses. The
discovery of this holobiont FAB consortium offers insight into the types of FAB interactions

that could be used to create a self-sustaining bioremediation technology.
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2.8: FIGURES AND TABLES
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Figure 2.1: Antibiotic and CdCl; treatment reveal differences in cell viability between E.
mutabilis and E. gracilis. Cultures were grown in MAM for 72 h. Light-colored bars
indicate the inclusion of a dilution series of antibiotics alone, while darker-colored bars
indicate exposure to antibiotics at a fixed concentration, 100 uM, of CdCl,. Colors
indicating different antibiotic concentrations are indicated in the legend at the bottom of
the figure. Error bars represent standard deviation (n = 3). A star (*) indicates statistical
difference (z-test) between cells exposed to antibiotics and cells exposed to the same
concentration of antibiotics with the addition of 100 uM CdCl, (* p < 0.05, ** p < 0.01,
% p <0.001). A dagger () indicates statistical difference (z-test) between control cells
exposed to 100 uM CdCl, and those exposed to antibiotics and CdCl (T p < 0.05, 1 p <
0.01, +11 » <0.001).
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Figure 2.2: Cadmium exposure increases the chlorophyll content of Fuglena cultures. Total
chlorophyll content (chl a + chl b) per 100,000 Euglena cells was determined after 72 h of
exposure to varying concentrations of antibiotics (light-coloured bars) and varying
concentrations of antibiotics + 100 uM CdCl, (dark-coloured bars). Error bars represent
standard deviation (n = 3). The statistical difference between total chlorophyll content in
control and treatment conditions was assessed using a #-test, and significant differences are
denoted by a star (* p <0.05, ** p <0.01, *** p <0.001).
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Figure 2.3: PacBio sequencing identifies a major bacterial and a major fungal partner for
E. mutabilis. Relative abundance taxa bar plot of E. mutabilis co-culture (CPCC 657)
grown in MAM at pH 4.3 (A samples), MAM at pH 2.7 (B samples), TSB grown in light
(C samples), and TSB grown in dark (D samples). Taxa (targeting the full 16S region of
bacterial rDNA and full ITS region of fungal rDNA) are represented at the species level
where possible where a) displays bacteria taxa and b) displays fungal taxa.
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Table 2.1: Cell viability test (n = 3) comparing colony-forming units of E. mutabilis
(CPCC 657) and uncharacterized fungal growth, in addition to E. gracilis (CPCC 95)
after 7 days of incubation at 24 °C in darkness.

Control

Kanamycin

Rifampicin
Chloramphenicol

Tetracycline

Penicillin-
Streptomycin

Amphotericin B

E. mutabilis Fungi E. gracilis
Media Media Media
100 uM 1 100 uM 1 100 uM 1
Only puM CdCl, Only puM CdCl, Only uM CdCl,
-+ ++ - -+ ++ ot
32 32 pg/mL + 32 32 pg/mL + 32 32 pg/mL +
pg/mL 100 uM CdCl, pg/mL 100 uM CdCl, pg/mL 100 uM CdCl,
++ + + -+ ++ ot
+ + ot -+ + +
+ + ot -+ + ++
-+ + ot -+ + ++
++ + ot -+ + ++
++ + + -+ + ot

(=) no CFU, (+) if <50 CFU, (+ +) if 50 ><150 CFU, and (+ + +) if >150 or complete lawn present and CFU count

impossible.
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2.9: SUPPLEMENTARY MATERIALS
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Figure S2.1: Schematic of a modified minimum inhibitory concentration (MIC) assay in
12-well plates. Each plate contains a sterile control in A1 (MAM + antibiotic) and a growth
control in A2 (MAM + water + cells). Antibiotics that have been reconstituted in alcohol
(rifampicin, chloramphenicol, cycloheximide) also contain a growth check condition in A3
(MAM + alcohol + cells). The initial treatment of cell cultures with antibiotics begins in
A4 with a concentration of 64pug/mL which is serially diluted in subsequent wells to a final
concentration of 0.25ug/mL in C4 (a, b). This is repeated with the addition of 100uM CdCl»
to assess Cd tolerance against antibiotic treatments ranging from 2-64ug/mL (c, d). Plates
containing CdCl, also have a Cd control in C2 (MAM + 100uM CdCl). It can be noted
that the lower stock concentration of amphotericin B precludes the addition of the
antimycotic at the same volume as other antibiotics in this study, therefore adjustments
were made to account for an increase in the volume required to obtain the accurate

concentrations required (b, d). Images were created with BioRender.com.
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Table S2.1: Relative growth of viable E. mutabilis (CPCC 657) and E. gracilis (CPCC
95) following 72 hours of antibiotic exposure at various concentrations compared to
control conditions (MAM only) where ni/ indicates there was no difference in growth,
ng indicates no Euglena cells were detected, an up arrow (1) indicates the growth of
Euglena after antibiotic exposure increase, and a down arrow (¥) indicates the growth of
Euglena after antibiotic exposure decreased. A star (*) is used to denote the difference in
growth (* = p <0.05, ** = p <0.01, *** = p <0.001) determined by a ¢-test.

Antibiotic Concentrations (pg/mL) E. mutabilis E. gracilis
Kanamycin 64 nil nil
32 nil nil
16 nil nil
8 nil *]
4 nil nil
2 nil nil
Rifampicin 64 ng ng
32 LN *xk |,
16 k], sk |,
8 LN *Hk |,
4 nil k],
2 nil )
Chloramphenicol 64 ng ng
32 nil stk ],
16 LN *xk |,
8 L *Hk |,
4 LN *xk |,
2 LN *],
Tetracycline 64 i *
32 nil *]
16 nil sk,
8 *] *% ]
4 nil sk,
2 nil sk,
Penicillin Streptomycin 64 nil k],
32 nil *]
16 nil sk,
8 nil stk ],
4 nil *]
2 nil ok,
Amphotericin B 64 *rx] i
32 k], sk |,
16 k], sk |,
8 *% ] nil
4 nil nil
2 nil nil
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Table S2.2: ITS and 16S primers selected for the identification of constituent fungal and
bacterial organisms in an E. mutabilis co-culture (CPCC 657) through Sanger
sequencing. ITS primers were selected from Raja et al [56] while 16S primers were
selected from Thijs et al [57].

Primer Sequence (5°237)
ITS1F CTTGGTCATTTAGAGGAAGTAA
ITS1 TCCGTAGGTGAACCTGCGG
TS ITS2 GCTGCGTTCTTCATCGATGC
ITS3 GCATCGATGAAGAACGCAGC
ITS4 TCCTCCGCTTATTGATATGC
ITS5 GGAAGTAAAAGTCGTAACAAGG
168 68F TNANACATGCAAGTCGRRCG
518R WITACCGCGGCTGCTGG
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Table S2.3: Cell viability test (n = 3) comparing colony forming units of E. mutabilis
(CPCC 657) and uncharacterized fungal growth, in addition to E. gracilis (CPCC 95)

after 7 days incubation at 24°C in darkness.

E. mutabilis Fungi E. gracilis
Media Media . 100 uM
Only 100 uM CdCl, Only 100 uM CdCl,  Media Only CdCl,
Control +++ ++ - +++ ++ e+
16 pg/mL +
16 16 pg/mL + 100 16 pg/mL +
ug/mL UM CdCl, opgml 60 Mcacl,  1Ore/mb 100 pM
CdCl,
Kanamycin + + - +++ ++ o
Rifampicin A+ + + e + +
Chloramphenicol ++ + - + + T+
Tetracycline ++ + + +++ + ++
Penicillin- _ — 4 _ et + T+
Streptomycin
Amphotericin B + + + e + -+
8 pg/mL +
8 ng/mL + 100 8 pg/mL + 100
8 ug/mL uM CdCl, 8 ug/mL UM CdCl, 8 ng/mL 100 uM
CdCl,
Kanamycin + + - +++ ++ o
Rifampicin ++ + + e + +
Chloramphenicol ++ + + + + T+
Tetracycline +++ + + +++ + ++
Penicillin- _ + 4 _ e n T+
Streptomycin
Amphotericin B + + - e + +
4 pg/mL +
4 png/mL + 100 4 pg/mL + 100
4 pg/mL uM CdCl, 4 pg/mL UM CdCl, 4 pg/mL 100 uM
CdCl,
Kanamycin + + - +++ ++ o
Rifampicin ++ ++ + e + +
Chloramphenicol +++ ++ + + + 4
Tetracycline ++ ++ + +++ + ++
Penicillin- _ N N i i N .
Streptomycin
Amphotericin B + + + =+ + ++
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2 pg/mL +

2 pg/mL + 100 2 pg/mL + 100

2 pg/mL UM CdCl, 2 pg/mL UM CdCl, 2 pg/mL 100 uM
CdCl,
Kanamycin + + - +++ ++ o
Rifampicin ++ + + e + +
Chloramphenicol ++ + + e + S
Tetracycline +++ + - +++ + ++
Penicillin- _ N N N e N -
Streptomycin
Amphotericin B + + + =+ + ++

(=) no CFU, (+) if <50 CFU, (+ +) if 50 ><150 CFU, and (+ + +) if >150 or complete
lawn present and CFU count impossible.
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Figure S2.2: Plate photographs of an E. mutabilis co-culture (CPCC657) after 7 days on
R2A plates in control conditions (a), following 72 hours of exposure to 8§ pg/mL of
cycloheximide (b), 64 pg/mL of cycloheximide (¢), 32 pg/mL of kanamycin (d), and after
7 days on PDA plates following 72 hours of exposure to 4 u/mL of amphotericin B and 100
uM CdCl (e). Growth of E. mutabilis (yellow arrows) exhibits intimate interactions with
constituent bacterial (blue arrows) and fungal (orange arrows) organisms which prohibits
the isolation on single colonies.
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a b C

Figure S2.3: Plate photographs of an E. mutabilis co-culture (CPCC 657) after 7 days on
PDA plates following 72 hours of exposure to 64pug/mL of cycloheximide (a) and 2pug/mL
of exposure to amphotericin B (b, ¢).
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CHAPTER 3
Glucose amendments alter cultural and cellular features of FAB (Fungal-Algal-
Bacterial) consortium and uncover a link to dynamic hormone shifts

3.2 ABSTRACT

The fungal-algal-bacterial (FAB) consortium composed of Euglena mutabilis,
Talaromyces, and Acidiphilium acidophilum exhibits unique resilience to heavy metal
(HM) stress, yet the mechanisms underpinning this tolerance remain undefined. Here, we
increased glucose availability in the FAB, which altered community structure, hormone
production, and Cd tolerance. Glucose supplementation promoted dense fungal hyphal
growth, greater bacterial abundance, and pronounced flocculation, as well as higher
Euglena cell densities under Cd stress. Hormone profiling revealed elevated extracellular
levels of bioactive trans-Zeatin (¢Z) and gibberellin GA7 — compounds known to promote
growth and stress adaptation — specifically in Cd- and glucose-treated cultures. Methyl-
thiolated cytokinins (CKs) and jasmonic acid (JA) also accumulated under these conditions,
indicating that glucose stimulates coordinated, multi-partner hormonal responses linked to
Cd detoxification and sustained growth. Transmission electron microscopy (TEM)
identified intracellular bacterial-like structures in E. mutabilis, suggesting possible
facultative endosymbiosis or phagocytosis that could aid microbial persistence during
nutrient limitation. Together, these findings show that glucose shapes both the physical
organization and biochemical signalling of the FAB — enhancing fungal, algal, and bacterial
performance under HM stress — and provides a framework for designing engineered
microbial consortia for bioremediation.
Keywords: Bioremediation - Symbiosis - FEuglena - Stress Response - Hormones -

Microscopy
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3.3 INTRODUCTION

Canada is recognized as a leader in the global mining sector, generating $71.9
billion in 2023 through a combination of metal, non-metal, and mineral production [1].
Despite its economic significance, the Canadian mining industry produces over one
hundred million metric tonnes of solid waste each year in the form of waste rock and
tailings [2]. Although regulatory frameworks and engineering interventions have been
implemented to address mining-related environmental impacts [3—5], even the most robust
practices cannot guarantee environmental or human safety. The catastrophic failure of the
Mount Polley gold and copper mine tailings dam in British Columbia released
approximately seventeen million cubic meters of water and eight million cubic meters of
tailings into the surrounding environment [6]. The spill prompted a local water use ban and
ultimately cost an estimated $70 million in cleanup efforts [6]. Although the Mount Polley
failure occurred at an active mining site, it highlighted a broader concern; over 10,000
abandoned mine sites across Canada contain hazardous and toxic waste that remain
insufficiently monitored [7]. Traditional restoration practices such as backfilling,
adsorption, and permeable reactive barriers can be expensive and inefficient [8,9]

contributing to the proliferation of tailings.

Bioremediation offers a cost-effective and environmentally friendly solution to
reduce the bioavailability and toxicity of heavy metals (HM) in soil and water systems by
harnessing the natural metabolic processes of organisms to immobilize, transform, or
remove pollutants from contaminated sites [10]. In recent years, microalgae, fungi,

bacteria, and plants have been effectively applied in field-relevant studies to remediate HM-
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contaminated environments [11-14]. These efforts have predominantly focused on the
application of single organisms, such as Trichoderma virens [15] or Chlorella vulgaris [16],
and aim to improve bioremediation capacity through genetic engineering [17] or by
optimizing environmental conditions [18]. Emerging research has shifted from this model
to co-culturing organisms to promote metal sequestering [19,20], stimulate microbial
growth [21,22], increase secondary metabolite production [23,24], promote flocculation
[25,26], and reduce the overall cost of the bioremediation technology [27-29]. These
studies typically evaluate the productivity and efficiency of organisms chosen for their
complementary individual traits that may enhance performance when co-cultured
[26,30,31] disregarding those which are indigenous to contaminated and extreme
environments. Microbes isolated from these environments have naturally adapted to
withstand harsh conditions, allowing them to remain active in contaminated sites [32—34].
Because native microbes are already adapted to local conditions, they can integrate
seamlessly into existing communities, reducing the risk of ecological imbalance and
supporting sustainable remediation outcomes [35]. In the present study, the HM tolerance
of an intimate relationship between a fungal-algal-bacterial (FAB) consortium isolated
from a gold mine tailing in Timmins, Ontario, Canada is investigated. The consortium is
comprised of a versatile ascomycete of the genus Talaromyces, the acidophilic bacterium
Acidiphilium acidophilum, and the extremophilic photosynthetic protist Euglena mutabilis

[36].

Euglenoids are a diverse group of unicellular, flagellated protists renowned for their
ecological adaptability [37]. Usually found in freshwater and acidic aquatic environments,

they serve as important model organisms in studies of environmental stress responses and
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symbiosis [38,39]. Many species, including the widely researched E. gracilis, are notable
for their dual metabolic capacity — capable of both heterotrophic feeding, common among
protists, and photosynthesis via chloroplasts depending on environmental conditions [39].
The photosynthetic capabilities of E. gracilis, which resemble those of algae, have
propelled its use in research spanning bioremediation, pharmaceuticals, cosmetics,
biofuels, and food production [38,40]. Beyond these applications, E. gracilis has
demonstrated resilience to HMs, synthesizing hormones like abscisic acid (ABA) and
cytokinins (CKs) to support its physiological responses [41]. Studies have also shown that
E. gracilis exhibits enhanced growth and biomass production when cultured with fungi,

even when those fungal species were previously thought to inhibit proliferation [42].

These traits observed in E. gracilis are not unique to the species and often shared
with the more extremophilic E. mutabilis, which thrives in harsh environments such as
mine tailings, peat bogs, and volcanic lakes [43—46]. Recent investigations revealed that E.
mutabilis is naturally more tolerant to Cd than E. gracilis [47]. When isolated from these
extreme environments, E. mutabilis is frequently associated with other organisms [48]. The
interactions between E. mutabilis and its partner organisms permits interkingdom
communication [45] and is essential for withstanding harsh conditions [36,48]. The co-
isolation of E. mutabilis with the acidophilic bacterium A. acidophilum from mine tailings
is unsurprising, given that 4. acidophilum is also commonly found in acid mine drainage
and mine tailings [49,50]. Like E. mutabilis, it exhibits mixotrophic growth, utilizing
chemolithotrophic pathways through sulfur compound reduction or heterotrophic
metabolism of organic compound sources [50]. In contrast, the fungi of the genus

Talaromyces are not considered extremophiles but have demonstrated considerable
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tolerance to HMs [51-53] and are known to provide growth-promoting and protective
benefits when in a symbiotic relationship [54]. Together, these organisms form a naturally
occurring FAB consortium capable of withstanding the acidic and HM-rich conditions of
mine tailings [36]. Their coordinated resistance and survival strategies in such an extreme
environment offer valuable insights into developing more effective, biologically driven

approaches for bioremediation.

The present study investigates the mechanisms underlying a natural FAB
consortium composed of E. mutabilis, A. acidophilum, and a fungus from the genus
Talaromyces isolated from gold mine tailings from Timmins, Ontario. The consortium’s
tolerance to heavy metals was assessed under exposure to 100 uM CdCl, — a concentration
previously shown to inhibit Fuglena growth [55,56] — with and without an available
heterotrophic carbon source. Culture viability and performance were assessed through cell
counts of E. mutabilis, chlorophyll content, recovery on non-selective media, and
measurements of cellular Cd accumulation. This work also provides the first analysis of
hormone production by E. mutabilis. The structural and physical associations within the
FAB community were also assessed using scanning and transmission electron microscopy,
revealing a potential symbiotic relationship. Collectively, these analyses uncovered close
microbial associations within the FAB that contribute to its resilience in extreme
environments, offering insights that advance the potential applications of natural microbial

interactions in bioremediation technologies.
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3.4 METHODS
Culture selection and growth conditions of E. mutabilis

Field samples of E. mutabilis were obtained from the Canadian Phycological
Culture Centre (CPCC, University of Waterloo, Canada). The strain of E. mutabilis (CPCC
657) exists in a seemingly symbiotic relationship with fungus from the genus Talaromyces
and the bacterium Acidiphilium acidophilum. Stock cultures were grown in modified acid
medium (MAM) [46] with modifications recommended by the CPCC and adjusted to a pH
of 4.3 [57]. Filter sterilized F/2 nutrient solution was added to autoclaved medium after it
cooled. Cultures were grown autotrophically in 250 mL Pyrex Erlenmeyer flasks secured
with foam stoppers covered in aluminum foil under standard aeration (100 RPM on a
Thermo Fisher Scientific MaxQ 3000 shaker) while cycling light and temperature (16:8 LD
cycle at 260 um s'! m!; 24°C + 0.5°C in light and 18°C + 0.5°C in dark) in a Conviron

PCG20 environmental chamber.

Cell counts of E. mutabilis from stock cultures were performed using a
hemocytometer (Hausser Scientific). A volume of cells from each stock containing 12 x10°
cells was aliquoted into each 15 mL Falcon tube. Tubes were centrifuged (3,724 RCF for
10 minutes) and the supernatant was discarded. The pellet was inoculated into 250 mL
Pyrex Erlenmeyer flasks containing 60 mL of media for a final concentration of 200,000
E. mutabilis cells/mL. Control cultures were grown in MAM with 0 g/L of glucose, MAM
with 5 g/L of glucose (Fisher Scientific Cat. No. D16-1) (MAM +5), or MAM with 2.5 g/L.
of glucose (MAM + 2.5). MAM with 5 g/L of glucose was serially diluted to yield MAM

with 2.5 g/L of glucose. Furthermore, cultures were grown in the same three medium

- 107 -



conditions with the addition of 100 pM CdCl.. Each experimental condition was carried

out in triplicate.

Flasks were placed in the Conviron PCG20 environmental chamber under the same
light and temperature conditions as the stock cultures for 5 days. During the experiment,
the flasks were agitated for 1 minute every 24-hours (80 RPM on a Thermo Fisher Scientific
MaxQ 3000) but were otherwise unshaken. E. mutabilis cell counts, culture chlorophyll
content, cellular Cd uptake, and hormone profiles were assessed 1-, 3-, and 5-days post-
inoculation. Aliquots from each culture were taken after 1- and 5-days post-inoculation to
evaluate the growth recovery of E. mutabilis and Talaromyces which could not be
quantified with a hemocytometer. Cultures were also visualized using a scanning electron

microscope (SEM) after 5-days of growth.

Euglena cell viability after Cd exposure

Every 1-, 3-, and 5-days post-inoculation, 100 pL aliquots were taken from each
flask and diluted with 400 pL of a 0.4% Trypan Blue solution (Bioshop Cat. No.
TRY477.100) in PBS (Bioshop, Cat. No. PBS404.100). Cell viability in E. mutabilis was
evaluated by Trypan Blue staining, with live and dead cells counted us a hemocytometer

(Hausser Scientific) at 10x magnification.

Assessment of post-stress growth
Recovery of E. mutabilis and Talaromyces were assessed by plating on potato
dextrose agar (PDA) plates prepared using a 1.4% (w/v) agar mixture which was sterilized

by autoclaving. 15 mL of media was added to each plate (Greiner Bio-One Cat. No.
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633181). 100 pL from each culture flask was diluted with 900 uL of sterile 0.9% (w/v)
NaCl and 50 pL was added to an agar plate. Plates were sealed with parafilm and incubated
at 22°C in darkness. The number of E. mutabilis and Talaromyces colony forming units

(CFUs) were recorded after 1 and 7 days of growth.

Assessment of chlorophyll content

Chlorophyll content was assessed according to Kaszecki et al [36]. Briefly, 500 pL
from each flask was aliquoted into 2 mL Eppendorf tubes containing glass beads (Sigma
Aldrich Cat. No. G8772) and the media was decanted after centrifugation at 4°C (maximum
speed for 2 minutes). 1 mL of chilled methanol (MeOH) was added to each tube to extract
the chlorophyll, and the samples were agitated at 30 Hz for 2 minutes (Retsch Mixer Mill
MM 400). After centrifugation to pellet the glass beads (maximum speed for 2 minutes),
the MeOH was transferred to a fresh Eppendorf tube, and the extraction was repeated. 200
pL of extracted MeOH was added to three 96-well optic plates (ThermoFisher Scientific
Cat. No. 165305) for triplicate readings on a BioTek Synergy HTX Multimode Reader at
652 and 665 nm wavelengths. Chlorophyll content was quantified according to Warren [58]

and normalized against E. mutabilis cell counts to calculate chlorophyll content per cell.

Cellular Cd accumulation

Samples were extracted according to Metcalfe et al [59] with modifications. 1 mL
from each flask was added to a 1.5 mL microfuge tube. The supernatant was decanted with
a pipette following centrifugation (3,824 RCF for 10 minutes). Cell pellets were washed
three times by resuspending in 2 mL of sterile dH2O, centrifuging, and then decanting the

supernatant. After the final wash, 300 pL of 70% (v/v) nitric acid (HNO3) (Fisher Scientific
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Ca. No. A509P500) was added and each tube was placed on a heat block at 95°C for 20
minutes to digest the pellet. The entire volume of digested sample was diluted in 10.2 mL
of sterile dH>O for a final HNO3 concentration of 2% (v/v) and filtered through a 0.45 pm
polytetrafluoroethylene (PTFE) syringe filter (VWR Cat. No. 76479-004) into a 15 mL
Falcon tube. Control media blanks for each condition were extracted in parallel to verify

the absence of Cd in the control environment.

Elemental analysis was conducted using an Agilent 8900 ICP-QQQ-MS in the
Water Quality Centre (Trent University). Sample introduction was executed using a
MicroMist nebulizer (nominal uptake rate: 400 uL min™") coupled with a Scott double-pass
spray chamber to ensure efficient aerosol formation. The instrument was operated with a
radio frequency (RF) power of 1550 W and a carrier gas flow rate of 1.05 L min™!, following
the General-Purpose Plasma Preset parameters. The sampling depth was set to 10 mm, and
an X-type extraction lens was used to optimize ion transmission. Sample introduction into
the plasma was facilitated by standard nickel sampler and skimmer cones. Cadmium (Cd)
was analyzed in single quadrupole mode using helium (He) as the collision cell gas.
Calibration standards were prepared through serial dilution of 1000 ng mL™" single-element
standards in 2% HNOs. Rhodium served as the internal standard and was introduced
continuously inline throughout the analysis. All solutions were prepared using high-purity

water (18.2 MQ-cm) and ultrapure HNO:s to ensure minimal contamination.

- 110 -



Hormone Profiling
Solid phase extraction and purification of hormones

From each flask (3.4 METHODS: Culture selection and growth conditions of E.
mutabilis), 10 mL of culture was collected into a 50 mL Falcon tube 1-, 3-, and 5-days post-
inoculation. The tubes were centrifuged (3,724 RCF for 10 minutes) to form a cell pellet,
and the supernatant was decanted into a new 50 mL Falcon tube. From there, the
supernatant was sterilized through a 0.2 pm polyethersulfone (PES) syringe filter (Fisher
Scientific Cat. No. 13-1001-06) into a fresh 50 mL Falcon tube. Media blanks were
prepared the same way at the same time. The cell pellets were washed by resuspension in
sterile 0.9% NaCl, centrifuged, and the supernatant discarded. Prepared samples were flash-
frozen with liquid nitrogen (LN>), freeze-dried (LabConco Free Zone lyophilizer; Kansas

City, MO, USA), and stored at -80°C.

Hormone extractions were performed sequentially to obtain distinct hormone
fractions, following modified methods previously published [60,61]. This approach
enabled the extraction of 35 CKs and acidic hormones — including abscisic acid (ABA),
gibberellins (GA1, GA4, GA7), indole-3-acetic acid (IAA), jasmonic acid (JA), and salicylic

acid (SA) — from a single sample (Table S3.2).

To facilitate hormone quantification via the isotope dilution technique, internal
standards (IS) of deuterated hormones were added to each sample in 2 mL of 50% ice-cold
acetonitrile (ACN). These included 60.9 ng ABA ([?Hs] ABA) (PBI, Saskatoon, Canada),
10 ng each of [AA and SA (OLChemim, Olomouc, Czech Republic), and 10 ng each of the

gibberellins GA1, GAs, GA7, GAy, and GAz. Additionally, 10 ng of deuterated CK
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standards were included, covering aromatic, methylthiolated, and glucoside forms (Table
S3.2). While JA was not included as an internal standard, [°Hs] ABA was used for JA
quantification [41].

Dried cell pellets were resuspended with ice-cold 50% ACN in 2 mL Eppendorf
tubes and agitated with two zirconium beads (Comeau Technique Ltd.) at 25 Hz for 5
minutes (Retsch Mixer Mill MM 400) in a 4°C cold room. Supernatant and media blanks
were resuspended in ice-cold 50% ACN and vortexed to mix. All samples were centrifuged
and divided equally, with 1 mL of ACN transferred to a fresh 2 mL Eppendorf tube for
acidic hormone analysis and the remaining 1 mL transferred to another tube for CK
analysis. Additionally, three method-blank samples were extracted in parallel to the

samples.

Samples designated for acidic hormone analysis were purified through HLB
cartridges (Canadian Life Sciences Cat. No. VO34445). First, the columns were
preconditioned under vacuum with analytical grade MeOH, B-Pure water (18.2 MQ-cm),
and 50% aqueous (v/v) ACN. After conditioning, samples were centrifuged (10 minutes at
maximum speed), and the supernatant was added to each cartridge and eluted into 5 mL
tubes by gravity followed with a final wash of 2 mL of 30% aqueous (v/v) ACN. Tubes for
acidic hormones and CKs were evaporated to dryness in a vacuum concentrator (Savant

UVS400) at ambient temperature.

Once dried, acidic hormone samples were derivatized and CK samples were stored
at -20°C. To each sample for acidic hormones, 75 pL of 1-propanol, 20 puL of B-Pure water,

5 uL of 500 mM bromocholine (TCI America Cat. No. B0577) in 70% ACN, and 1 pL of
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triethylamine (Fisher Scientific Cat. No. 04884-100) were added. Samples were incubated
in a water bath at 80°C for 130 minutes and then chilled on ice for 1 hour before being
evaporated to dryness in a vacuum concentrator at ambient temperature. Dry samples were

stored at -20°C ahead of analysis.

Samples designated for CK analysis were redissolved in 1 mL of 1M Formic Acid
(HCOOR) in preparation for purification through MCX cartridges (Canadian Life Sciences
Cat. No. VO54445). Under vacuum, the columns were preconditioned with MeOH and
HCOOH. After conditioning, samples were centrifuged (10 minutes at maximum speed),
and the supernatant was added to each cartridge and eluted by gravity. With the vacuum
reconnected, the column was then equilibrated with 5 mL of HCOOH and 5 mL of MeOH.
5 mL of 0.35M ammonium hydroxide (NH4OH) was eluted through the cartridge under
vacuum and collected in a 5 mL tube. This fraction was used to assess the CKs in their
nucleotide (NT) form. Next, 5 mL of 0.35 M NH4OH in 60% MeOH (H.O:MeOH 40:60
v/v) was eluted through the cartridge under vacuum and collected in a 5 mL tube. This
fraction was used to assess CKs in their freebase (FB) and riboside (RB) forms. All
collected fractions were evaporated to dryness in a vacuum concentrator at ambient

temperature.

The dried samples for the FB fraction were stored at -20°C ahead of analysis and
the NT fraction was dephosphorylated to enable detection as ribosides by the ESI-MS/MS
[62]. Dried NT samples were redissolved in 1 mL of 0.1M ethanolamine (Sigma Aldrich

Cat. No. E9508-100) and 3 units (12 pL) of phosphatase enzyme mix (New England
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Biolabs Cat. No. M0525L). Samples were incubated overnight at 37°C and then evaporated

to dryness in a vacuum concentrator at ambient temperature.

Dried NT samples were redissolved in 1.5 mL of B-Pure water in preparation for
purification with C18 cartridges (Canadian Life Science Cat. No. IS72006). The columns
were first preconditioned with 3 mL of MeOH and 6 mL of B-Pure water under vacuum.
Then, samples were centrifuged (10 minutes at maximum speed), and the supernatant was
added to each cartridge and eluted by gravity before being washed with 3 mL of B-Pure
water. Final NT samples were collected by washing the column with 1.25 mL of 80%
MeOH into 2 mL Eppendorf tubes. Collected samples were then evaporated to dryness in

a vacuum concentrator at ambient temperature and stored at -20°C.

All final hormone fractions were redissolved in 300 pL of 0.08% acetic acid
(AcOH) in 5% ACN. Samples were quickly vortexed to mix and centrifuged (3,724 RCF
for 10 minutes) to remove any solid particles before transferring 250 pL into 300 pL glass
inserts in clear mass spectrometry vials. Samples were prepared the one day before analysis

and stored overnight at -20°C.

Hormone analysis by ultra high-performance liquid chromatography-electrospray
ionization tandem mass spectrometry (UHPLC-ESI-MS/MS)

Purified samples were analyzed for hormone content using ultra high-performance
liquid chromatography-electrospray ionization-tandem mass spectrometry (UHPLC-(ESI)-
MS/MS; Thermo Q-Exactive quadrupole orbitrap coupled with Thermo Dionex Ultimate

3000 UHPLC) as previously described [62]. Chromatographic separation of hormones was
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performed using an HGP-3400RS dual pump and a WPS-3000 autosampler, equipped with
a Kinetex C18 column (2.1 mm internal diameter x 50 mm length, 2.6 pm particle size;
Phenomenex, Torrance, CA, USA). The column was operated at an approximate room
temperature of 22°C. Samples were injected at a volume of 25 pL and all hormone fractions
were eluted using solution A (ddH20 with 0.08% CHsCOOH) and solution B (CHsCN with
0.08% CHsCOOHR) at a flow rate of 0.5 mL/min using a multi-step gradient. The initial
condition of 5% solution B was maintained for 0.5 minutes, followed by a linear increase
to 45% B over 4.5 minutes, then further increased to 95% B over the next 6.5 minutes. This
condition was held for 1 minute before returning to the starting condition for 2 minutes to

allow for column re-equilibration for a total run time of 8.2 minutes.

Instrument control and data acquisition were managed using Chromeleon 6.8

Chromatography Data System software (ThermoScientific, Ottawa, ON, Canada).

Quantification of hormone profiles

Quantification of hormone peaks were assessed using Xcalibur 3.0.63 software
(ThermoFisher Scientific). Peaks corresponding to metabolites were initially identified by
their monoisotopic mass as protonated molecules [M+H]" and by comparing their retention
time (RT) to those of the IS. Extracted ion chromatograms (XICs) were generated for each
hormone using the accurate masses of the two most intense fragment ions along with the
unfragmented precursor ion, applying a mass tolerance of 3 ppm. Quantification was based
on the area under the peak of each XIC. Quantified peaks from supernatant samples were
normalized against the number of E. mutabilis cells in each volume of media (10 mL) and

quantified peaks from pellet samples were normalized against dried weight.
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Visualization with SEM

Samples of E. mutabilis grown in MAM in the presence and absence of Cd were
prepared for SEM according to the air-drying technique for cultured micro-organisms
outlined by Murtey and Ramasamy [63] with modifications. 1 mL of culture was aliquoted
into 1.5 mL microfuge tubes. The supernatant was decanted with a p200 after centrifugation
(3,824 RCF for 10 minutes) and the pellet was resuspended in 500 pL of 2.5%
glutaraldehyde (Sigma Aldrich Cat. No. G5882-100ML) prepared in a 0.1 mol/L phosphate
buffer (pH 7.2) for 16 hours at room temperature. After fixation, the sample was centrifuged
(10,621 RCF for 2 minutes) and the glutaraldehyde was removed using a p200. The pellet
was resuspended in 1 mL of the 0.1 mol/L phosphate buffer for 10 minutes, centrifuged to
decant, and the wash step was repeated. The pellet was then dehydrated in 200 pL of EtOH
through an EtOH series (35% EtOH in dH>0O, 50% EtOH in dH,0O, 75% EtOH in dHO,
95% EtOH in dH20, 2 x 100% EtOH) followed by two washes with 200 pL of HMDS
(Sigma Aldrich Cat. No. 440191-100ML). At each step, the solvent was added to the tubes
for 10 minutes after which the tubes were centrifuged and the supernatant discarded. After

the final HMDS wash, the sample tubes were left open in a fume hood overnight to air dry.

Dehydrated samples were visualized with a Hitachi FlexSEM 1000 II connected to

an energy dispersive x-ray spectrometer (QUANTAX Compact 30 with 129e¢V Xflash

Detector 630Mini) at 15.0 kV.
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Visualization with TEM

I mL of cultures grown in MAM and MAM + 100 uM CdCl, were aliquoted into
1.5 mL microfuge tubes. The supernatant was decanted with a p200 following
centrifugation, and the pellet was resuspended in 500 pL of 2.5% glutaraldehyde (Sigma
Aldrich Cat. No. G5882-100ML) prepared in a 0.1 mol/L phosphate buffer (pH 7.2) for 24
hours at room temperature. Sample preparation and embedding were performed by the
Cellular and Molecular Electron Microscopy core (The Hospital for Sick Children, Toronto,
Canada). The fixed tissue was sectioned into 2 mm cubes and rinsed with 0.1 M sodium
cacodylate buffer with 0.2 M sucrose (pH 7.3) for 10 minutes. Samples were post-fixed in
1% osmium tetroxide in the same buffer for 1.5hours, then rinsed again with the
sucrose-buffer rinse. Dehydration was performed through a graded EtOH series (70%
EtOH in dH>O, 90% EtOH in dH>O, 3 x 100% EtOH) followed by two washes with
propylene oxide. Samples were then infiltrated with a 50:50 mixture of propylene oxide
and Spurr resin for I hour, followed by two washes of pure Spurr resin (1 hour and
overnight) and then embedded in molds and polymerized at 65 °C overnight. Ultrathin
sections (90 nm) were cut on an ultramicrotome using a diamond knife, mounted on copper

grids, and contrasted with uranyl acetate and lead citrate before imaging on a Hitachi

HT7800.

Statistical analysis
Differences in E. mutabilis cell counts, chlorophyll content, and hormone content
were compared each day using a one-way ANOVA (p < 0.05) followed by Tukey’s Honest

Significant Difference (HSD) test. Blank media samples containing each glucose
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concentration with and without Cd were processed and analyzed using the same methods

to remove background hormone levels (Table S3.2).

3.5 RESULTS AND DISCUSSION

To evaluate the Cd tolerance and synergistic interactions within the FAB
consortium, a series of physiological, cellular, and molecular analyses were conducted.
Glucose supplementation was used to perturb the FAB consortium displaying
enhancements of the growth and viability of E. mutabilis, particularly under Cd stress. This
was observed through increased cell counts, flocculation, and chlorophyll content.
Recovery assays further confirmed the importance of glucose in supporting the growth of
E. mutabilis and its associated microbial partners, A. acidophilum and Talaromyces.
Hormone profiling revealed dynamic changes in cytokinins (CKs), gibberellins (GAs),
jasmonic acid (JA), and salicylic acid (SA) — modulated by both glucose availability and
Cd exposure. Electron microscopy provided structural insights into the FAB, illustrating
close associations among consortium members and intracellular features consistent with
endosymbiotic retention. Together, these data suggest that FAB consortia deploy

cooperative and metabolically adaptive strategies to persist in HM-polluted environments.

FAB growth and chlorophyll content are dependent on the presence of glucose and Cd

After 5-days of growth in liquid media without standard aeration, the FAB cultures
supplemented with glucose contained flocs (Figure 3.1). Both 5 g/L and 2.5 g/L of glucose
also promoted increased fungal biomass, compared to cultures without glucose. The
addition of Cd to cultures with glucose supplementation did not alter the level of

flocculation and the E. mutabilis cells remained imbedded in what appears to be a fungal-
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derived mycelial mat with extracellular material (Figure 3.1de). In contrast, when cultured
without glucose supplementation either in the presence or absence of Cd, the E. mutabilis
cells were either free floating or more loosely associated with the other FAB members and
the overall culture had a diffuse green cast that was not present with glucose
supplementation (Figure 3.1cf). Additionally, cultures lacking both glucose and Cd
displayed more limited biomass, and those exposed to Cd without glucose showed the most
suppressed growth (Figure 3.2). These observations suggest a glucose- and Cd-dependent
bioflocculation mechanism within the FAB, prompting comparison to existing microbial

flocculation strategies.

Bioflocculation technologies are increasingly explored for wastewater treatments,
biomass harvesting, and bioremediation [64,65]. Most current bioflocculation systems
utilize bacterial biofilms or algal extracellular polymeric substances (EPS) that aggregate
particles to facilitate separation of solid and organic matter from liquid phases [66,67];
however, these often require precise environmental conditions and are limited by low
mechanical stability or slow processing rates [68—71]. To overcome such limitations, co-
culturing approaches have been investigated, wherein one organism enhances the
flocculating efficiency of another. For instance, the surface of Chlorella vulgaris cells are
negatively charged, which hinders natural aggregation during harvesting [72]. To address
this, the bacterium Streptomyces sp. HSN06 was co-cultured with C. vulgaris, producing a
bioflocculant that neutralizes the surface charge and facilitates efficient cell aggregation
[72]. Nevertheless, co-culturing microalgae with bacteria can be challenging if flocculation

is required in acidic and HM-rich environments [72,73].
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In contrast, fungi — particularly filamentous fungi like Talaromyces — offer
significant advantages for bioflocculation due to their robust mycelial network, high
surface area, and EPS secretion [74—76]. Fungal flocculation can proceed through either
spore-assisted or pellet-assisted mechanisms [77]. Spore-assisted flocculation systems rely
on dormant spores as nucleation sites around which microalgae can aggregate, whereas
pellet-assisted systems — such as the one demonstrated in this study — use actively growing
fungal hyphae that entangle or bind to microalgae, forming dense and stable flocs [77]. This
is especially advantageous in acidic, HM-rich environments, where both 7alaromyces and
E. mutabilis naturally thrive. Acidic pH not only supports the growth of these organisms
but also enhances pellet formation in fungi, as the lower pH increases the hydrophobicity
of fungal hyphae through the protonation of surface functional groups [25,78]. In addition,
fungi like Talaromyces actively secrete organic acids, which can further acidify the
surrounding environment [79]. This acidification destabilizes algal cells by reducing their
surface charge, thereby promoting close cell-to-cell contact and facilitating effective
flocculation [79]. As an added benefit, Talaromyces possesses the ability to bind HMs
[53,80]. Previous work demonstrated that prolonged interactions or environmental stress
can lead microalgae to form endosymbiotic-like associations within fungal hyphae, offering
protection while supporting mutual nutrient exchange [81,82]. Taken together, these traits
position Talaromyces as both a structural and biochemical driver of bioflocculation within
the FAB, supporting stable, metal-tolerant aggregates that can persist and function in

extreme acidic environments.

Visual observations of culture growth in light were supported when E. mutabilis

cell counts were performed (Figure 3.2). After 5-days, control cultures containing no Cd

- 120 -



but supplemented with glucose showed E. mutabilis cell counts approximately double those
grown without glucose. Likewise, cultures exposed to Cd and supplemented with 5 g/L of
glucose showed a 37% increase in cell counts compared to those exposed to Cd without

glucose, and a 31% increase compared to cultures grown with 2.5 g/L glucose and Cd.

The highest total chlorophyll content (chl a + chl b) after 5 days was found in
cultures grown without glucose, either with or without Cd exposure (Figure 3.3). These
treatments formed the statistical group (“a”) and were the only cultures that did not
experience a significant decline in chlorophyll between days 3 and 5, unlike all other
conditions. In contrast, cultures supplemented with 2.5 g/l and 5 g/L. glucose had
significantly lower chlorophyll by day 5, with 2.5 g/L + Cd falling into the lowest statistical
grouping (“d”’) and showing the sharpest decline from day 3 (56%). Those grown with 5
g/L glucose generally maintained chlorophyll levels (“bc” to “ab” groups) exhibiting a
slight (8%) decrease from day 3. Quantitatively, glucose-free cultures had 39% more
chlorophyll than those grown with 5 g/L glucose and 52% more than those with 2.5 g/L
glucose after 5 days. A similar pattern occurred in Cd-treated cultures, where the absence
of glucose resulted in chlorophyll levels 14.6% higher than with 5 g/L glucose and 5%
higher than with 2.5 g/L glucose. Overall, the results show that both glucose concentration
and Cd exposure significantly influenced chlorophyll retention, with glucose

supplementation generally reducing chlorophyll maintenance over prolonged growth.

The observed increase in E. mutabilis cell counts in glucose-supplemented cultures,
particularly under Cd stress, suggests that glucose plays a critical role in growth and

resilience of the FAB consortium. As a metabolically flexible protist, Euglena can alternate
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from photoautotropic and heterotrophic metabolism in response to changes in light
availability, supporting sustained growth under cyclical environmental conditions and Cd
stress [83]. Glucose supplementation not only increases Euglena cell counts under Cd
exposure, but also significantly reduced the number of dead cells compared to cultures
grown without glucose (Figure S3.1). These findings suggest that glucose supplementation
enhances both survival and proliferation of E. mutabilis under heavy metal stress,
reinforcing its role as a key driver of FAB consortium stability in fluctuating and

contaminated environments.

Under Cd stress, where photosynthetic efficiency may be impaired, glucose likely
enables energy production through heterotrophic pathways to sustain cell proliferation.
Interestingly, the highest chlorophyll content was observed in glucose-supplemented
cultures also exposed to Cd. Previous research suggests that Cd could substitute for Mg in
the chlorophyll molecule in E. mutabilis, potentially leading to increased chlorophyll
accumulation while impairing photosynthetic function [36]. This substitution may result in
the formation of non-functional or less efficient chlorophyll derivatives, inflating total
chlorophyll content without a corresponding boost in carbon fixation by photosynthesis.
Taken together, the coupled increase in cell counts and chlorophyll content suggests that
the enhanced chlorophyll levels under Cd stress may represent a compensatory
physiological response to metal toxicity rather than an indication of improved

photosynthetic capacity.

The post-stress growth of E. mutabilis and Talaromyces reflected the observed

trends in E. mutabilis viability and flocculation (Table 3.1). Assessing growth of the
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organisms after HM exposure provides insight into microbial resilience, indicating whether
they can regrow and re-establish populations once stress is removed. In the absence of Cd,
post-stress growth of E. mutabilis was the highest in cultures supplemented with 2.5 g/L
glucose, aligning with cell count data — suggesting that 2.5 g/L glucose may optimally
support growth and survival of the FAB [84]. Under Cd exposure, E. mutabilis survivorship
did not differ significantly across glucose treatments, despite clear differences in cell counts
and flocculation. This discrepancy may reflect a physiological threshold in Cd tolerance
that is maintained across treatments once glucose is available. Although no studies directly
compare glucose supplementation to HM tolerance, previous work identified that when E.
gracilis is grown mixotrophically it expresses more metal-transport proteins and
detoxification systems [85,86]. This raises the possibility that waste-deprived carbon
sources could be repurposed to enhance algal resilience in contaminated environments,
creating paired systems that both recycle organic waste and improve HM bioremediation —
a potential contribution to circular economy strategies. Indeed, similar approaches have
already been demonstrated by Chlorella vulgaris in which, when grown with industrial

dairy waste, exhibited enhanced growth and metabolic activity [87].

In contrast, Talaromyces survivorship strongly correlated with glucose availability
and Cd exposure. Cultures grown with 5 g/L glucose showed the highest fungal growth
after Cd exposure (Table 3.1), mirroring increased flocculation and cell viability in those
conditions, while cultures grown without glucose displayed minimal fungal colonization as
evidenced by the lower number of CFUs. These results support the possibility that fungal
resilience — and by extension, its protective role in the FAB — is enhanced by glucose and

may contribute to the improved survival and aggregation of E. mutabilis under metal stress.
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This concept was demonstrated in a co-culture between Chlorella vulgaris and Aspergillus
oryzae exposed to arsenic, where tolerance to the metal was enhanced in the presence of
glucose, but only when the level of other essential nutrients were precisely balanced [88].
Similarly, although the survivorship of Talaromyces in this study complements trends
observed in cell count and chlorophyll data, the role of glucose in maintaining the viability
and functionality of the FAB consortium under HM stress may depend on a similarly fine-

tuned nutrient environment and this warrants further investigation.

Cellular Cd accumulation varies with glucose supplementation

Cellular cadmium accumulation of the FAB varied over time depending on glucose
availability (Figure 3.4). On day 1, all treatments showed similarly low (22-28 ng/100,000
cells) Cd levels. By day 3, Cd accumulation peaked in cultures supplemented with 5 g/L
glucose (241 ng/10¢ cells), while lower levels were observed in cultures with 2.5 g/L and
0 g/L glucose. Interestingly, by day 5, Cd accumulation in the 5 g/L. glucose condition
decreased, whereas cultures without glucose showed a continued increase, ultimately
reaching the highest Cd concentration. Cd levels in the 2.5 g/L glucose condition remained
relatively stable between days 3 and 5 with a slight (1.4%) decrease (Figure 3.4). This
suggests that higher glucose concentrations may initially promote Cd uptake but may later

reduce retention, whereas the absence of glucose supports more sustained accumulation.

Although the glucose concentration did not significantly alter final cellular Cd
levels, observed trends suggest a relationship between Cd accumulation, E. mutabilis cell
counts, and chlorophyll content. A key factor influencing Cd accumulation in Euglena is

the metabolic state determined by environmental conditions. In E. gracilis, Cd
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preferentially accumulated in chloroplasts under photoautotrophic conditions, while dark-
grown cells accumulate Cd primarily in the mitochondria [55,89]. As a result, heterotrophic
or dark-grown cells exhibit greater Cd tolerance due to reduced chloroplast-associated

accumulation [90].

By cultivating E. mutabilis under mixotrophic conditions, its resilience to Cd stress
may be enhanced. This is consistent with findings in Ochromonas, where mixotrophic
growth preserved photosynthetic capacity and supported continued growth under high Cd
concentrations, in contrast to obligate heterotrophy [91]. In E. gracilis, over 60% of
intracellular Cd is sequestered in chloroplasts within three days of exposure, with
subsequent redistribution and a reduction in chlorophyll content, suggesting an adaptive
detoxification strategy to protect vital cellular functions [89,90,92]. Thus, providing
glucose may allow Euglena to balance energy production between photosynthesis and
carbon metabolism, minimizing chloroplast stress while maintaining overall cell viability
during Cd exposure. This trade-off is evident when assessing chlorophyll content, where

the presence of glucose leads to a decline in chlorophyll after 5-days of Cd exposure (Figure

3.3).

Beyond E. mutabilis, other members of the FAB consortium also contribute to HM
sequestration. Talaromyces contributes not only through surface adsorption of HMs [93—
96], but also by engaging in interspecies signalling that can trigger protective responses in
co-cultured organisms under stress [80]. For example, Talaromyces strain MRI
significantly enhanced Cd accumulation in plants under high Cd conditions by alleviating

toxicity through the production of antioxidants and activation of host defence mechanisms

- 125 -



[80]. By alleviating physiological stress, the fungus enabled the plant to tolerate and
accumulate more Cd than it could alone. A similar interaction may occur in this study,
whereby Talaromyces supports E. mutabilis by promoting Cd bioaccumulation and
mitigating stress within the consortium. However, because primarily intracellular Cd was
assessed in this study, and Talaromyces is known to primarily sequester HMs through
extracellular adsorption, it is likely that some of the metal bound by the fungus was lost
during washing steps. As a result, it is possible that most, if not all, of the cellular Cd

measured in the FAB cultures originated from E. mutabilis alone.

Electron microscopy reveals intimate, and endosymbiotic, relationships between FAB
organisms

Scanning electron microscopy (SEM) provided visual evidence of microbial
interactions within the E. mutabilis FAB and the dependence of these associations on
glucose availability. In cultures supplemented with 5 g/L (Figure 3.5a) and 2.5 g/L (Figure
3.5b) glucose, dense extracellular growth of rod-shaped bacterial cells and extensive fungal
hyphae were observed, indicating the active proliferation of A. acidophilum and
Talaromyces, respectively. The surface of E. mutabilis cells in these conditions appeared
intertwined within the complex microbial matrix. In contrast, cultures grown in the absence
of glucose (Figure 3.5¢) lacked visible bacterial or fungal structures, displaying only intact
E. mutabilis cells with clean surfaces, suggesting minimal to no extracellular microbial

activity from the partner organisms.

A similar trend was observed under Cd exposure. Cultures amended with both Cd

and 5 g/L. glucose (Figure 3.5d) or 2.5 g/L glucose (Figure 3.5¢) retained microbial
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structures similar to their non-Cd counterparts, though slight morphological differences in
hyphae and decreased bacterial distribution were observed (not quantified). In the absence
of glucose under Cd exposure (Figure 3.5f), no associated microbial structures were
detected, paralleling the pattern seen in glucose-free controls (Figure 3.1). These results
suggest that glucose is a critical driver of microbial proliferation within the FAB and
support the hypothesis that associated microbial populations may exist in a dormant or

minor presence in intracellular state within E. mutabilis under nutrient-limited conditions.

Transmission electron microscopy (TEM) analysis of E. mutabilis cells revealed
detailed ultrastructural features and the presence of intracellular, electron-dense bodies
consistent with potential endosymbiotic associations (Figure 3.6). In E. mutabilis cells
cultured in MAM without Cd exposure (Figure 3.6a), characteristic organelles including
the nucleus, chloroplasts, mitochondria, vacuoles, paramylon storage granules, and the
pellicle were clearly visible. Similar structures were observed in cells grown in the presence
of 100 uM Cd (Figure 3.6b), suggesting that basic cellular architecture is maintained under
metal stress. Notably, in both treatments, multiple electron-dense bodies were consistently
observed within vacuoles. The morphology and isolation of these structures within
vacuoles resembled bacteria-containing vacuoles (BCVs) or food vacuoles (FV) at various
stages of degradation, suggesting intracellular digestion or storage of microbial cells
[97,98]; however, definitive identification of the electron-dense bodies requires further

investigation (white arrows in Figure 3.6).

The absence of visible fungal and bacterial structures in FAB cultures grown in

minimal media raises important questions about the source of these organisms once glucose
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is introduced. One plausible explanation is that these microbial partners persist within E.
mutabilis in a dormant or internalized state, only proliferating extracellularly when
conditions become favorable. This retention model is supported by the presence of electron-
dense inclusions (white arrows in Figure 3.6) within E. mutabilis vacuoles, whose
morphology is consistent with BCVs observed in other protists [97-101]. In this scenario,
E. mutabilis may act as a temporary refuge for A. acidophilum or other consortium
members, preserving them through nutrient-limited periods until conditions permit

extracellular growth.

An alternative explanation is that these inclusions represent FVs associated with
active phagotrophy and digestion. The range of morphologies observed is consistent with
digestive stages documented in other protists, where bacterial cells are progressively
degraded. If correct, this would suggest that E. mutabilis retains phagotrophic capabilities
that were previously thought to have been lost during its evolutionary divergence toward
photoautotrophy [102]. Notably, Euglena species have undergone multiple endosymbiotic
events during their evolutionary history [103,104], and it remains possible that E. mutabilis
can both internalize microbial cells for digestion and, under certain conditions, maintain

them in a viable state.

The interaction between E. mutabilis and A. acidophilum may represent a form of
protistan grazing, a well-established ecological strategy in which protists selectively ingest
bacteria to obtain energy and essential nutrients [105-107]. Although photosynthetic
euglenoids are believed to have lost phagotrophy following the acquisition of plastids

through secondary endosymbiosis [108], not all lineages may have lost this capacity
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equally. For example, while E. gracilis and E. mutabilis are closely related [109], their
differing tolerances to environmental extremes [36,47] suggest underlying physiological
and genetic differences that remain poorly understood. Among euglenoid flagellates,
Entosiphon are well-studied examples of obligate phagotrophs [102]. Entosiphon employs
a complex ingestion apparatus, or siphon, formed by three microtubular rods arranged into
a U-shaped tube that facilitates particle uptake into FVs [102]- similar to what was
observed in E. mutabilis. Therefore, the potential for E. mutabilis to retain phagocytic or
facultative endosymbiotic behavior cannot be excluded. The persistent detection of BCV-
like structures in both control and Cd-treated cells suggests that internalized microbial
partners may represent a survival mechanism or a flexible interaction strategy that shifts

with environmental conditions.

Evaluation of FAB hormone production

The cytokinins

Hormone profiles in E. mutabilis varied markedly with glucose availability and Cd
exposure over time (Tables S3.3-S3.10). The concentration of the active freebase trans-
Zeatin (¢Z) increased significantly over time in glucose-amended cultures, particularly in
the presence of 5 g/L. glucose plus Cd, which reached the highest levels (234.8 + 87.4
fmol/mL) by day 5 (Figure 3.7a). Notably, tZ levels remained low in cultures not exposed
to Cd, and only trace levels were detected in cultures that did not contain glucose. A similar
trend was observed for the precursor trans-Zeatin riboside (¢ZR), which peaked at day 5 in
the 5 g/L glucose condition without Cd (149.0 £ 20.8 fmol/mL), indicating that ¢Z

conjugation from ZR may be sensitive to both glucose and Cd availability (Figure 3.7b).
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In contrast, the precursor form trans-Zeatin nucleotide (#ZNT) accumulated dramatically
in cultures grown without glucose but exposed to Cd, showing a 10- to 100-fold increase
over all other conditions at each timepoint (Figure 3.7c). By day 5, the patterns in tZNT

were strikingly similar to those of #Z at the same time point.

The predominance of Z over cis-Zeatin (cZ) (Table S3.3, S3.4) in FAB cultures
suggests Talaromyces as the primary source of this hormone. Both Euglena [110-112] and
fungi [113—-115] can produce cZ via the fRNA-degradation pathway and ¢Z via the cytosolic
mevalonate (MVA) pathway [114,116]; however, Euglena only produces tZ in minute
quantities [111]. In our study, #Z concentrations greatly exceeded cZ in both supernatant
and pellet — particularly under Cd stress with glucose — indicating that these conditions
synergistically stimulate ¢Z production (Table S3.3, S3.4). Previous research shows that,
under HM stress, E. gracilis exhibits greater HM tolerance and uptake efficiency when
supplied with exogenous ¢Z [41]. Although it has not been directly reported that
Talaromyces can produce ¢Z, it is still the more likely source compared to E. mutabilis.
Notably, there were no detectable levels of #Z in the pellet of the FAB (Table S3.4), raising
the possibility that Talaromyces releases tZ extracellularly to signal E. mutabilis to adjust
endogenous hormone levels in response to Cd stress [41]. Moreover, Talaromyces
abundance increased substantially in glucose-supplemented cultures, which may have

contributed to the elevated /Z and tZNT levels observed under glucose and Cd conditions.

The concentration of the early precursor form, ZNT, was high in Cd- and glucose-
treated cultures, suggesting a shift toward CK inactivation under Cd simultaneously with

elevated ¢Z concentrations (Table S3.3, S3.4). While /ZNT can occasionally occur as a late
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conjugate, it more commonly acts as a biosynthetic precursor. Given that day 5 tZNT
profiles trends closely mirrored those of tZ (Figure 3.7ac), two non-exclusive explanations
are possible: 1) the #Z biosynthesis pathway is upregulated, reflecting elevated IPT and
LOG activity, or 2) tZ accumulation is sufficiently high to drive back-conversion to /ZZNT
via adenine phosphoribosyl transferase 1 (APRT) in a single-step — a process for which
very little is currently known in CK metabolism [117]. This interpretation is consistent with
the low levels of active #Z observed under control growth conditions with glucose,
alongside the elevated concentrations of the intermediate precursor ZR, which suggest

limited activation to ¢#Z under those conditions.

The concentration of methylthio-trans-Zeatin (MeSZ) in the supernatant rose
substantially by day 3 in all glucose-supplemented cultures, regardless of Cd exposure
(Figure 3.8a). The most significant accumulation was observed at day 5 in the 5 g/L + Cd
condition (612.9 + 257.3 pmol/mL), suggesting an inducible response of this methyl-
thiolated CK to the combination of high carbon and metal stress. By contrast, MeSZR
accumulated primarily in the Cd-only condition at day 5 (18.1 £ 0.2 pmol/mL) and
remained low in all other treatments (Figure 3.8b). This divergence between MeSZ and
MeSZR indicates that glucose and Cd may not only regulate the production of methyl-

thiolated CKs but also modulate their inter-conversions.

Methyl-thiolated CKs are evolutionarily conserved hormones identified across
diverse biological domains including bacteria, protists, plants, and certain animals [118].
These compounds are synthesized exclusively via the tRNA degradation pathway,

producing the cis configuration of CKs [118]. Although their physiological roles are poorly
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characterized, growing evidence implicates methyl-thiolated CKs in stress response,
cellular communication, and microbe—host interactions, where they may influence host
immunity or promote growth [118—121]. For example, the methylotrophic bacterium
Methylobacterium oryzae was shown to increase production of four methyl-thiolated CKs,
including MeSZ and MeSZR, when inoculated with lentil plants under drought stress,
ultimately enhancing plant growth and photosynthetic capacity through modulation of host
CK pathways [120]. The increased chemical stability of methyl-thiolated CKs suggests
they may function as persistent signaling intermediates or hormonal reservoirs [122]. In
pathogenic systems, such as Rhodococcus fascians colonizing Arabidopsis thaliana,
methyl-thiolated CKs have been shown to resist enzymatic degradation while mimicking
bioactive plant hormones, thereby manipulating host development to favor microbial

colonization [122].

In the context of symbiotic consortia or extreme environments, such as those
experienced by the FAB community, methyl-thiolated CKs may serve adaptive functions
by mediating interspecies signaling and enhancing stress tolerance. Although methyl-
thiolated CKs have not been detected in axenic fungal cultures, they have been reported in
fungi when grown in association with other microorganisms [116,123], suggesting that
fungal synthesis of these compounds may depend on specific environmental or microbial
cues. Conversely, Euglena has been documented to produce methyl-thiolated CKs
[110,111,118], and the absence of these compounds in the cellular pellet, particularly under
Cd stress, suggests rapid secretion into the extracellular environment (Table S3.6). This

pattern may reflect a signaling mechanism by E. mutabilis to coordinate a communal
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response to HM stress, although the exact functional outcome of such signaling remains to

be determined.

Gibberellins
Of the 5 key GAs (Table S3.1) scanned for in the LC-MS/MS only GA3, GA4, and
GA7 were ever detected. GA3 was only present in trace levels of control supernatants by

day 5. No other samples of supernatant or pellet contained GA3

GA4, a widely regarded as an active form of GA [124], was not detected in any
pellet samples and was absent in all control supernatants and the supernatants of day 1 Cd
treated cultures. However, quite large quantities (from 19,398 180,399 fmol/mL) of GA4

appeared in all glucose amended Cd treated cultures at day 3 and day 5.

The most consistent and interesting patterns were seen for gibberellin 7 (GA7). High
levels of GA7 were detected in the supernatant of cultures exposed to Cd with glucose
supplementation, particularly at 2.5 g/L. where GA7 levels sharply rose over time, peaking
by Day 5 (23,409.5 £ 2,074.5 fmol/mL) (Figure 3.9a). In contrast, cultures without Cd or
glucose showed minimal GA7 production (not detected). Notably, pellet-associated GA7
levels (Figure 3.9b) were significantly lower across all treatments (39.5 + 3.3 — 131.2 +
31.5 fmol/mL), suggesting that GA7 was predominantly released extracellularly rather than
retained within the cells. This trend implies that GA7 biosynthesis and excretion are
strongly stimulated by the combined presence of glucose and Cd stress, and that the
hormone may play a role in extracellular signaling or environmental adaptation by the FAB

consortium. The lack of intracellular GA7 accumulation also suggests that the hormone may
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be acting more as a community-level effector rather than functioning solely within the

producing organism.

Only a limited number of GAs are biologically active, with GA7 recognized for its
role in promoting plant growth and stress tolerance [125]. Although Euglena has been
shown to respond positively to exogenous applications of the bioactive gibberellin GAs,
exhibiting enhanced growth rates, evidence for endogenous production in Euglena remains
largely uncharacterized [111,126]. In contrast, GA biosynthesis is more commonly
attributed to fungi in co-culture systems [127,128]. Talaromyces has been reported to
produce gibberellins [129], and closely related species in the genus Penicillium are well-
known for synthesizing biologically active GAs [127,130,131]. In this study, GA7 emerged
as the predominant GA, an intriguing find given the relative instability and rapid
metabolization of GA7 in plants, where it plays a transient role during early development
[132]. Moreover, although it is on occasion detected from plant samples, no enzyme has

been characterized from plants for its synthesis [133].

GA7 has previously been identified as a dominant GA in fungi [134,135] and its
biosynthetic pathway has, to date, only been attributed to fungi and plants [136,137].
Additional evidence for a fungal origin of the GAs in the FAB is the co-occurrence of GA4
with GA7 in the supernatants of Cd-treated samples; in fungi, GA4 is the immediate
precursor to GA7. This interpretation is further supported by the absence of GAz and GA,
neither of which is associated with fungal biosynthesis. GA2o is a common plant-derived

intermediate, whereas GAy can originate from either bacteria or plants [136]. Notably, GAo
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is the only bacterial or plant precursor capable of yielding GAs4 or GA7, and its absence

strongly suggests that the detected GA4 and GA7 are of fungal origin.

The discovery of gibberellins in fungi originated with the identification of
Fusarmium fujikuori (formerly Gibberella fujikuori), the causal agent of “foolish seedling”
disease in rice [138,139]. This pathogenic fungus produces excessive amounts of GAs,
promoting elongation of rice shoots, its preferred colonization site, thereby redirecting host
nutrient flow to benefit its own growth [139]. Outside of a pathogenic model, bioactive
GAs produced by Penicillium have been shown to improve copper (Cu) uptake efficiency
and nutrient acquisition in Glycine max, enhancing plant biomass, pigment levels, and
stress resistance while reducing membrane damage and lipid peroxidation under Cu stress

[127].

Taken together, these findings suggest that the elevated levels of GA7 observed in
glucose-supplemented, Cd-exposed cultures may originate from Talaromyces and serve to
signal E. mutabilis to sustain growth and enhance Cd tolerance. This is also consistent with
the pattern of #Z and ZNT being of fungal origin since, they too, rose sharply in the
supernatant in presence of glucose and Cd. While these hormonal interactions appear
beneficial to E. mutabilis, it raises the question of whether Talaromyces is the dominant
member of the FAB consortium functioning not merely in mutualism, but potentially as the
primary driver of a holobiont-like association aimed at preserving its own survival under
extreme environmental conditions. The sharp rise in GA7 and CKs in the supernatant points
to intercellular communication as the hormonal priority, perhaps for the whole FAB

consortium.
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Jasmonic acid and salicylic acid

Supernatant concentrations of jasmonic acid (JA) were highest at day 3 in cultures
grown with 2.5 g/L glucose and without Cd (1,751.9 + 819.5 pmol/mL), followed by a steep
decline in all treatments by day 5 (not detectable) (Figure 3.10a). Cd suppressed JA
accumulation at all glucose concentrations. In the pellet, JA content was highest in 5 g/L
glucose at day 1 (29,9787.0 + 13,055.4 pmol/g [DW]) and decreased thereafter (107.6 +
26.7 pmol/g [DW] at day 5) (Figure 3.10b), indicating an early but transient cellular
retention. Salicylic acid (SA) exhibited a strikingly similar temporal pattern to JA across
treatments (Figure 3.10cd). In the pellet fraction, JA and SA patterns were virtually
identical, with both hormones showing highest concentrations in 0 g/L glucose treatments
at day 1 and declining thereafter. This may reflect endogenous Euglena-derived production,
as fungal and bacterial biomass was minimal in glucose-free cultures. In the supernatant,
JA and SA also followed nearly parallel trajectories, with the only differences being slightly
lower JA levels in all glucose treatments at day 1 and day 5. In general, glucose
supplementation promoted higher extracellular JA and SA levels compared to glucose-free

controls, which showed negligible or undetectable concentrations of either hormone.

In plants, JA plays a key role in regulating growth, development, and responses to
abiotic stressors such as HMs [140,141]. Comparative studies between wild-type
Lycopersicon esculentum and JA-deficient mutants have shown that Cd accumulation in

roots and leaves is significantly lower in wild-type plants, indicating a potential role of JA
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in restricting Cd uptake and translocation [142]. Although FEuglena is known to
biosynthesize JA [143], its functional significance in this genus remains largely unexplored.
Fungi can also produce JA, though its production is often associated with virulence and
pathogenicity [144], suggesting that E. mutabilis is the more likely source of JA in the FAB
consortium. Given JA’s protective role in plants, it is plausible that E. mutabilis secretes JA
in response to Cd stress to reduce metal uptake, particularly under glucose-supplemented
conditions. In support of this, JA was primarily detected in supernatant of Cd-exposed
cultures grown with glucose, while intracellular retention of JA was more apparent in

cultures not exposed to Cd.

Unlike JA, Euglena does not synthesize SA, but it is capable of perceiving SA
signals from surrounding organisms and can act as an elicitor, triggering SA-mediated
responses in plants [145]. For example, application of paramylon — a B-1,3-D-glucan
storage polysaccharide from E. gracilis — to tomato roots reduced SA levels while
increasing JA and abscisic acid (ABA) concentrations [145]. In our study, increased
paramylon accumulation was observed in Cd-treated cultures (Figure 3.6), suggesting that
Cd stress may enhance Euglena’s capacity to modulate hormone signaling in the FAB
through paramylon-mediated interactions. Notably, SA was detected at high levels in the
pellets of glucose-free cultures, where fungal and bacterial biomass was minimal, raising
the possibility that Euglena itself may be producing SA. If confirmed, this would represent
the first documented instance of endogenous SA biosynthesis in Euglena. While some
pathogenic fungi are reported to biosynthesize SA or its derivatives [146,147], they more
commonly induce SA production in plants as part of host defense against biotrophic

infection [147,148]. The FAB system studied here appears to function mutualistically, with
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previous findings showing that all community members are essential for Cd stress
mitigation [36]. Although the origin of SA within the FAB remains uncertain, Acidiphilium
acidophilum may contribute. SA biosynthesis is widely conserved among bacteria,
including many plant growth-promoting species [149]; however, the hormone profile of 4.

acidophilum has not been characterized.

Regardless of its precise origin, SA was excreted primarily in glucose-
supplemented, Cd-exposed cultures and retained intracellularly under non-glucose
conditions. Exogenous SA applications have been shown to enhance Cd tolerance in algae
such as Scenedesmus obliquus and Chlorella pyrenoidosa by stabilizing cell structure and
chelating Cd ions [150]. Thus, the presence of SA in the FAB likely contributes to the
protection of E. mutabilis, potentially as part of a cooperative stress mitigation strategy

orchestrated at the community level.

Hormone accumulation showed clear interactions between glucose availability and
Cd stress. Taken together, the hormone dynamics suggest the FAB consortium operates not
as a loose association of individual organisms, but as an interdependent system capable of
adapting to environmental stress through coordinated signalling. This hormonal cross talk
enhances bioremediation potential by promoting sustained growth, mitigating toxicity, and
optimizing resource use. Moreover, these results support a model where 7alaromyces may
serve as a central regulatory role, facilitating a functional holobiont that ensure the survival
and efficacy of the FAB under extreme conditions. Our results show that the fungal partner
is the likely source of key active and precursor hormones (#Z, tZNT, GA4, GA7) that are

likely important intercellular regulators of growth and HM resistance.
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In support, glucose conditions, especially with Cd, produced dense fungal hyphae,
pronounced flocculation, and greater bacterial proliferation indicating hormone-linked
restructuring of community architecture (Figure 3.5). Functionally, Euglena cell counts
increased and mortality fell with glucose under Cd, whereas chlorophyll retention by day
5 was highest without glucose and declined in glucose-amended treatments, showing that
growth gains are not simply due to higher photosynthetic capacity but likely reflect
mixotrophic buffering and community support under metal stress. At the molecular level,
GA7 and tZ accumulated predominantly in the supernatant under Cd and glucose, consistent
with a fungal origin and an extracellular signalling role that coordinates partner physiology;
in parallel, JA and SA showed closely matched trajectories with higher extracellular levels
under glucose, linking carbon availability to shared stress-hormone dynamics across
partners. Together with higher post-stress fungal survivorship at 5 g/L glucose and time-
dependent cellular Cd patterns, these findings indicate that Talaromyces-derived hormones
act as intercellular regulators of growth and HM resistance, by orchestrating a glucose-
responsive, holobiont-level adjustment of metabolism, and metal handling in the

consortium.

3.6 CONCLUSIONS

Microscopy revealed clear shifts in microbial organization under carbon limitation,
including intracellular bacteria-like inclusions within E. mutabilis, suggesting possible
facultative endosymbiosis or phagocytosis. These structural changes indicate that the FAB
consortium can physically reorganize to maintain functionality under nutrient stress.

Complementing these observations, hormonal profiling showed that glucose and Cd
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exposure modulate interspecies signalling, with elevated tZ, GA7, and methyl-thiolated
CKs under Cd stress pointing to coordinated mechanisms that enhance metal tolerance.
Talaromyces likely supplies bioactive GAs and CKs, while E. mutabilis appears to produce
methylthiolated CKs, JA, and SA potentially to regulate community-level stress responses.
Together, the microscopy and hormone data support a model of the FAB as a dynamic,
adaptive community capable of both physical restructuring and biochemical cross-talk in
response to environmental pressures. Future work should aim to resolve the genetic basis
of hormone biosynthesis in each FAB member and determine whether these associations
are metabolically integrated or opportunistic. Understanding these interactions can guide
the design of synthetic, or enhancement of natural, algal consortia for sustainable

bioremediation and environmental resilience.

~ 140 -



3.7 FIGURES AND TABLES

Figure 3.1: E. mutabilis FAB culture floc in the presence of glucose. Representative
photographs from underneath culture flasks reveal enhanced fungal growth (blue arrow
indicating mycelium mats) in the presence of 5 g/L (a, d) and 2.5 g/L (b, e) of glucose
compared to cultures grown in the absence of glucose (c, f). Furthermore, cultures grown
without CdCl; (a-c) exhibit a more even distribution of E. mutabilis (red arrow) throughout
the medium, along with some flocculation (black arrow), whereas cultures exposed to
CdCl; (d-f) tend to exhibit increased flocculation.
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Figure 3.2: Cell counts of E. mutabilis increase in the presence of glucose. Cultures of E.
mutabilis were grown in for 5 days in MAM, cycling light (16L:8D), and amended with
glucose in the presence (light coloured bars) and absence (dark coloured bars) of CdCl..
Error bars represent standard deviation (n = 3). Statistical significance within each
timepoint was assessed using a one-way ANOVA and Tukey’s HSD post-hoc test (p < 0.05).
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Figure 3.3: Effects of glucose and cadmium on total chlorophyll content of E. mutabilis
over time. Cultures of E. mutabilis were grown for 5-days in MAM, cycling light (16L:8D),
and amended with glucose in the presence (light coloured bars) and absence (dark coloured
bars) of CdCl,. Error bars represent standard deviation (n = 3). Statistical significance
within each timepoint was assessed using a one-way ANOVA and Tukey’s HSD post-hoc
test (p < 0.05).

_ 143 -



@ 3501
©
o
c
o 300+ T
(o))
S
w
o 2501 0)
5
5 /// \\\
5 200' /// qj \\\
=) / T :
K ’ h
: // ‘ __________ \_\_\__
g 150' ’/ // \\\
3] ! ‘
o ’/ // .
< / e
.S 100- /// //,,
£ A
T X
3 i
E 50- ////,
E g
)
(&)
: 3 5
Time (Days)

Glucose Amendment
@ 59/L @ 259g/L O 0g/L

Figure 3.4: Cellular CdCl, accumulation varies depending on the amount of glucose
present. Cultures were grown in MAM, cycling light (16L:8D), and exposed to 100 uM
CdCl,, and Cd content was measured at days 1, 3, and 5. Control media blanks for each
condition (n = 3) were extracted in parallel to verify the absence of Cd in the control
environment (0 ng). Each symbol represents the mean value for a given glucose treatment
(n = 3): dark red circles = 5 g/L glucose, blue circles = 2.5 g/L glucose, and yellow circles
= 0 g/L glucose. Dashed lines connect timepoints for the same treatment to illustrate
temporal trends and are not statistical fits. Error bars represent standard deviation.
Statistical significance within each timepoint was assessed using a one-way ANOVA and
Tukey’s HSD post-hoc test, however, no significant differences were found (p < 0.05).
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Figure 3.5: Growth of E. mutabilis FAB in glucose-amended media reveals the presence of
bacterial and fungal associates. Cultures supplemented with 5 g/L (a) and 2.5 g/L (b)
glucose showed visible proliferation of A. acidophilum (blue arrow) and Talaromyces
(yellow arrow) with E. mutabilis (white arrow), whereas no such growth was observed in
the absence of glucose (c). A similar trend was seen under Cd exposure, where cultures
grown with 5 g/L (d) and 2.5 g/L (e) glucose supported microbial growth, while those
without glucose (f) did not. The absence of observable extracellular microbial growth in
glucose-free conditions suggests these organisms may persist intracellularly within E.
mutabilis until environmental conditions permit their proliferation.
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Figure 3.6: Transmission electron microscopy of E. mutabilis cells reveals potential
endosymbiotic organisms. Images of E. mutabilis cross-sections grown in MAM, cycling
light (16L:8D) (a), and MAM + 100 uM CdCl, cycling light (16L:8D) (b), readily display
chloroplasts (c), mitochondria (m), the nucleus (n), paramylon (p), vacuoles (v), and the
pellicle (black arrow). In both growth conditions, electron-dense bodies housed in vacuoles
(indicated by the white arrows) resemble bacteria-containing vacuoles (BCVs) at various
stages of decomposition. These BCVs suggest that A. acidophilum and potentially
Talaromyces are being stored in and consumed by E. mutabilis.
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Figure 3.7: Supernatant concentrations (fmol/mL) of ¢Z (a), ZR (b), and tZNT (c) from an
E. mutabilis FAB grown in varying concentration of glucose in the presence and absence
of CdCl, over 5-days. Error bars represent standard error (n = 3). Statistical significance
within each timepoint was assessed using a one-way ANOVA and Tukey’s HSD post-hoc
test (p < 0.05) including cultures where the hormones were not detected.
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Figure 3.8: Supernatant concentrations (pmol/mL) of MeSZ (a) and MeSZR (b) from an E.
mutabilis FAB grown in varying concentration of glucose in the presence and absence of
CdCl, over 5-days. Error bars represent standard error (n = 3). Statistical significance
within each timepoint was assessed using a one-way ANOVA and Tukey’s HSD post-hoc
test (p < 0.05) including cultures where the hormones were not detected.
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Figure 3.9: Supernatant (a) and pellet (b) concentrations (fmol/mL and fmol/mg DW) of
GA7 from an E. mutabilis FAB grown in varying concentration of glucose in the presence
and absence of CdCl, over 5-days. Error bars represent standard error (n = 3). Statistical
significance within each timepoint was assessed using a one-way ANOVA and Tukey’s
HSD post-hoc test (p < 0.05) including cultures where the hormones were not detected.
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Figure 3.10: Supernatant concentration (nmol/mL) of JA (a) and SA (c) and pellet
concentrations (nmol/mg DW) of JA (b) and SA (d) from an E. mutabilis FAB grown in
varying concentration of glucose in the presence and absence of CdCl, over 5-days. Error
bars represent standard error (n = 3). Statistical significance within each timepoint was
assessed using a one-way ANOVA and Tukey’s HSD post-hoc test (p < 0.05) including
cultures where the hormones were not detected.
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Table 3.1: Cell survivability test (» = 3) comparing colony forming units of E. mutabilis
(CPCC 657) and Talaromyces after 7-days of incubation on PDA at 22°C cycling in
darkness. Before plating, samples were grown in their respective media types for 5-days.

E. mutabilis Talaromyces
MAM only 100 uM CdCh MAM only 100 uM CdClz
5¢g/L ++ ++ +++ +++
25¢g/L +++ ++ +++ ++
0g/L ++ ++ + +

"-" if no CFU; "+" if < 50 CFU; "++" if 50><250 CFU; "+++" if >250 CFU or if a
complete lawn is present and CFU count is impossible.
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3.8 SUPPLEMENTARY MATERIALS

Table S3.1: Hormones, grouped accordingly, included in the UHPLC-MS/MS method
using PRM mode [62]. 23 CKs (freebase, riboside, glucoside, methylthiolated, and
aromatic forms) and 8 acidic hormones were analyzed directly while 4 CK nucleotides
were analyzed in their dephosphorylated riboside state.

Group Analyte Abbreviation Labelled Analyte
trqns—Zeaftm tZ (7-ds
Freebases cis-Zeatin cZ
DihydroZeatin Dz DZ-ds
Isopentyladenine iP iP-ds
tra.ns—Zea.tln 'r1b0.51de tZR (ZR-ds
Ribosides .czs—Zeatln .r1b0.s1de? cZR
DihydroZeatin riboside DZR DZR-ds
Isopentyladenosine iPR iPR-ds
trans-Zeatin riboside-5'-monophosphate tZNT
. S , tZR-ds
Nucleotides .czs—Zeatln .I'lb(.)Sld?—S -monophosphate cZNT
DihydroZeatin riboside -5'-monophosphate DZNT DZR-ds
Isopentyladenosine-5'monophosphate iPNT iPR-ds
2-Methylthio-trans-Zeatin MeSZ MeSZ-ds
Methylthiols 2-Methylthio-trans-Zeatin riboside MeSZR MeSZR-ds
2-Methylthio-isopentyladenine MeSiP MeSiP-ds
2-Methylthio-isopentyladenosine MeSiPR MeSiPR-ds
trans-Zeatin-O-glucoside t7Z0G
cis-Zeatin-O-glucoside cZ0G 120G-ds
DihydroZeatin-O-glucoside riboside DZOG DZOG-dr
Glucosides tra.ns—Zea.tin—7—g1uco.side tZ7G (Z7Gds
cis-Zeatin-7-glucoside
trans-Zeatin-9-glucoside t79G
cis-Zeatin-9-glucoside cZ9G 129G-ds
DihydroZeatin-9-glucoside DZ9G DZ9G-ds
Isopentenyladenine-7-glucoside iP7G iP7G-ds
Isopentenyladenine-9-glucoside iP9G iP7G-ds
. Benzylaminopurine BA BA-dy
Aromatic CKs Benzylaninopurine riboside BAR BAR-d;
Abscisic acid ABA ABA-ds
Gibberellin 1 GAl GAl-d2
Gibberellin 3 GA3 GA3-dz
Acids Gibberellic acid 4 GA4 GA4-dz
Gibberellin 7 GA7 GA7-dz
Indole-3-acetic acid IAA TIAA-ds
Salicylic acid SA SA-ds
Jasmonic acid JA ABA-ds
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Figure S3.1: Dead cell counts of E. mutabilis exposed to Cd decrease when cells are grown
in glucose. Culture of E. mutabilis were grown for 5-days in MAM amended with glucose
in the presence (light coloured bards) or absence (dark coloured bars) of CdCl,. The number
of dead cells in each culture were determined using Trypan Blue dye and counting on a
Haemocytometer. Error bars represent standard deviation (n = 3). Statistical significance
within each timepoint was assessed using a one-way ANOVA and Tukey’s HSD post-hoc
test (p < 0.05).
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Table S3.2: Average quantified hormone concentrations (nmol/mL) detected in the MAM
media blanks grown in the presence and absence of 100 uM CdCl, and amended with
glucose at concentrations of 0 g/L, 2.5 g/L, and 5 g/L.. 5 hormones were detected in the
media blanks and are reported; compounds absent from the media are not included.

G[';‘/cL"]se MAM MAM + 100 uM CdCl»
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
5 5.61 4417 2.673 3.19 3.241 4,057
ABA 2.5 2.894 1.840 0.760 1.721 1.823 1.411
7.485 0.848 2.150 5.841 1.509 4.030
5 567,680.54 633,978.565 682,269.486 1,448,339.61 400,372.699 352,517.862
SA 2.5 236,205.310 306,631.529 189,767.506 235,611.617 296,674.132 90,960.888
23,335.500 10,268.070 12,474.069 37,192.728 20,443.743 1,090.713
5 10,685.54 1,324.212 3,991.319 4,546.81 n.d. n.d.
JA 2.5 n.d. n.d. n.d. n.d. 680.388 n.d.
n.d. n.d. n.d. 15.561 n.d. 32.023
5 n.d. 69.626 n.d. 59.00 n.d. n.d.
GA4 2.5 n.d. n.d. n.d. n.d. 52.759 n.d.
n.d. n.d. n.d. n.d. n.d. n.d.
5 160.42 0.889 1.693 224.24 n.d. 155.870
GA7 2.5 86.782 0.416 0.604 99.599 n.d. 100.323
0 36.732 7.470 10.434 40.054 0.646 43.150
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Table S.3.3: Quantified CK concentrations (fmol/mL) in the culture supernatant across
experimental treatments. Values represent the mean concentration (+ standard error, n =
3) of each sample measured at indicated time points. Treatments include varying glucose
amendments with and without Cd exposure. Data reflect extracellular CK accumulation
as part of the experimental assessment of environmental and nutrient stress on CK

production.
G[';'fL“]se MAM Change MAM + 100 pM CdCl Change
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
s i 86.918 & 40311+ 1 6997+ 130847+ 234789+ 1
5.299 2324 2.038 18.076 87.413
T R .
0 n.d. n.d. n.d. - n.d. 3‘5397; n.d. -
5 1.205 + 2263 + 149.072 N 20532+ 7.265 + ol 1
0363 0.982 20.789 1.695 1.042
v T S SV
T . R . S
VI
{ZNT 25 nd. nd. 13307 1 nd. aT010 e 1
: : 1,335.907
0 n.d. n.d. n.d. - 13131187577i n.d. n.d. ¢
T w TEr mmE 1w B
@ as e Eme o mmL o, wme mme
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
S - g mm mme
15.730 + 18455+ g4z 080643
¢ZNT 2.5 n.d. n.d. 4508 T 10.655 19,994 947%008 T
0 n.d. n.d. n.d. - 727"573;); 13533532966i n.d. ¢
L VIR T
ip 25 ! (fig - 25;;’; n.d. U n.d. 4(‘)9723 - n.d.
0 n.d. lb?éégoi n.d. - n.d. n.d. 2(')2;‘5 T
5 n.d. 2341 n.d. - 35;5; 12’3‘;? n.d. U
iPR 25 n.d. 1244 n.d. - 25?;; 3(‘)§Z;1i n.d. 0
0 n.d. 0.988 n.d. - n.d. Ao ees 1
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Table S3.4: Quantified CK concentrations in culture pellets (fmol/g [DW]) across
experimental treatments. Values represent the mean concentration (+ standard error, n =
3) of each sample measured at indicated time points. Treatments include varying glucose
amendments with and without Cd exposure. Data reflect intracellular CK accumulation
as part of the experimental assessment of environmental and nutrient stress on CK

production.
G[l;flf’]se MAM Change MAM + 100 pM CdCl Change
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
5 n.d. n.d. n.d. - n.d. n.d. n.d. -
tZ 2.5 n.d. n.d. n.d. - n.d. n.d. n.d. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
5 nd. nd. eveslie 1 nd. nd 2080 1
tZR 2.5 n.d. n.d. 26386%)3(’)59i T n.d. n.d. 622;;5; T
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
5 n.d. n.d. 2 163693§¥i T n.d. n.d. 175921110i T
{ZNT 25 1’3;?‘1‘33 * 5;’;;;755 1 11%"3523? L nd. nd. nd _
0 nd. 2‘;32117779; 21&2@? 1 nd. nd. nd. -
5 nd. nd. lﬁfﬁ? 1 nd. nd. nd. -
cZ 2.5 n.d. n.d. 8;)41575 T n.d. n.d. n.d. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
s e W TEE 1w o mwme o
I I S L B S v
69.105
0 n.d. 11667161ti n.d. - n.d. n.d. 63331%27i T
- K
iP 25 n.d. 25;;’; n.d. - n.d. nd. nd. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
5 nd. 1;59(; - 10;)"712)37 * 1 nd. nd. nd. -
iPR 2.5 nd. nd. 101023+ 1 n.d. nd NS4S 1
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
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Table S3.5: Quantified methylthiolated CK concentrations (fmol/mL) in the culture
supernatant across experimental treatments. Values represent the mean concentration (£
standard error, n = 3) of each sample measured at indicated time points. Treatments
include varying glucose amendments with and without Cd exposure. Data reflect
extracellular methylated CK accumulation as part of the experimental assessment of

environmental and nutrient stress on methylated CK production.

Glucose

[g/L] MAM Change MAM + 100 pM CdCl. Change
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
12.948 137.823 76.492 185.381 612.868
5 + + + T n.d. + + T
0.633 16.279 2.731 7.025 257.268
18.801 187.489 56.142
MeSZ 2.5 + + + 1 nd. B E 0 na -
1.288 8.747 3.605 :
32.708
0 n.d. 311422)31 * + T n.d. n.d. n.d. -
) 4.432
5 2.485+ 9.399 + nd l 11150 18.204 + 37.494 + 1
0.416 1.256 o by 5.963 8.841
1.003
2229+ 19.083 + 4517+ 10.195 +
MeSZR 23 0319 0915 nd. v 0.742 0.602 nd. v
0 2.551+ 13919+ 18.J(r)50 1 2.965 + 14.793 + nd l
0.186 1.720 0 ;84 0.326 0.836 o

Table S3.6: Quantified methylthiolated CK concentrations (fmol/g [DW]) in culture
pellets across experimental treatments. Values represent the mean concentration (+
standard error, n = 3) of each sample measured at indicated time points. Treatments
include varying glucose amendments with and without Cd exposure. Data reflect
intracellular methylated CK accumulation as part of the experimental assessment of

environmental and nutrient stress on methylated CK production.

G[';f]i’]se MAM Change MAM + 100 xM CdCl: Change
Df Y Day 3 D;l Y Df Y Day3 Day5
5 n.d. n.d. n.d. - n.d. n.d. n.d. -
MeSZ 2.5 n.d. n.d. n.d. - n.d. n.d. n.d. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
5 n.d. n.d. n.d. - n.d. n.d. n.d. -
MeSZR 2.5 n.d. n.d. n.d. - n.d. n.d. n.d. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
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Table S3.7: Quantified gibberellin concentrations in the culture supernatant (fmol/mL)
across experimental treatments. Values represent the mean concentration (+ standard
error, n = 3) of each sample measured at indicated time points. Treatments include
varying glucose amendments with and without Cd exposure. Data reflect extracellular
gibberellin accumulation as part of the experimental assessment of environmental and
nutrient stress on gibberellin production.

lucose
G[;L] Control Change Cadmium Change
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5

5 n.d. n.d. 8‘1727;)4i T n.d. n.d. n.d. -
GA3 2.5 n.d. n.d. 6;;272;‘; T n.d. n.d. n.d. -
0 n.d. n.d. 2(‘)1;?; T n.d. n.d. n.d. -

180,399.436 + 19,398.803
5 n.d. n.d. n.d. - n.d. 07085708 + T

e 7,891.018

GA4 1579324451 2079734
2.5 n.d. n.d. n.d. - n.d. 50227027 + J

e 10,997.882
0 n.d. n.d. n.d. - n.d. n.d. n.d. -

1,544.157 + 84.335+

5 n.d. n.d. n.d. - 369.850 0537 n.d. J
GA7 25 nd 5319+ 31.574 + 1 3,402.130 + 3,965.852 + 23’4(19‘480 1

3.071 12.862 919.111 2,264.589 2,074.459
0 n.d. n.d. n.d. - n.d. n.d. n.d. -

Table S3.8: Quantified gibberellin concentrations in culture pellets (fmol/g [DW]) across
experimental treatments. Values represent the mean concentration (+ standard error, n =
3) of each sample measured at indicated time points. Treatments include varying glucose
amendments with and without Cd exposure. Data reflect intracellular gibberellin
accumulation as part of the experimental assessment of environmental and nutrient stress
on gibberellin production.

Glucose MAM Chan MAM + 100 gM CdCl, Change
[g/L] ge
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
5 n.d. n.d. n.d. - n.d. n.d. n.d. -
GA3 2.5 n.d. n.d. n.d. - n.d. n.d. n.d. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
5 n.d. n.d. n.d. - n.d. n.d. n.d. -
GA4 2.5 n.d. n.d. n.d. - n.d. n.d. n.d. -
0 n.d. n.d. n.d. - n.d. n.d. n.d. -
5 10,690.680 + 504.811 £ 45982 + l 22,236.410 £ 74.025 £ 39.449 £ l
956.556 261.805 13.085 3,409.701 23.717 3.297
GA7 5s 9,631.789 + 27.921 + 129.966 + . 18,737.977+ 123383+ 85619+ .
: 1,885.649 0.462 55.723 2,091.436 37.687 15.959
0 3,493.200 + 68.753 £ 51.051 £ l 17,769.584 £ 186.210 = 131.189 = l
338.149 5.739 3.183 2,824.381 49.764 31.573
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Table S3.9: Quantified acidic hormone concentrations in the culture supernatant
(pmol/mL) across experimental treatments. Values represent the mean concentration (+
standard error, n = 3) of each sample measured at indicated time points. Treatments
include varying glucose amendments with and without Cd exposure. Data reflect
extracellular acidic hormone accumulation as part of the experimental assessment of
environmental and nutrient stress on acidic hormone production.

lucose
G[;/L] MAM Change MAM + 100 pM CdCl. Change
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
5 1.076 £ 2.780 + 0.952 + 1 0.171 + 8.085 2.857 % 1
0.158 0.406 0.150 0.028 4.350 1.064
0.833 + 3.382 + 0.402 + 0.286 7.715 17.487 +
ABA 25 0.106 0.232 0.134 v 0.037 2.066 3.280 T
0 0.163 + 0.448 + 0.320 + 1 nd 0.603 + 0.745 + 1
0.024 0.053 0.065 o 0.066 0.041
5 3470 7.569 + 0.753 + 1 5.261 £ 32.347 + 17.531 + 1
0.179 0.399 0.237 0.356 1.298 6.894
3.828 12.526 + 5.184 26252 +
IAA 23 0.080 1416 nd. v 0.030 3.182 nd. v
0 2.194 + 3.533+ 1.081 1 6.563 + 17.798 + 8.347 + 1
0.035 0.316 0.146 0.017 2.324 1.175
5 nd 122.025 + nd 11.922 + 706.392 + 32973 + 1
o 27.938 h 6.883 129.929 15.203
JA 25 189.563 + 1’751943 nd 1 50.636 + 1,19J1r.295 866.985 + 1
58.931 319.498 18.281 687794 81.061
0 n.d. n.d. n.d. n.d. n.d. n.d. -
247,881.983 28,015.481 19,287.359 15,943.776 236,085.36 17,990.354
5 + + + 2 + 9+ + 0
110,415.971 2,596.282 11,135.562 6,352.508 36,316.032 2,048.180
248,546.77 780,674.12
SA 25 21,301.229 + 7+ nd 1 14’815'196 9+ 125’;?‘03 1
5,571.372 103,335837 787.820 252,121603 5,696,654
0 2,850.578 + 372.308 + 224.440 + ! 220.517 £ 297.049 + 711.275+ 1
1,001.906 156.192 57.320 72.220 93.276 66.177
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Table S3.10: Quantified acidic hormone concentrations in culture pellets (pmol/g [DW])
across experimental treatments. Values represent the mean concentration (+ standard
error, n = 3) of each sample measured at indicated time points. Treatments include
varying glucose amendments with and without Cd exposure. Data reflect intracellular
acidic hormone accumulation as part of the experimental assessment of environmental
and nutrient stress on acidic hormone production.

lucose
G[;L] MAM Change MAM + 100 pM CdCl, Change
Day 1 Day 3 Day 5 Day 1 Day 3 Day 5
s 12.814 + 2.028+ 2.636+ . 5756 + 0367+ 0.161 = .
1.756 0.299 0351 1.324 0.075 0.016
15.761 + 0.955+ 2.599 + 5932+ 0.344 + 0.159 +
ABA 25 4713 0.238 0.014 v 1.578 0.107 0.035 v
0 4723+ 7231+ 5621+ 1 4.026 + 1.400 + 2364 + .
0355 1343 1.238 0.288 0.499 0.716
s 1286+ 0.791 = 3.888 = 1 i 1444+ 8355+ 1
0.049 0.068 0.193 < 0.175 0.942
2.020+ 0.880 = 5121+ 1.078 + 4332+
IAA 25 0.646 0.046 0.490 T n.d. 0.137 0.817 T
0.557+ 1114+ 3.036+ 1411+
0 0.098 0.181 0.497 i nd. nd. 0.191 i
s 29,986.958 + 501430 + 107.563 + . 5 ’232'309 894.898 + d .
13,055.410 9.730 26.654 054,169 202.984
" 55 10,976.027 + 70.459 + 123.150 + . 2’28J5r'3 8 07142+ d .
2,456.056 25.996 31.847 670,090 141.289
0 2,787.800+ 3285327+  390.771+ . 3 ’913'25 ? 2’823‘120 1’165303 .
1,061.575 1,303.349 70.113 70027 456948 37498
X 225,014465 11830245 £ 1,303979 . 140,971+9‘35 47,85+7.399 1,011,295 .
58,072.318 3,732.080 341.306 21216086  11,076.129 73395
15301476 ¢y oo, A0868S S9.578.801 46723513 oo
SA 25 * 1,467.990 * v * * 411.758 v
22,528.209 67, 1,403.061 17,199.387  10,638.970 :
. 45145799 + 125,416832 24,69:3.259 . 101,37?49 82,52:&811 65,96+6A701 .
7.872.895 31341829 2425237 11108919 20,749.825  15.719.629
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CHAPTER 4
Integrated transcriptomic and hormonomic insights into cadmium tolerance of a

Euglena mutabilis fungal-algal-bacterial (FAB) consortium

4.2 ABSTRACT

Background: Acidic, metal-contaminated environments such as mine tailings ponds
harbor specialized microbial communities capable of surviving extreme physicochemical
stress. Among these, Euglena mutabilis is a resilient, acidophilic protist, often persisting as
part of a facultative fungal- algal-bacterial (FAB) consortium. However, the molecular
mechanisms driving heavy metal tolerance, particularly in naturally cohabiting consortia,

remain poorly characterized.

Results: We investigated transcriptomic, hormonal, structural, and taxonomic
responses of an environmental E. mutabilis culture containing Talaromyces and
Acidiphilium acidophilum exposed to cadmium (Cd). RNA-seq identified differential
expression of metal transporters, particularly ZIP and CDF family proteins, supporting a
shift from Cd uptake to intracellular sequestration over time. TEM imaging confirmed Cd
compartmentalization within chloroplasts and increased paramylon accumulation. Cd
exposure also led to suppression of light-harvesting complex (LHC) genes and
formate/nitrite transporters, while maintaining core photosynthetic function. Hormone
profiling revealed near-complete suppression of bioactive auxin (IAA) and cytokinin (CK)
free bases, coupled with increased CK nucleotide accumulation. This hormonal dormancy

aligned with downregulation of CK biosynthetic (IPT) and activation (LOG) genes.
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Metagenomic analysis showed enrichment of Talaromyces and Acidiphilium under Cd

exposure, suggesting their supportive roles in detoxification and stress signaling.

Conclusions: Our results reveal a coordinated stress response in E. mutabilis
involving early Cd uptake, chloroplast-based detoxification, metabolic buffering via
paramylon, suppression of growth-promoting hormones, and community-mediated
resilience. This study demonstrates that natural microbial consortia not only enhance metal
tolerance through physical and metabolic buffering but also modulate host transcriptional
and hormonal pathways, highlighting their potential as biotechnological tools for
sustainable bioremediation.

Keywords: Euglena; FAB consortium; heavy metal stress; transcriptome; hormones;

RNA-seq; bioremediation

4.3 BACKGROUND

Mining activities have profoundly altered landscapes worldwide, leaving behind
long-lasting environmental legacies in the form of acid mine drainage (AMD), heavy metal
(HM) contamination, and chemically unstable tailings ponds [1,2]. These engineered
reservoirs often remain biologically degraded for decades, resisting natural recovery due to
their acrid, metal-laden conditions [3—5]. Conventional strategies for remediating HM
polluted environments — such as chemical neutralizing agents, passive treatment systems,
and biological sulfate-reducing systems — are expensive and technically demanding [6],
prompting growing interest in biological approaches that leverage the adaptive capacities

of extremophilic microorganisms [7,8].
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Microorganisms can metabolize, immobilize, or transform toxic pollutants into less
harmful forms [9,10]. While monoculture systems offer reproducibility, they often
underperform in complex environments due to limited metabolic flexibility [11,12]. In
contrast, co-culture systems enhance tolerance, functional breadth, and stability by
exploiting complementary pathways and interspecies interactions [13—15]. For instance,
acidophilic algae co-cultivated with bacteria or fungi have demonstrated improved metal
uptake and detoxification in AMD waters [16—18]. Such synergistic strategies position
microbial consortia as a promising frontier for sustainable bioremediation of AMD and

tailing ponds.

Among extremophilic algae, Euglena mutabilis has emerged as a particularly
compelling organism. This acidophilic, facultatively autotrophic protist is considered an
indicator species of AMD and can be found in acidic aquatic environments such as peat
bogs and volcanic lakes [19]. E. mutabilis demonstrates remarkable resilience to low pH
and high metal loads and is often observed within complex microbial mats or biofilms
where it coexists with acidophilic bacteria and fungi [20,21]. These associations are thought
to contribute to its survival and functional stability in extreme environments. For instance,
a culture of E. mutabilis isolated from gold mine tailings in Ontario, Canada was found to
be maintained as part of a stable facultative fungal-algal-bacterial (FAB) consortium
alongside Acidiphilium acidophilum and Talaromyces [20]. Disrupting these microbial
partners using antibiotic and antifungal treatments resulted in a significant reduction in Cd
tolerance, suggesting that interspecies interactions are essential for E. mutabilis’ enhanced

stress response [20].
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Despite its ecological importance, E. mutabilis remains relatively understudied at
the molecular level compared to its close relative and model species, Euglena gracilis. E.
gracilis has been widely explored for its metabolic plasticity, genome structure, and
potential in biotechnological applications [22—24]. Though, recent studies demonstrate that
E. mutabilis possesses substantially greater physiological resilience to Cd stress,
maintaining cellular viability at concentrations that severely impair E. gracilis [25,26]. In
Euglena, the uptake and intracellular compartmentalization of HMs is strongly influenced
by metabolic state and environmental conditions. Under photoautotrophic growth, Cd tends
to accumulate in chloroplasts, whereas in heterotrophic or dark-grown cells, Cd is more
often sequestered in mitochondria [27]. These redistribution patterns likely reflect dynamic
detoxification strategies based on energy status. Additionally, Euglena stores carbon as
paramylon, a -1,3-glucan polymer that has been implicated in oxidative stress regulation
and energy buffering [28,29]. Paramylon accumulation may also contribute to metal stress

tolerance, though its role in heavy metal detoxification remains underexplored [28,29].

An emerging aspect of microalgal stress response involves the production and
regulation of phytohormones. Although traditionally associated with plant development,
signaling molecules such as auxins and cytokinins (CKs) have been detected in bacteria
[30], fungi [31], and algae [32,33], where they influence growth, metabolism, and
interspecies communication. In eukaryotic microalgae, hormone biosynthesis and signaling
are increasingly recognized as evolutionarily conserved systems with potential roles in
modulating metal stress responses [34]. However, few studies have integrated hormone
profiling with gene expression data to explore these pathways—particularly in complex

microbial consortia or extremophilic systems such as E. mutabilis.
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To address this gap, we investigated the transcriptomic, chemical, structural, and
taxonomic responses of an E. mutabilis FAB culture exposed to Cd stress over a 21-day
time course. RNA-sequencing was used to identify differentially expressed genes (DEGs)
at three timepoints, followed by functional annotation using gene ontology (GO), KEGG
pathways, and clusters of orthologous genes (COG) classifications. We complemented this
molecular analysis with targeted quantification of extracellular phytohormones to assess
their involvement in stress signaling. To explore potential shifts in community structure,
we also profiled microbial taxa using Kraken2 and Bracken-based metagenomics. Finally,
transmission electron microscopy (TEM) was used to assess Cd-induced ultrastructural
changes in E. mutabilis cells, with a particular focus on organelle integrity and paramylon
accumulation. Together, this integrative approach provides new insight into the
transcriptional and physiological strategies underlying HM tolerance in E. mutabilis and
highlights the role of microbial partnerships and phytohormones in shaping stress resilience

in mixed algal cultures.

4.4 METHODS
Culture selection and growth of E. mutabilis

Field samples of Euglena mutabilis were sourced from the Canadian Phycological
Culture Centre (CPCC) at the University of Waterloo, Canada. The strain selected (CPCC
657) is composed of E. mutabilis which maintains a seemingly symbiotic relationship with
a Talaromyces species fungus and the bacterium Acidiphilium acidophilum. Stock cultures
were maintained in modified acid medium (MAM) [35], following CPCC-recommended

adjustments, and the pH was set to 4.3 [36]. After autoclaving, the medium was allowed to
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cool before the addition of filter-sterilized F/2 vitamins. Cultures were grown
autotrophically in 250 mL Pyrex Erlenmeyer flasks, sealed with foam stoppers wrapped in
aluminum foil, and aerated at 100 RPM using a Thermo Fisher Scientific MaxQ 3000
shaker. Growth conditions included a 16:8 light-dark cycle with controlled temperature
(260 pmol s' m!; 24 +0.5°C during light and 18 +0.5°C during dark) using a Conviron

PCG20 environmental chamber.

Pre-growth and Cd exposure with E. mutabilis

Euglena mutabilis cultures were exposed to CdCl, following the protocol outlined
by Kennedy et al [25], with modifications. In brief, 21 stock cultures were grown in MAM
in 250 mL Erlenmeyer flasks, each containing 120 mL of MAM and inoculated at a density
0f 20,000 cells/mL. Cultures were maintained under the same environmental conditions as
the original stock cultures. Cell densities were monitored on days 7 and 14 post-inoculation
using a hemocytometer (Hausser Scientific) at 10x magnification. By day 14, cell
concentrations exceeded 200,000 cells/mL in all flasks. At this point, each culture was
divided into two conditions: a control (MAM only) and a treatment (MAM + 100 uM
CdCl), resulting in a total of 42 flasks. Each flask contained 60 mL of MAM, with or
without Cd, and a concentration of 200,000 E. mutabilis cells/mL. These were maintained
under the same growth conditions as the pre-treatment phase. On days 7, 14, and 21 post-
treatment, seven pairs of control and treated cultures were sampled to assess growth and
viability, extract RNA, quantify hormone concentrations in the supernatant, and measure
cellular Cd accumulation. Time points for analysis were chosen based on previous work by
Kennedy et al [25], designed to expose cells to Cd over extended periods in order to assess

adaptability.
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Euglena cell growth and viability after Cd exposure

Every 7-, 14-, and 21-days post-inoculation, 100 pL aliquots were taken from each
flask being assessed that day and diluted with 100 pL of a 0.4% Trypan Blue solution
(Bioshop Cat. No. TRY477.100) in PBS (Bioshop, Cat. No. PBS404.100). Cell counts were
determined using a hemocytometer (Hausser Scientific) at 10x magnification to assess the
viability of E. mutabilis visually by counting the number of cells that had taken up the

Trypan Blue stain.

Cellular Cd accumulation

Cellular Cd accumulation was assessed in treatment flasks 7-, 14-, and 21-days after
inoculation. Sample preparation followed the protocol outlined by Metcalfe et al [37], with
modifications. A 1.0 mL aliquot was taken from each culture flask and transferred into 1.5
mL microcentrifuge tubes. After centrifuging at 3,824 RCF for 10 minutes, the supernatant
was carefully removed using a pipette. The remaining cell pellets were washed three times
by resuspension in 2.0 mL of sterile deionized water (dH>0O), followed by centrifugation
and supernatant removal after each wash. Following the final rinse, 300 pL of 70% (v/v)
nitric acid (HNOs; Fisher Scientific Cat. No. A509P500) was added to each sample. Tubes
were then incubated on a heat block at 95°C for 20 minutes to facilitate digestion. The
digested samples were diluted with 10.2 mL of sterile dH>O to achieve a final acid
concentration of 2% (v/v) HNOs. Each sample was subsequently passed through a 0.45 pm
polytetrafluoroethylene (PTFE) syringe filter (VWR Cat. No. 76479-004) into a sterile 15

mL Falcon tube. Seven media blanks of the treatment condition were processed in parallel.
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Elemental quantification was performed using an Agilent 8900 triple quadrupole
inductively coupled plasma mass spectrometer (ICP-QQQ-MS) at the Water Quality Centre
(Trent University, Peterborough, Canada). Samples were introduced via a MicroMist
nebulizer (nominal uptake: 400 pL/min) attached to a Scott-type double-pass spray
chamber, optimizing aerosol generation. The ICP-MS was run under the General-Purpose
Plasma Preset with a radio frequency (RF) power setting of 1550 W and a carrier gas flow
rate of 1.05 L/min. The sample introduction depth was fixed at 10 mm, and an X-type
extraction lens was employed to enhance ion focusing. Standard nickel cones (sampler and
skimmer) facilitated ion transmission to the plasma. Cadmium (Cd) was detected in single
quadrupole mode using helium (He) as the collision gas. Calibration standards were made
by serial dilution from 1000 ng/mL single-element stock solutions in 2% HNO3. Rhodium

was used as an internal standard and delivered inline continuously during measurement.

Transmission electron microscopy

A 1 mL aliquot of cultures grown in either MAM or MAM + 100 uM CdCl> was
transferred into 1.5 mL microcentrifuge tubes. Following centrifugation, the supernatant
was carefully removed using a pipette, and the resulting pellet was resuspended in 500 pL
of 2.5% glutaraldehyde (Sigma Aldrich, Cat. No. G5882-100ML) prepared in 0.1 M
phosphate buffer (pH 7.2). Samples were fixed at room temperature for 24 hours. All
subsequent preparation and embedding steps were carried out by the Cellular and
Molecular Electron Microscopy Core Facility at The Hospital for Sick Children (Toronto,
Canada). Fixed samples were cut into 2 mm cubes and rinsed in 0.1 M sodium cacodylate
buffer containing 0.2 M sucrose (pH 7.3) for 10 minutes. Post-fixation was performed in

1% osmium tetroxide in the same buffer for 1.5 hours, followed by a second rinse in the
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sucrose-buffer solution. Samples were dehydrated through a graded ethanol series (70%,
90%, and three changes of 100% ethanol), then washed twice with propylene oxide.
Infiltration was carried out using a 1:1 mixture of propylene oxide and Spurr resin for 1
hour, followed by two incubations in pure Spurr resin (1 hour and overnight). Samples were
then embedded in molds and polymerized overnight at 65 °C. Ultrathin sections (90 nm)
were cut using a diamond knife on an ultramicrotome, mounted on copper grids, and stained
with uranyl acetate and lead citrate prior to imaging with a Hitachi HT7800 transmission

electron microscope.

All solutions were prepared using ultrapure water (18.2 MQ-cm) and trace-metal

grade HNO3 to minimize contamination.

Hormone profiling
Solid phase extraction and purification of hormones

Supernatant from culture samples (12 mL) were harvested from each flask at 7-, 14-
, and 21-days following inoculation and filtered through a 0.2 um polyethersulfone (PES)
syringe filter (Fisher Scientific, Cat. No. 13-1001-06) into 50 mL Falcon tubes. Media
controls underwent the same processing. All processed samples were flash-frozen in liquid
nitrogen, lyophilized using a LabConco FreeZone freeze dryer (Kansas City, MO, USA),
and stored at —80°C until extraction.
A sequential extraction strategy, adapted from previously described protocols [38,39], was
used to isolate distinct hormone classes from a single sample. This approach allowed for

the recovery of 39 cytokinins (CKs) and acidic hormones, including abscisic acid (ABA),

- 182 -



indole-3-acetic acid (IAA), salicylic acid (SA), jasmonic acid (JA), and five key

gibberellins (GA1, GA4, GA7, GAg, GA20) (Table S4.1).

To enable isotope dilution-based quantification, each sample was spiked with
deuterated internal standards (IS) in 2 mL of ice-cold 50% acetonitrile (ACN). These
included *Hs-ABA (60.9 ng; PBI, Saskatoon, Canada), 10 ng each of 2Hs-IAA and >He-SA
(OLChemim, Czech Republic), and 10 ng each of the *H,-gibberellins GA1, GA4, GA7,
GAy, and GA»o. An additional 10 ng of ?H-labeled CK standards, encompassing aromatic,
methylthiolated, and glucoside derivatives, were also added. The CKs scanned for
comprised benzyladenine (BA), benzyladenine riboside (BAR), kinetin (KIN), cis-Zeatin
(cZ) and its derivatives (cZR, cZ9G, c¢ZNT, cZOG, ¢ZROG), dihydroZeatin (DZ) and
derivatives (DZNT, DZOG, DZR, DZROG, DZ9G), isopentenyladenine (iP) and its forms
(iPNT, iP9G, iPR), along with methylthiolated and frans-Zeatin forms (2MeSiP, 2MeSiPR,
2MeSZ, 2MeSZR, tZ, tZR, tZ9G, tZNT, tZOG, tZROG) (Table S4.1). Although a specific

JA standard was not included, 2Hs-ABA was used for JA quantification.

Supernatants and media controls were resuspended in 1.5 mL 50% acetonitrile and
vortexed to ensure homogeneity. Samples were centrifuged (maximum speed for 10
minutes), and the resulting supernatant was split equally: 750 pL for acidic hormone

analysis and 750 pL for CK analysis. Seven method blanks were processed concurrently.

Extraction and solid phase purification of acidic hormones
Samples were purified using HLB solid-phase extraction (SPE) cartridges

(Canadian Life Sciences, Cat. No. VO34445). Columns were sequentially conditioned with
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methanol, B-Pure water (18.2 MQ-cm), and 50% aqueous acetonitrile. After centrifugation,
supernatants were applied to the cartridges and eluted by gravity into 5 mL tubes, followed
by a final rinse with 2 mL of 30% aqueous acetonitrile. The eluates were dried using a
Savant UVS400 vacuum concentrator at room temperature. Dried acidic hormone samples
were derivatized by adding 75 pL of 1-propanol, 20 pL of B-Pure water, 5 uL of 500 mM
bromocholine in 70% ACN (TCI America, Cat. No. B0577), and 1 pL triethylamine (Fisher
Scientific, Cat. No. 04884-100). Samples were incubated in an 80°C water bath for 130
minutes, cooled on ice for 1 hour, then dried again (Savant UVS400 vacuum) and stored at

—20°C.

Extraction and solid phase purification of cytokinins

CK fractions were dissolved in 1 mL of 1M formic acid and loaded onto MCX SPE
cartridges (Canadian Life Sciences, Cat. No. VO54445) preconditioned with 5 mL of
methanol and 5 mL of formic acid. After sample application, columns were sequentially
washed and eluted. The first elution (5 mL of 0.35M ammonium hydroxide) contained
nucleotide forms (NT), while the second (5 mL of 0.35M ammonium hydroxide in 60%
methanol) contained freebase (FB) and riboside (RB) forms. Both eluates were dried by

vacuum centrifugation. FB and RB samples were stored at —20°C until analysis.

NT fractions were further processed to allow detection by mass spectrometry. These
dried samples were reconstituted in 1 mL of 0.1M ethanolamine (Sigma Aldrich, Cat. No.
E9508-100) with 12 pL (3 units) of a phosphatase enzyme mix (New England Biolabs, Cat.
No. M0525L) and incubated overnight at 37°C. The resulting mixture was dried and

reconstituted in 1.5 mL B-Pure water for a final purification using C18 cartridges (Canadian
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Life Sciences, Cat. No. IS72006). Columns were conditioned with methanol and water, and
the sample supernatant was loaded and eluted by gravity. After a water rinse, CKs were
recovered by washing with 1.25 mL of 80% methanol into 2 mL tubes. These samples were

dried again and stored at —20°C.

Prior to analysis, all hormone samples were reconstituted in 300 uL of 0.08% acetic
acid (CH3COOH) in 5% acetonitrile, vortexed, and centrifuged at 3,724 x g for 10 minutes
to remove particulates. A 250 pL aliquot of each was transferred into clear MS vials with

300 puL glass inserts.

Hormone analysis by UHPLC-ESI-MS/MS

Hormone fractions were analyzed using ultra high-performance liquid
chromatography-electrospray ionization tandem mass spectrometry (UHPLC-ESI-
MS/MS) on a Thermo Q-Exactive quadrupole Orbitrap mass spectrometer coupled to a
Thermo Dionex Ultimate 3000 UHPLC system, following a previously established method
[38]. Separation was achieved on a Kinetex C18 column (2.1 mm x 50 mm, 2.6 um particle
size;, Phenomenex, Torrance, CA, USA), with the column maintained near room
temperature (22°C). A 25 pL injection volume was used. The mobile phase consisted by
ddH>O with 0.08% acetic acid (Solvent A) and acetonitrile with 0.08% acetic acid (Solvent
B). Elution was performed at 0.5 mL-min™! with the following gradient: 5% B for 0.5 min,
linearly increasing to 45% B over 4.5 min, then to 95% B over 6.5 min, held for 1 min, and
returned to initial conditions for 2 min, resulting in a total run time of 8.2 minutes.
Chromeleon 6.8 (ThermoFisher Scientific, Ottawa, ON, Canada) was used for instrument

control and data acquisition.
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Hormone quantification

Hormone quantification was performed using Xcalibur 3.0.63 (ThermoFisher
Scientific). Peaks were identified based on accurate monoisotopic [M+H]" masses and
comparison of retention times with internal standards. Extracted ion chromatograms (XICs)
were constructed using the precursor ion and the two most intense fragment ions, applying
a mass tolerance of 3 ppm. Quantification was based on peak areas from XICs. Supernatant
hormone concentrations were normalized to the number of E. mutabilis cells per 12 mL of

media to establish the concentration per cell.

RNA-sequencing analysis and bioinformatics
RNA isolation and DNasel treatment

RNA from seven control and seven treatment cultures across three timepoints (Days
7, 14, and 21) were isolated for a total of 42 samples. 50 mL of culture from each flask was
transferred to a sterile Falcon tube, centrifuged and the supernatant was collected for
hormone analysis. The cells were then resuspended in 2 mL of TRIzol™ Reagent
(Invitrogen™). Samples were transferred to Lysing Matrix C tubes (MP Biomedicals Cat.
No. 1169120-CF) and lysed using an MP Biomedicals Fast Prep-24 (6.5 Hz for 45 seconds).
RNA was initially precipitated by adding 250 pL of a solution containing 0.8 M disodium
citrate and 1.2 M NaCl, along with 250 uL of isopropanol. Following this, genomic DNA
was removed via DNasel treatment. A second round of RNA precipitation was then carried
out using the same disodium citrate/NaCl solution and isopropanol. The integrity and
quality of the RNA were evaluated by electrophoresis on a 1.5% BPTE agarose gel after

glyoxal denaturation. DNase-treated RNA samples and a single-stranded RNA ladder (New
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England BioLabs, Whitby, Canada) were loaded onto the gels for visualization (Figure

S4.1).

cDNA library preparation and RNA-sequencing

20 pL aliquots of DNase-treated RNA were submitted to the Centre for Applied
Genomics (TCAG) at the Hospital for Sick Children (Toronto, Canada) for quality
assessment, cDNA library preparation, and RNA sequencing. RNA quality was evaluated
using an Agilent 2100 Bioanalyzer (Agilent Technologies), which provided both the RNA
Integrity Number (RIN) and DV200%. Given the fragmented nature of Euglena RNA [47],
emphasis was placed on DV200% as the primary quality metric. All 42 samples exhibited
high RNA quality (DV200% > 90%) and were selected for cDNA library construction.
Poly(A)-enriched RNA was isolated using oligo(dT) beads, and cDNA libraries were
prepared using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New
England BioLabs). In total, 42 barcoded libraries were generated, pooled, and sequenced
across one lane of an S4 flowcell on the Illumina NovaSeq 6000 platform, yielding 2 x 150

bp paired-end (PE) reads.

Read quality assessment, pre-processing, and transcriptome assembly

Bioinformatic analysis including pre-processing, transcriptome assembly,
differential gene expression (DGE), gene ontology (GO-term), and metagenomic analysis
following RNA-sequencing was carried out by the TCAG at the Hospital for Sick Children
(Toronto, Canada). Raw sequencing reads in FASTQ format were assessed for quality using
FastQC v0.11.5 [48]. Adapter trimming and quality filtering were performed with Trim

Galore v0.5.0 [49], which incorporates Cutadapt v1.10 [50], using the following
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parameters: -q 25 for 3’ end quality trimming, --stringency 5 to require a minimum of 5 bp
overlap with adapter sequences, --length 20 to discard short reads, and --paired to retain
only properly paired reads. Adapter sequences were automatically detected from the first

million reads. The quality of the trimmed reads was reassessed using FastQC.

To ensure no contamination, reads were screened against the hg38 human genome
and UniVec database using FastQ-Screen v0.10.0 [51]. Results from FastQC and FastQ-
Screen for both raw and processed reads were compiled into a consolidated report using

MultiQC v1.14 [52].

All high-quality, trimmed reads from the 42 RNA-seq libraries were combined and
used to generate a single de novo transcriptome assembly with Trinity v2.15.2 [53], using
the --SS lib type RF option to accommodate strand-specific reads and enabling --
normalize by read set to normalize read coverage across libraries. Following assembly,
each library’s trimmed reads were aligned back to the assembled transcriptome using

Bowtie2 v2.5.4 [54], and transcript abundances were estimated with RSEM v1.3.3 [55].

Differential gene expression and GO-term analysis

Differential gene expression (DGE) analysis was performed using both DESeq2
(v1.26.0) [49] and edgeR (v3.28.1) [50] within R v3.6.1 [51]. Gene count data generated
by RSEM were filtered to exclude genes with fewer than 50 reads in at least six samples.
DESeq2 analyses were conducted using default parameters with cooksCutoff=TRUE,
independentFiltering=TRUE, alpha=0.05, and p-value adjustment via the Benjamini-

Hochberg method (pAdjustMethod="BH"). Exploratory principal component analysis
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(PCA) was generated using rlog-transformed counts to visualize sample grouping. One
control sample (MAM Control 8; Day 14) was identified as an outlier and was removed
along with its paired Cd-treated sample (MAM + 100 puM Cd Treatment §; Day 14) to
maintain the integrity of paired comparisons (Figure S4.2a). To further account for sample
variability, surrogate variables were identified using Surrogate Variable Analysis (SVA)
[52] and included in the DESeq2 model for comparisons between control and treatment
samples at each time point. DGE testing in edgeR was performed using the TMM
normalization method (calcNormFactors) followed by quasi-likelihood F-tests via glmLRT.
Volcano plots and Euler diagrams were generated in RStudio (v2024.12.0+467) after
filtering padj and log> fold change (padj < 0.05; |logz FC| > 1) accounting for overlapping

DGEs between DESeq?2 and edgeR.

To functionally characterize differentially expressed genes (DEGs), nucleotide
sequences corresponding to each DEG were retrieved from the Trinity-assembled
transcriptome and analyzed using BLASTx against protein databases from Homo sapiens,
Arabidopsis  thaliana,  Chlamydomonas  reinhardtii, and  Synechocystis  sp.
(GCA 000478825), using Ensembl 113 as the reference and an E-value threshold of 1e™.
No dedicated databases exist for Euglena because its genomes have not been fully
sequenced or annotated; however, partial transcripts are available through BLASTx and
Ensembl 113, with other databases serving as comparators. For each DEG, the top BLASTx
hit with an associated Gene Ontology (GO) annotation was retained, and corresponding
gene symbols were assigned. These curated gene sets were used for GO enrichment analysis
with the PANTHER Classification System (version 19.0, accessed 2025-06-12;

https://pantherdb.org/), based on the GO database release dated 2025-03-16 [53].
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Enrichment was performed using Fisher’s Exact Test with False Discovery Rate (FDR)
correction, and only gene lists containing a minimum of five annotated genes were included
to ensure statistical reliability. For each species, DEGs from all relevant comparisons were
grouped together to streamline interpretation, and enrichment results for biological process
(BP), molecular function (MF), and cellular component (CC) ontologies were summarized
for downstream analysis. The PANTHER database used for GO annotation is independent

of the transcriptome assembly, ensuring consistency across species and comparisons.

Metagenomic sequencing and taxonomic analysis

The RNA-seq reads from 42 samples were subjected to metatranscriptomic
taxonomic analysis to identify co-cultured microbial species. After sequencing, raw reads
were quality-checked using FastQC (v0.11.5) [48], and adapter trimming was performed
using Trim Galore (v0.5.0) [49] with Cutadapt (v1.10) [50]. Trimmed reads were re-
evaluated for quality, screened for human and vector contaminants with FastQ Screen
(v0.10.0) [51], and summarized using MultiQC (v1.14) [52]. Taxonomic classification of
RNA-seq reads was performed using Kraken2 (v2.1.3) [61] with a core nucleotide (core nt)
database built on 2024-12-28 and a confidence threshold of 0.5. Kraken2 assigned reads to
operational taxonomic units (OTUs) based on k-mer matches and lowest common ancestor
(LCA) principles. For refined species-level resolution, Bracken (v2.8) [62] was used to re-
estimate taxonomic abundances using a 75 bp k-mer database and a read threshold of 10 to
filter low-abundance taxa. Bracken output included both absolute and relative abundance

data. Relative abundance bar plots were generated in R (v4.4.2) using the Bracken reports.

Statistical analysis
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Differences in viable E. mutabilis cell counts and hormone content at each timepoint
were evaluated after outlier removal and using an F-test of equality of variances, followed

by Student’s t-test (p < 0.05) with appropriate consideration of variance structure.

A Mann-Whiney U-test was used to identify microbial taxa that were differentially
abundant between control and Cd-treated cultures. Count data were derived from Bracken-
refined Kraken2 classifications and aggregated into a sample-wise species-level count
matrix. To correct for multiple testing, FDR adjustment was applied using the Benjamini-
Hochberg procedure, and taxa with padj < 0.05 were considered statistically significant.
Log> fold changes were calculated to quantify the direction and magnitude of change in

relative abundance between conditions.

4.5 RESULTS
E. mutabilis cell viability after CdCl, exposure

Cd exposure significantly reduced E. mutabilis cell proliferation at all sampling
times (Figure 4.1). In control cultures (0 uM Cd), cell counts increased steadily from
approximately 3.0 x 10° cells/mL on day 7 to 5.3 x 10° cells/mL by day 21 — representing
a 72% increase. In contrast, cultures exposed to 100 uM CdCl; consistently exhibited lower
cell densities at all timepoints. By day 7, Cd-treated cultures showed a significant reduction
in cell counts compared to controls (p < 0.01). This trend persisted through day 14 (p <
0.001) and day 21, where the difference became more pronounced (p < 0.001), despite

continued growth in the treated group — representing a more modest 58% increase.
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Despite reduced proliferation, cell viability remained high in all treatments. Trypan
Blue staining revealed minimal E. mutabilis cell death across timepoints, with Cd-treated
cultures exhibiting only a slight increase in the proportion of non-viable cells over 21-days

([# dead cells / total cell count] * 100%; Table 4.1).

Cellular Cd accumulation

Following exposure to 100 uM Cd, cellular Cd concentrations in E. mutabilis
increased steadily over the 21-day period (Figure 4.2). On day 7, the average cellular Cd
content was 161 ng/107 cells, which rose to 204 ng on day 14, and 322 ng by day 21. When
scaled to the total number of cells per 60 mL culture, this corresponded to approximately
22,800 ng, 37,900 ng, and 72,000 ng of total cellular Cd on days 7, 14, and 21, respectively.
Relative to the initial 674,000 ng dose, these values represent approximately 3%, 6%, and
11% uptake, indicating progressive accumulation by E. mutabilis. However, direct ICP-MS
measurements of the treatment culture media (MAM + 100 uM Cd with no cells) showed
only 500,000 ng remaining after 7-days, 525,000 ng after 14-days, and 491,000 ng by 21-
days which increases sequestration efficiency to 5%, 7%, and 15%, respectively. This
indicates that a fraction of Cd was lost through abiotic processes. Cd ions are prone to
adsorbing to glassware surfaces [56] and forming insoluble precipitates within media
components such as phosphate and sulfate [57], which would reduce the dissolved fraction
available for detection and may explain the discrepancy between the amount of Cd

introduced and the lower concentrations quantified.

Transmission electron microscopy (TEM) revealed distinct ultrastructural

differences between E. mutabilis cells grown in control conditions and those exposed to
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100 uM Cd (Figure 4.3). In control cells (MAM) grown for 21-days, organelles including
chloroplasts, Golgi bodies, mitochondria, the nucleus, and vacuoles appeared intact, with
paramylon granules and a clearly defined pellicle. In contrast, Cd-treated cells displayed
notable structural alterations, including the accumulation of electron-dense deposits within
chloroplasts which appear limited in control cells, although this was not quantified.
Additionally, Cd-treated cells exhibited increased vacuolization and a higher abundance of
paramylon bodies. The appearance of these electron-dense inclusions correlates with the

observed increase in cellular Cd accumulation over time.

Hormone Profiles

Identification and quantification of hormones in E. mutabilis culture supernatants
revealed clear differences between control and Cd-treated conditions over the 21-day
experimental period (Table 4.2). Of the hormones screened for, seven were detected six of
which were CKs, (including one methylthiolated CK) and the other was IAA. No hormones

were detected in culture media blanks.

CK free bases showed distinct patterns between control and Cd-treated conditions.
In control cultures, cZ rose steadily from 33 fmol/100,000 Euglena cells on day 7 to 147
fmol/100,000 Euglena cells on day 14, reaching 761 fmol/100,000 cells by day 21. In
contrast, cZ was only detectable in Cd-treated cultures at day 7, in significantly lower
concentrations than the control, with levels falling below detection thereafter. A similar
trend was observed for iP, which peaked in control conditions on day 14 (18.1+0.8
fmol/100,000 Euglena cells) but was significantly lower in Cd-treated samples on day 7

and undetectable at subsequent time points. The total concentration of CK free bases in
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control sample increased nearly 18-fold over 21-days of growth, while Cd-exposed cultures
exhibited a sharp decline in free base detection after day 7 resulting in no detectable free

bases at 21-days.

Riboside forms of CKs, such as cZR, remained consistently detectable in control
cultures. Like cZ, it followed a similar increasing trend over 21-days, peaking at 30
fmol/100,000 Euglena cells (Table 4.2). In Cd-treated cultures, however, cZR was observed
only on day 7. Among nucleotide forms, ¢cZNT remained detectable throughout all
timepoints in both control and treatment conditions. In control cultures, cZNT peaked on
day 14 (308.0 £5.8 fmol/100,000 Euglena cells). Cd-treated samples also showed their
highest ¢cZNT concentration on day 14 (325.9 + 8.0 fmol/100,000 Euglena cells), which
was significantly higher than the control, although by day 21 the concentration of cZNT
was significantly higher in the control. By contrast, iPNT was not detected in control
cultures but was present in Cd-treated samples on both day 14 (495.1 +27.9 fmol/100,000
Euglena cells) and day 21 (991.9+78.3 fmol/100,000 Euglena cells). Overall, total
nucleotide concentrations were consistently higher in Cd-treated cultures compared to

controls at all time points.

IAA was exclusively detected in control cultures and declined over time, with
concentrations decreasing from 1022.1 + 132.7 pmol/100,000 cells on day 7 to 665.2 + 86.4
pmol/100,000 Euglena cells by day 14. IAA was not detected in any Cd-treated cultures at

any time point.

RNA-sequencing and de novo transcriptome assembly
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RNA-sequencing was performed on E. mutabilis cultures grown in MAM and
MAM supplemented with 100 uM Cd after 7, 14, and 21 days of exposure. For each
condition, seven biological replicates were sequenced, resulting in a total of 42 samples
with an average of 65.1 million raw paired-end (PE) reads per sample. After removal of
adapter sequences and low-quality reads, an average of 64.7 million PE reads remained per

sample (Table S4.2).

Due to the large dataset (over 966 million reads), de novo transcriptome assembly
was conducted using Trinity with in silico normalization (--normalize by read set), which
used approximately 11.48% of total reads (110,931,566 of 966,374,998). The resulting
assembly consisted of approximately 1.2 million transcripts with an N50 of 816,
representing 639,820 Trinity genes. Because the assembly reflected a mixed transcriptome
from multiple organisms, BUSCO completeness analysis was not performed. Instead,
RNA-seq reads were mapped back to the assembly, revealing that over 90% of all reads

aligned to the transcriptome (Table S4.3).

To reduce noise from low-abundance transcripts, genes with fewer than 20 read
counts in fewer than 8 samples (20%) were excluded, yielding a filtered gene set of 78,302.
Exploratory PCA revealed that one sample — Control 8 (Day 14) — was an outlier and was

removed along with its paired Cd-treated sample from downstream analysis (Figure S4.2).

Comparative transcriptome analysis of E. mutabilis grown in the absence and

presence of cadmium
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Differential gene expression (DGE) analysis was conducted using both DESeq?2 and
edgeR. DESeq?2 identified 108,064 differentially expressed genes (DEGs), while edgeR
identified 26,355 DEGs (adjusted p-value < 0.05; Table S4.4). After applying a fold-change
threshold ([log2FC| > 1), the number of DEGs was reduced to 23,119 in DESeq2 and 17,967
in edgeR. Of these, 4,596 DEGs were shared between both methods and were used in all

subsequent analyses.

Pairwise comparisons between control and Cd-treated cultures at each timepoint
revealed 480 unique DEGs on day 7, 352 on day 14, and 751 on day 21, with 427 genes
differentially expressed across all three timepoints (Figure 4.4a). Specifically, day 7
cultures had 676 upregulated and 416 downregulated genes (Figure 4.4b); day 14 showed
680 upregulated and 336 downregulated genes (Figure 4.4c); and day 21 had 1,003
upregulated and 469 downregulated genes (Figure 4.4d). Pairwise comparisons were also
conducted within each treatment group — control and Cd — to assess DEGs across timepoints

(Day 7 vs 14, Day 7 vs 21, and Day 14 vs 21) (Table S4.5; Figures S4.3, S4.4).

There is no complete and annotated genome for E. mutabilis, therefore functional
annotation was conducted using well-annotated databases, some of which contain partial
transcripts from Euglena. To identify potential gene encoding proteins that were associated
with transcript level changes, a BLASTX search was conducted using the NCBI non-
redundant protein database, SWISS-Prot database, and Ensembl 113 databases for Homo
sapiens, Arabidopsis thaliana, Chlamydomonas reinhardtii, and Synechocystis sp.
(GCA _000478825). BLASTX results indicated that most DEGs lacked functional

assignment (Table S4.6). Notably, BLASTX-based protein classification was primarily
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observed in DEGs identified from comparisons between control and Cd-treated samples at
each timepoint. The predominant differences between control and Cd-treated cultures at
each time point were inorganic ion transport and metabolism (P), signal transduction
mechanisms (T), posttranslational modification, protein turnover, and chaperones (O), and

energy production and conversion (C).

Genes in clusters of orthologous genes (COG) P exhibited prominent regulation,
particularly those encoding formate/nitrite transporters and metal-binding proteins. Most
formate and nitrite-related transporters were downregulated across all days (Table S4.6). In
contrast, several zinc transporters and metal homeostasis genes were upregulated. Genes
within COG T were predominantly upregulated, including multiple histidine kinases,
cyclases, and serine/threonine protein kinases. In COG O, upregulation of E3 ubiquitin
ligases and protein kinases indicated increased protein turnover and posttranslational
remodeling. Notably, COG C contained both up- and downregulated genes. While core
photosynthetic genes such as ATP synthase subunits and PSII components were
upregulated, light-harvesting complex (LHC) proteins were downregulated. In contrast, a
substantial portion of DEGs across all timepoints belonged to COG S (function unknown).
While not interpretable in function, the prevalence of unknown annotations highlights the

unique or poorly characterized genomic responses of E. mutabilis to Cd.

Additionally, BLASTX-based protein annotation revealed temporal differences in
the functional classification of DEGs in Cd-treated cultures (Table S4.7). While most DEGs
identified between Days 7 and 14, and between Days 7 and 21, lacked functional

assignment, comparison between Days 14 and 21 yielded 931 COG classifications
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corresponding to 882 DEGs. Different from comparisons between control and Cd-treated
cultures over time, the predominant differences between cultures exposed to Cd after 14
and 21 days were related to signal transduction mechanisms (T), posttranslational
modification, protein turnover, and chaperones (O), RNA processing and modification (A),

lipid transport and metabolism (I), and inorganic ion transport and metabolism (P).

Genes within COG T were broadly upregulated between Cd-treated cultures at Day
21, including several histidine kinases, adenylyl/guanylyl cyclases, and serine/threonine
protein kinases. In COG A, genes associated with RNA recognition, splicing, and
processing were also upregulated. Genes assigned to COG O were primarily involved in
protein degradation and posttranslational control, with upregulation of ubiquitin-
conjugating enzymes and RING-type ligases. Additionally, several genes in COG I related
to lipid metabolism, such as carboxylesterases and acyltransferases, were upregulated.
Notably, upregulated genes in COG P included zinc transporters, cation efflux proteins, and
ABC phosphate transporters, whereas formate/nitrite transporters were predominantly

downregulated.

DEGs were further assessed to identify gene ontology (GO) terms using the
PANTHER classification system. A total of 369 significant genes (FDR < 0.05) were
annotated with GO terms and species information across all timepoints: 105 on Day 7, 115
on Day 14, and 149 on Day 21. Of the 369 genes, 211 were unique while 158 were
significantly expressed at multiple timepoints. These genes were associated with 1,377 GO
term annotations (Appendix [: Days) representing 39 unique GO terms (Table 4.3; Figure

S4.5) in 419 gene-GO term combinations. Importantly, these annotated GO terms meet the
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significance threshold for classification as overrepresented biological functions, cellular

components, or molecular processes enriched among the DEGs.

By contrast, only 124 significant genes (FDR < 0.05) were annotated with GO terms
comparing Cd-treated cultures after 14 and 21 days of exposure (Table 4.4; Figure S4.6) of
which 78 were unique. These genes were associated with 264 GO term annotations
representing 24 GO annotations (Appendix I: 14vs21). Notably, there were no significant
genes (FDR < 0.05) annotated when comparing Cd-grown cultures after 7 and 14 days of

growth or 7 and 21 days of growth.

Integrating analysis of transcripts and hormones

Annotated genes were initially filtered based on specific keywords from SPROT
BLASTX results, transcript predicted functions, and KEGG identifiers associated with
phytohormone biosynthesis (Table S4.8). A total of 357 unique genes were identified and
found to be consistently present across Days 7, 14, and 21. Of these, 34, 46, and 68 genes
were deemed statistically significant (padj < 0.05) at Days 7, 14, and 21, respectively, while
only 6, 5, and 4 genes met the threshold for differential expression (|log: fold change| > 1)

at the corresponding time points (Appendix I: Hormones - Days).

Transcriptomic analysis across Days 7, 14, and 21 revealed modest but statistically
significant changes in the expression of several genes associated with phytohormone
biosynthesis, particularly within the auxin and CK pathways. Several genes linked to the
tryptophan-dependent auxin biosynthesis pathway showed differential expression (padj <

0.05), although most exhibited low-magnitude shifts (|log fold change| < 1). At Day 14, a
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gene annotated with KEGG ortholog K00820 (tryptophan synthase beta chain) was
identified, suggesting potential upregulation of tryptophan synthesis, a precursor to IAA.
By Day 21, additional genes with annotations consistent with aminotransferase activity
were detected, which may represent TAA1-like enzymes that convert tryptophan to indole-
3-pyruvate. Furthermore, flavin monooxygenase-like genes, potentially corresponding to

the YUC family of enzymes, were also observed.

However, quantification of IAA in the culture supernatant did not mirror these
expression patterns. Under control conditions, IAA levels in the supernatant decreased from
1022.1 £ 132.7 pmol/100,000 cells at Day 7 to 665.2 + 86.4 pmol/100,000 cells at Day 14
and were not detectable at Day 21 (Table 4.2). IAA was absent at all timepoints in Cd-
treated cultures. This apparent disconnect suggests that auxin biosynthesis may have
occurred predominantly within the cellular fraction, with limited export or stability in the

extracellular medium.

In contrast, CK-related gene expression aligned more clearly with metabolite
profiles. Genes annotated as tRNA isopentenyltransferase (IPT) (K00591), the LONELY
GUY (LOG) enzyme cytokinin riboside 5'-monophosphate phosphoribohydrolase
(K00588), homocysteine S-methyltransferases, and O-methyltransferases were
differentially expressed, particularly at Days 14 and 21, and displayed statistically
significant changes in expression (Appendix I: Hormones — Days). Although fold changes
were modest, the downregulation of these genes suggests transcriptional deactivation of the
CK biosynthetic pathways. Supporting this, supernatant CK nucleotide levels, including

c¢ZNT and iPNT, increased over time in Cd-treated cultures, reaching 1227.4 + 82.3
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fmol/100,000 cells at Day 21 while bioactive CKs and methylthiolated CKs remained
undetectable (Table 2). These data demonstrated consistent downregulation of CK-related

pathways at both the transcriptomic and metabolite levels.

Compared to the time course under control conditions, a greater number of
hormone-related genes were differentially expressed, and the magnitude of expression
changes was more pronounced when comparing cultures grown in Cd over time (Appendix
I: Hormones — Cd). Comparisons between Days 7 and 14 under Cd treatment revealed 99
genes matching auxin or CK biosynthetic pathways showed significant changes in
expression. Among these, the maximum fold change reached 2.17, indicating substantial
transcriptional modulation of specific genes. Genes related to tryptophan biosynthesis and
transferases with possible roles in the TAA1/YUC auxin pathway were among those

identified, although the majority of fold changes were moderate.

Between Day 7 and Day 21 under Cd treatment, 193 hormone-related genes
displayed statistically significant expression differences, though only one showed a fold
change exceeding 1. The broader representation of hormone-related annotations suggests
persistent, low-magnitude transcriptional modulation under prolonged Cd exposure. 3
genes encoding methyltransferases were among those identified, consistent with activation

of CK biosynthesis and modification pathways.

Comparisons between Days 14 and 21 under Cd treatment uncovered 115 hormone-
related genes that were statistically significant (padj < 0.05), with a maximum fold change

of 1.66. This includes genes encoding CK riboside 5’-monophosphate
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phosphoribohydrolase (LOG; K00588) and tRNA IPT (K00591), both of which were

modestly upregulated, supporting continued CK pathway activation.

Metagenomic analysis

Kraken?2 classified an average of 15% and 14% of reads at the genus level in control
and Cd-treated samples, respectively. At the species level, the average classification was
14% for control samples and Cd-treated samples. Bracken refinement revealed E. gracilis

as the most abundant taxa across all samples on average (99.2%; Figure 4.5).

Differential abundance analysis revealed a subset of taxa that were significantly
enriched in either control or Cd-treated cultures (Table S4.9; Figure S4.7). For example,
Talaromyces amestolkiae and Exophiala oligosperma exhibited strong enrichment under
Cd exposure, with log, fold changes exceeding 8 and FDR-adjusted p-values < 0.001. In
contrast, Corynebacterium simulans was significantly more abundant in control samples

(log> fold change = —-2.32; padj = 0.01).

4.6 DISCUSSION

This study highlights the stress resilience of E. mutabilis and its associated
microbial partners under Cd exposure, revealing a coordinated response that spans
molecular, physiological, and community levels. Rather than simply tolerating toxicity, the

FAB consortium actively modulates gene expression, hormone biosynthesis, and
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ultrastructural organization to manage HM stress, which underscores the adaptive capacity

of co-cultured extremophiles in severe environments.

Cd tolerance and accumulation of E. mutabilis

Cd is a non-essential and toxic metal for microalgae, known to disrupt
photosynthetic processes and respiration [58—61]. In this study, E. mutabilis demonstrated
exceptional resilience to Cd stress, tolerating concentrations that are lethal to most
freshwater microalgae. After 21 days of exposure to 100 uM Cd (approximately
11.2mg/L), E. mutabilis maintained cell densities exceeding 3.7 x 10° cells/mL and
viability above 97%. In contrast, Chlorella sp. and Ankistrodesmus sp. exhibit sharp
declines in both growth and viability at Cd levels above 8.0 mg/L and 5.4 mg/L,
respectively, within a shorter timeframe [62]. Even Scenedesmus, often considered more
tolerant, shows growth inhibition at 10-15 mg/L Cd within 12 days [62]. Notably, the
related euglenoid E. gracilis demonstrates high sensitivity to Cd under autotrophic growth,
with severe growth inhibition at concentrations far below those tolerated by E. mutabilis

[25,26,63,64].

Alongside superior viability, E. mutabilis accumulated cellular Cd at levels that
surpassed those reported in most freshwater algal species. By day 21, approximately 15%
of total Cd added to the culture had been internalized. In comparison, Chlorella vulgaris
[65] and Scenedesmus obliquus [66] exhibit cellular Cd accumulation of approximately 5%
and 8%, with most metal ions remaining adsorbed on the cell surface after shorter
exposures. Studies of diatoms such as Thalassiosira weissflogii indicate that cellular Cd

accumulation typically plateaus within hours rather than over weeks [67]. In E. mutabilis,
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however, accumulation increased steadily over three weeks, suggesting efficient and
sustained uptake or sequestration mechanisms. This ability to internalize and
compartmentalize Cd likely underpins E. mutabilis’ tolerance. Intracellular accumulation
and organelle sequestration are critical detoxification mechanisms in algae, preventing free
Cd?* from disrupting photosynthesis and metabolism [68]. Thus, E. mutabilis’ capacity for
sustained Cd uptake and sequestration may directly contribute to its high viability under

Cd stress, setting it apart from more sensitive taxa.

TEM ultrastructural observations support this finding, revealing electron-dense
deposits within chloroplasts of Cd-treated cells. These deposits are consistent with Cd
sequestration [69,70], and their presence suggests that chloroplasts may act as key
intracellular compartments for Cd storage in E. mutabilis, similar to patterns observed in
E. gracilis under autotrophic conditions [71]; however, the sustained and increasing
intracellular uptake observed in E. mutabilis stands in contrast to E. gracilis. While capable
of accumulating Cd, E. gracilis often exhibits stress-related growth inhibition and reduced
metal uptake over time, particularly under photoautotrophic conditions. For instance, in E.
gracilis, cellular Cd accumulation at 100 uM typically results in significant growth
inhibition (59-81%) within 4 days, with sequestration largely occurring in organelles such
as chloroplasts or mitochondria depending on trophic state [26,64]. In contrast, E. mutabilis
steadily increased Cd accumulation reaching levels that represent a higher proportion of
total Cd introduced to the system than is commonly reported in E. gracilis or other

freshwater microalgae.
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TEM also suggested a greater presence of paramylon granules in Cd-treated cells,
although this was not quantified. This qualitative observation aligns with prior studies
showing elevated paramylon content in E. gracilis under Cd [28], chromium (Cr) [72,73],
and osmotic stress [29,74]. Under autotrophic growth, paramylon accumulation is minimal,
but stress can promote its synthesis as an alternative energy reserve [75,76]. Thus, the
apparent increase in paramylon may reflect a metabolic adjustment to compensate for

impaired photosynthetic carbon fixation under Cd stress.

Transcriptomic data further revealed molecular adaptations consistent with these
physiological responses. DEGs related to metal transport (COG P), including zinc and
cation efflux proteins, suggest active regulation of ion homeostasis. Similar metal transport
systems including cation diffusion facilitators (CDFs), metal tolerance proteins (MTPs),
ABC transporters, and P-type ATPases play key roles in Cd detoxification in green
microalgae such as Chlamydomonas reinhardtii and Auxenochlorella protothecoides [77—
79]. In C. reinhardtii, for instance, MTP1 and MTP4 are upregulated in response to Cd
stress and localized to acidic vacuoles to aid in metal sequestration [79]. Similarly,
upregulation of ABC transporters and cation exchange (CE) proteins has been observed in
Auxenochlorella protothecoides and C. reinhardtii under HM stress, where they facilitate
cellular efflux of Cd and Hg ions, respectively [77,78]. While E. mutabilis showed mixed
expression of these genes, including some downregulation of ATP-binding (GO:0005737)
and ABC transporter genes (G0O:0140359), alternative or lineage-specific detoxification

pathways may be at play.
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Notably, genes associated with photosynthesis and energy production (COG C)
including ATP synthase subunits and photosystem Il components were upregulated under
Cd stress. This suggests that E. mutabilis maintains chloroplast function and energy
production despite metal exposure. Interestingly, LHC genes were downregulated a
phenomenon also observed in C. reinhardtii under metal stress and interpreted as a strategy
to reduce photooxidative damage when photosystem integrity is compromised [80].
Together, these patterns point to a strategic rebalancing of photosynthetic activity to sustain

core energy production while limiting photodamage.

Finally, enrichment of GO terms related to catalytic activity and carbohydrate
metabolism (GO:0003824) supports the hypothesis of metabolic reorganization under
stress. Although direct annotation of -1,3-glucan metabolism genes was lacking, the
increased paramylon observed in TEM (Figure 4.3) suggests a shift toward energy
conservation and stress buffering. The coordinated upregulation of genes supporting energy
metabolism, metal transport, and chloroplast resilience alongside increased paramylon
storage indicates an integrated survival response in E. mutabilis that is both metabolically

flexible and stress adapted [74].

The exceptional Cd tolerance observed in E. mutabilis is likely not the result of
algal physiology alone but may be reinforced by its microbial partners within the FAB
consortium. Previous studies have shown that disrupting this consortium through antifungal
or antibiotic treatments significantly impairs Cd tolerance, suggesting that cohabiting
microbes play a functional role in stress adaptation [20]. Microbial partners such as

Talaromyces and Acidiphilium may enhance metal resistance through several mechanisms
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including modifying local pH, producing metal-chelating compounds, or facilitating redox
transformations that alter Cd speciation and reduce bioavailability [81-84]. Additionally,
members of the FAB community may themselves sequester Cd or stimulate algal signaling
pathways that modulate detoxification responses. For instance, engineered fungal-bacterial
biofilms composed of Trichoderma harzianum and Bacillus subtilis reduced soil Cd, Pb,
and zinc (Zn) available content by approximately 76—78%, outperforming individual

strains under greenhouse conditions [85].

Although the transcriptomic data in this study reflect predominantly E. mutabilis
gene expression, the functional outcome observed including sustained cell viability, high
Cd uptake, and metabolic resilience likely emerges from synergistic interactions within the
FAB system. These findings support the growing consensus that microbial consortia offer
metabolic plasticity, niche complementarity, and environmental buffering not attainable by

monocultures, particularly in extreme conditions.

Hormones as regulators of Cd toxicity
Cytokinins

Transcriptome and hormone analyses suggest that the E. mutabilis FAB engages a
coordinated, hormone-mediated response to Cd, reflecting a strategic regulatory shift that
deprioritizes growth and reallocates metabolic energy toward survival. The near-complete
suppression of CK free bases and ribosides — the forms directly involved in active signaling
[86] — suggests a deliberate downscaling of growth-promoting pathways in response to HM

exposure. This suppression aligns with the observed transcriptional downregulation of key
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CK biosynthetic and activation genes, including IPT and LOG, which are responsible for

CK nucleotide production and subsequent conversion to active forms, respectively.

In Euglena, CKs are primarily synthesized via the tRNA degradation pathway, in
which IPT enzymes transfer an isopentyl group from dimethylallyl pyrophosphate
(DMAPP) to adenine at position 37 of tRNA molecules, producing isopentenylated tRNAs
[87,88]. Upon degradation, these modified tRNAs release inactive CK nucleotides which
are then activated by LOG enzymes through cleavage of the riboside monophosphate
moiety, yielding free base CKs [89]. Further modification is carried out using S-
adenosylmethionine (SAM), iron (Fe), and cysteine (Cys) which are required for the
methylthiolation of CKs from the tRNA degradation pathway [90]. The observed
downregulation of genes involved in SAM and O-methyltransferase biosynthesis under Cd
stress suggests a key shift in methylation dynamics that may directly affect hormonal
regulation and metabolic prioritization. SAM is a universal methyl donor in the synthesis
of methylthiolated CKs, particularly 2-methylthio derivatives such as MeSZR [91].
Methionine and SAM metabolism are tightly regulated under abiotic stress, where
increased methionine synthesis can suppress CK signaling in favor of stress adaptation [91].
In contrast, the reduction of SAM and methyltransferase activity in E. mutabilis under Cd
exposure implies a deliberate suppression of methylthiolated CK biosynthesis which has
not been characterized in other systems as a response to environmental stressors.
Downregulation of these genes under Cd stress suggests an adaptive hormonal checkpoint.
While the biosynthetic machinery may still be producing precursor CK nucleotides, the

conversion to active signaling molecules is intentionally restricted.
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Interestingly, comparisons between cultures exposed to Cd after 21 days against
cultures exposed for 14 days show modest upregulation of genes encoding LOG enzymes
and SAM-dependent methyltransferases. This pattern implies that the E. mutabilis FAB
system does not maintain a static suppression of CK signaling under stress, but rather
dynamically modulates its hormonal machinery in response to environmental duration and
intensity. Initially, suppressing CK activation and methylthiolated derivative synthesis may
serve to halt energy-expensive processes such as cell division and metabolic stimulation.
However, after prolonged exposure, the observed transcriptional activation of LOG and
SAM genes may indicate a priming response, in which the system prepares for re-entry into
growth or detoxification states once sufficient acclimation has occurred. Similar regulatory
strategies have been documented in higher plants, where overexpression of LOG genes
enhances recovery from abiotic stress by promoting controlled reactivation of CK signaling
pathways during late-stage adaptation [92]. The reactivation of SAM metabolism may
further support methylation-related processes tied to antioxidant production and hormone
biosynthesis [93]. Although methylthiolated CKs are the least characterized group of CKs,

this evidence suggests they may play a role in tempering stress responses [90].

This hormonal modulation appears to serve as a protective mechanism. Rather than
allowing uncontrolled cell division or resource allocation during metal-induced stress, E.
mutabilis may maintain CKs in their inactive nucleotide form, effectively buffering the
signaling capacity while minimizing metabolic risk. Similar trends have been observed in
higher plants. In Oryza sativa, overexpression of LOG enhances tolerance to drought and
salinity by promoting sustained growth and recovery capacity, whereas reduced expression

limits growth under stress [92]. In Gossypium hirsutum, LOG expression is regulated by
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salt stress, with elevated LOG activity promoting root development and stress mitigation,

while knockdown lines show heightened stress sensitivity [94].

The concurrent accumulation of CK nucleotides in Cd-treated E. mutabilis cultures
supports this model. Although biosynthesis is not fully halted, hormonal signaling output
is restrained. This is likely not a passive outcome of cellular damage, but an active
regulatory strategy to balance energy demands, limit oxidative damage, and maintain

hormonal readiness for post-stress recovery [95].

Auxins

The complete absence of extracellular IAA in Cd-exposed cultures, despite modest
transcriptional activation of upstream biosynthetic genes, points to a similarly strategic
suppression. Although transcripts linked the tryptophan-dependent TAA biosynthesis
pathway — including a putative tryptophan synthase [ subunit and genes with
aminotransferase- or flavin monooxygenase-like annotations [96] — were weakly
upregulated, their precise functional identity remains uncertain. These enzymes could
represent early steps in [AA biosynthesis but given the broad metabolic roles of tryptophan
and the ambiguity of annotations, the evidence for a direct auxin pathway is inconclusive.
Notably, these modest transcript increases did not correspond to detectable extracellular
IAA. This may reflect intracellular retention of IAA, the degradation of IAA under stress
conditions, or the diversion of tryptophan towards alternative pathways. Such a response
could limit oxidative risk, as IAA is redox-active and can exacerbate ROS generation when

present in excess [97].
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In other systems, similar reductions in auxin production or export have been
correlated with improved tolerance to abiotic stressors such as salinity, drought, and HM
exposure. For example, seedlings of Pisum sativum L. exposed to Cd and copper (Cu)
exhibited elevated IAA oxidase activity — an enzyme associated with degradation of [AA
resulting in decreased concentrations of auxin and impeded growth [98]. In S. obliquus, the
concentration of intracellular TAA was reduced by 33% after being exposed to Pb which
contributed to reduced cell proliferation [99]. However, IAA supplementation alleviated
oxidative stress by boosting antioxidant defenses such as phytochelatin and glutathione
production, suggesting that IAA can either exacerbate or mitigate ROS-related damage
depending on context and concentration [99]. The E. mutabilis response likely mirrors these
adaptive strategies, prioritizing redox balance and metabolic stability while continuing to

proliferate in the face of Cd stress.

Considering the possible lack of alignment between IAA hormone profiles and
possible related genes identified in transcriptomic analyses could be explained if IAA
remained sequestered intracellularly or was rapidly metabolized to prevent redox
imbalance. Supporting this, auxin has been shown to passively diffuse through the cell wall
and accumulate within algal cells without requiring active export, as seen in Scenedesmus
exposed to Pb [99]. Alternatively, the lack of TAA in the media may reflect suppressed
microbial auxin production. Previous work identified that IAA production by co-cultured
bacteria enhanced growth in E. gracilis, suggesting that auxin may function as a cross-
kingdom signaling molecule in microbial consortia [100]. In the present study, however,
the fungal and bacterial partners may not have contributed to extracellular auxin pools, or

the overall biosynthetic activity may have been suppressed by Cd exposure. Whether auxin
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signaling occurred entirely within E. mutabilis or through localized microenvironmental
interactions remains unclear, but the strategic absence of extracellular IAA under stress
likely reflects a controlled adaptation to avoid unnecessary growth signaling or oxidative

activation.

The shift away from canonical hormone signaling aligns with broader
transcriptomic and cellular trends in the E. mutabilis FAB: increased paramylon storage,
suppressed LHC expression, and sustained chloroplast function under Cd stress. Together,
these observations support a model in which E. mutabilis, possibly in concert with its
microbial partners, transitions into a metabolically buffered state characterized by
hormonal restraint, energy conservation, and enhanced detoxification capacity. In E.
mutabilis, this may manifest as a culture-wide metabolic shift that enables prolonged

survival and functional stability despite metal toxicity.

Microbial contributions and community-level adaptation

The functional success of the FAB system under Cd stress cannot be attributed to
E. mutabilis alone. Community profiling revealed a shift in associated microbial
assemblages under Cd exposure, with several fungal and bacterial taxa showing increased
relative abundance. While some annotations suggested specific genera, it is important to
note that metatranscriptomic pipelines are prone to taxonomic misassignments, particularly
for fungi, where databases are often incomplete, markers lack phylogenetic resolution, and
non-model organisms have a greater risk of spurious matches even to non-microbial
lineages such as amphibians or humans [101-103]. Consequently, these identifications

should be interpreted at a broad taxonomic level, with emphasis on functional potential
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rather than species-specific roles. This aligns with earlier work using phylogenetically

certified sequences that confirmed FAB associations in the consortium [20].

Rather than attributing detoxification to individual strains, the observed
community-level adaptation is consistent with microbial partners contributing general
functions widely distributed across microbial kingdoms such as biosorption, chelation, and
pH regulation [7,104]. Fungal associations, for example, are known in plants to buffer
oxidative stress and alter nutrient mobility under HM exposure [105], while bacteria such
as acidophiles adjust pH and redox conditions in extreme environments [82]. The increased
abundance of certain fungi in Cd-exposed cultures may therefore reflect general adaptive
traits favoring persistence under metal stress, without requiring precise species-level
assignment. In this regard, Euglena itself is exemplary. As a euglenoid, it harbours genes
with similarities to plants and bacteria [106,107] making taxonomic and functional
assignments particularly challenging. Thus, the community’s apparent contributions to
FAB resilience under Cd stress are best interpreted as cross-kingdom functional strategies

rather than discrete activities of any single identified species.

Insights into Cd tolerance of E. mutabilis from transcriptome analysis

GO-term enrichment analysis revealed a suite of transcriptional adjustments in
response to Cd stress, highlighting genes associated with heavy metal detoxification, ion
homeostasis, and oxidative stress mitigation. This included the upregulation in genes

2% ¢

involved in “metabolism”, “chloroplast thylakoid membrane”, and “thylakoid” while those

linked to “chloroplast”, “photosynthesis, light harvesting”, “transmembrane transporter

activity” and “formate transmembrane transporter activity” were consistently
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downregulated. Notably, genes annotated for ZIP (ZRT/IRT-like Protein) family
transporters and cellular zinc homeostasis were significantly upregulated at all timepoints.
In plants and microalgae, ZIP and IRT transporters mediate the uptake and intracellular
transport of divalent metal ions, including Zn**, Fe**, and Cd**, across membranes
[108,109]. Under metal stress, ZIP proteins may also function in detoxification, reducing
metal accumulation by facilitating redistribution or efflux [110-112]. In E. gracilis, ZIP
transporters have been implicated in mediating Cd accumulation within chloroplasts
[27,59], consistent with the electron-dense Cd deposits observed in chloroplasts of E.

mutabilis in TEM images.

Although DGE analysis revealed upregulation of ZIP transporters when comparing
control and Cd-treated cultures, a different pattern emerged when Cd-treated cultures were
compared over time. Between Days 14 and 21, GO-terms related to “membrane” functions
were notably enriched, particularly those associated with cation transmembrane
transporters and cation efflux family proteins (CDF). Unlike ZIP transporters, which
primarily involve divalent cations into the cytoplasm, cation efflux proteins of the CDF
family mediate transport of metals from the cytosol into organelles such as vacuoles or out
of the cell entirely [113,114]. Both ZIP and CDF transporters have been implicated in Cd
translocation into chloroplast of E. gracilis [115], and in C. reinhardtii the overexpression
of a CDF transporter enhanced Cd uptake and tolerance [116]. Interestingly, naturally Cd-
adapted chlorophyte strains still outperformed engineered C. reinhardtii, suggesting that
complex mechanisms underpin long-term adaptation. Taken together, the expression of

both ZIP and CDF transporters in E. mutabilis suggests a coordinated strategy of Cd uptake
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and compartmentalization, which may contribute to its exceptional tolerance under

sustained Cd stress.

The contrast between early ZIP upregulation and later activation of efflux-related
pathways in E. mutabilis may indicate a shift in detoxification strategy from initial metal
internalization and compartmentalization, toward long-term management through vacuolar
sequestration or extracellular export. This shift may be reflective of a multi-tiered
detoxification model in which early uptake is buffered by cellular organelles, and later
response mechanisms aim to clear accumulated intracellular Cd as oxidative stress and

metal saturation increase.

Unlike many microalgae, E. mutabilis did not exhibit increased expression of
phytochelatin or glutathione synthesis genes, highlighting a potential unique detoxification
mechanism among euglenoids. One possibility is the formation or compartmentalization of
Cd-phosphate complexes. This is supported by the upregulation of a proton-phosphate
symporter, potentially indicating enhanced phosphate import. Phosphorus not only forms
insoluble Cd-phosphate precipitates that reduce Cd bioavailability, but also enhances
antioxidant enzyme activity, aiding in ROS detoxification and mitigating oxidative damage.
[117,118]. In Saccharomyces cerevisiae, the interaction between phosphate and Cd has
been shown to affect ROS sensitivity, where excess phosphate suppresses antioxidant
defenses and exacerbates Cd toxicity [119]. Yet, in other systems, phosphate can act as a
protective agent. In Citrobacter sp., Cd-phosphate precipitates form on the cell surface
when both Cd and phosphate are present in the medium, reducing intracellular Cd burden

[120]. Similarly, in Chlorella, extracellular polyphosphates have been shown to complex
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with Cd, providing a non-enzymatic barrier to uptake [121]. Although E. mutabilis was not
cultured in phosphate-rich media, the simultaneous upregulation of phosphate transport,
ZIP-family genes, and CDF transport raises the possibility of a detoxification strategy in
which Cd is exported or redistributed and neutralized through phosphate complexation,
either intra- or extracellularly. These findings suggest that even in non-phosphate-enriched
environments, E. mutabilis may activate latent phosphate-based detoxification strategies as

an alternative to classical phytochelatin-mediated pathways.

If E. mutabilis is attempting to detoxify Cd, it is not without exhibiting stress. Under
Cd stress, E. mutabilis displays a complex transcriptional strategy that reflects a balancing
act between sustaining essential chloroplast function and minimizing oxidative damage.
Upregulation of genes encoding core photosynthetic components such as cytochrome b6,
ATP synthase B-subunit, and photosystem II (PSII) reaction center proteins suggests an
attempt to maintain electron transport and ATP generation despite the known inhibitory
effects of Cd on photosynthetic proteins. Cd is known to displace essential metal cofactors
like Mg?* or Fe?" in photosystem complexes, which can impair electron transport and lead
to excessive ROS production [115,122]. Thus, the increased expression of these core genes
likely represents a compensatory mechanism to repair or replace damaged complexes,
consistent with similar observations in higher plants and algae under metal stress [123—
125]. Supporting this, ATPases associated with ion regulation and energy production were
also upregulated, indicating increased metabolic demand — likely tied to detoxification,

redox balancing, and maintenance of ion gradients within the chloroplast.
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Although HM exposure is widely known to impair photosynthesis, the upregulation
of photosynthesis-related genes in this study may reflect compensatory responses rather
than functional enhancement. Cd, for instance, can substitute for magnesium (Mg) in the
porphyrin ring of chlorophyll, but this substitution produces structurally unstable and
photosynthetically inactive chlorophyll analogs, ultimately impairing light capture and
energy transfer [126]. Similar trends have been observed in other extremophilic microalgae
such as Chlamydomonas acidophila, which upregulated genes associated with
photosynthesis and metabolism under high copper (Cu) concentrations [125]. These
responses were interpreted as part of an adaptive strategy that allows the alga to tolerate
and adjust to toxic environments, potentially through enhanced repair or detoxification
mechanisms [127]. In E. mutabilis, the upregulation of core chloroplast genes likely reflects
an inherent stress-adaptive strategy aimed at repairing or stabilizing damaged
photosynthetic complexes and mitigating oxidative damage, rather than enhancing
photosynthetic efficiency or incorporating Cd into functional components of the

photosynthetic apparatus.

At the same time, transcripts encoding the LHC proteins were significantly
downregulated. This aligns with a well-characterized photoprotective response wherein
LHCs are suppressed to reduce light capture and minimize photooxidative stress during
periods of photosystem instability [122,128]. In a damaged PSII environment, continued
light harvesting exacerbates ROS generation. By shrinking the antennae size, E. mutabilis
reduces excitation pressure on its photosystems, thus mitigating potential oxidative damage

[129,130]. This response, sometimes described as “hardening” in plant systems [131,132],
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supports the hypothesis that E. mutabilis prioritizes minimal but stable photosynthetic

output under extreme stress.

This is supported with the observed downregulation of formate/nitrite transporters
in E. mutabilis under Cd stress, whereby limiting nitrite influx helps prevent the formation
of reactive nitrogen species (RNS) and simultaneously conserves reducing power for
antioxidant defense systems [133,134]. Likewise, suppression of formate transport may
serve to moderate cellular NADH levels, as formate oxidation via formate dehydrogenase
generates NADH, which can overstimulate the electron transport chain and increase ROS
formation through electron leakage [134,135]. By curbing formate uptake, E. mutabilis may
reduce the burden on redox buffering systems, preventing excess ROS accumulation and

maintaining intracellular redox homeostasis.

Together, these transcriptional patterns suggest that E. mutabilis is engaging in a
deliberate overcompensation or functional prioritization strategy under HM stress:
preserving core photosynthetic infrastructure, reinforcing detoxification pathways, and
downregulating auxiliary metabolic functions that could exacerbate oxidative damage or
drain cellular resources. Importantly, the upregulation of chloroplast thylakoid-associated
GO-terms despite downregulation of LHC and undefined chloroplast genes implies that
membrane integrity and photosystem core complexes are preserved, while light input and
metabolic outflow are tightly regulated. Contrary to any suggestion that Fuglena might be
using Cd in place of Mg?" in chlorophyll biosynthesis, such substitution is biochemically
disruptive and would be maladaptive; instead, the observed upregulation more likely

reflects a repair or stabilization response to metal-induced chloroplast stress. Collectively,
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this pattern points to a sophisticated ROS mitigation and energy conservation mechanism

that enables E. mutabilis to endure and function in metal polluted environments.

These molecular, metabolic, and structural responses support a unified model of Cd
tolerance in the E. mutabilis FAB consortium (Figure 7). This model encompasses (1) early
Cd uptake via ZIP transporters, (2) intracellular detoxification through chloroplast
sequestration and efflux mechanisms, (3) strategic downregulation of light harvesting and
nitrogen transport to reduce ROS, (4) paramylon accumulation as a metabolic buffer, and
(5) hormone suppression to pause growth signaling. The enrichment of Talaromyces and
Acidiphilium under Cd stress suggests that microbial associates further support stress
adaptation through chemical signaling and environmental modulation. This integrative
response underpins the long-term stability and functional resilience of the consortium in

metal polluted environments.

4.7 CONCLUSIONS

This study reveals the unique molecular and physiological adaptations of a naturally
occurring E. mutabilis FAB consortium to Cd stress, integrating transcriptomics, hormone
profiling, structural imaging, and community analysis. Notably, the combined response of
E. mutabilis and its microbial partners involves a transition from early metal uptake to
intracellular detoxification, strategic suppression of ROS-generating pathways, metabolic

reorganization, and hormone downregulation to maintain cellular stability.

The novelty of this work lies in the holistic demonstration that natural microbial

consortia — rather than isolated monocultures or synthetic co-cultures — coordinate at
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multiple biological levels to achieve extreme stress resilience. By preserving
photosynthetic function, activating detoxification pathways, and dynamically modulating
hormone metabolism, this system offers a blueprint for leveraging ecological interactions
in engineered biotechnologies. The E. mutabilis FAB consortium represents a compelling
model for designing biologically robust, adaptive remediation systems for acidic and metal-
laden environments. These findings underscore the potential of co-cultured extremophiles

in shaping the next generation of sustainable bioremediation strategies.
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4.8 FIGURES AND TABLES
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Figure 4.1: Assessment of Cd tolerance of E. mutabilis. Growth of E. mutabilis over 21-
days in 100 uM CdCl, revealed significant decreases in cell counts compared to E.
mutabilis cells grown in MAM only. Error bars represent standard deviation between
biological replicates (n = 7), and asterisks represents significant difference between 0 uM
and 100 uM Cd on each day (* = p < 0.05; ** = p <0.01; *** = p < 0.001) as determined
by an F-test for variance and Student’s t-test.
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Figure 4.2: Cellular CdCl; accumulation increases progressively over the 21-day exposure
to Cd. Each light green dot represents an individual biological replicate (n = 7) while the
dark green point represents the average + standard deviation (black error bars). The dotted
line illustrates the overall trend of increasing average Cd accumulation over time (R? =
0.93; y=11.5x + 67.8). Based on the initial Cd dosing (674,000 ng per 60 mL culture flask),
intracellular uptake accounted for 3-11% over time. Background media controls indicated
abiotic Cd losses where 500,000 ng, 525,000 ng, and 491,000 ng remained after 7-, 14-,
and 21-days, respectively. This raised the effective sequestration efficiencies to 5-15%.
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Figure 4.3: Transmission electron microscopy of E. mutabilis cells points to an elevated
presence of paramylon and Cd accumulation after 21-days of growth. Representative cross-
sections of E. mutabilis grown in (a) MAM and (b) MAM + 100 uM CdCl. display
chloroplasts (c), Golgi bodies (g), mitochondria (m), the nucleus (n) vacuoles (v), the
pellicle (black arrows), paramylon granules (white arrows), and electron-dense bodies
within the chloroplast (red arrows). While not measured, paramylon granules appeared
more numerous in Cd-treated cells. The scale bar on each image is 2 um.
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Figure 4.4: Gene expression when E. mutabilis is grown in 100 pM Cd changes over time.
A Euler diagram (a) displays the number of unique DEGs between control and Cd-treated
cultures after 7 (red), 14 (yellow), and 21 (blue) days growing in the presence of 100 uM
Cd. Volcano plot comparing the log, fold change (x-axis) and -logio adjusted p-value (-
axis) illustrate the distribution of DEGs which are significantly (padj < 0.05; |log» fold
change| > 1) upregulated (red) and downregulated (blue) after 7 (b), 14 (c), and 21 (d) days
of growth with Cd.
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Figure 4.5: Relative abundance of the top 10 most abundant species identified in
metatranscriptomic samples across timepoints and treatment conditions using Kraken2
classification with Bracken refinement. (a) Full-scale relative abundance showing that
Euglena gracilis overwhelmingly dominated all samples across control and Cd-treated
cultures at Days 7, 14, and 21. (b) Expanded view (0-1.5% scale) highlighting low-
abundance taxa, including Prototheca wickerhamii, Heterocapsa triquetra, Exophiala
oligosperma, Homo sapiens, and others. The analysis was performed at the species level,
and values represent the estimated fraction of reads assigned to each species normalized by
Bracken. Bars represent the average relative abundance across replicates (n = 7) for each
condition.
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Figure 4.6: Conceptual model of the multifaceted response of the Euglena mutabilis FAB
consortium to Cd stress, integrating metal handling, metabolic regulation, antioxidant
defense, and hormonal modulation. Cd uptake is initially mediated by ZIP family
transporters, followed by upregulation of cation diffusion facilitators and CDF transporters
to support intracellular sequestration or export. Chloroplasts may serve as key
detoxification compartments, limiting damage to other organelles. Cd exposure induces
ROS (blue shape and up arrow), prompting downregulation of LHC and formate/nitrite
transporter genes to reduce light harvesting and electron leakage. Despite suppressed
photosystem activity, upregulation of ATP synthase and PSII core components suggests
maintenance of basal photosynthetic function (depicted as dark pigmented chlorophyll).
Paramylon accumulation (yellow) provides metabolic buffering under prolonged stress.
Hormone responses include suppressed active CKs and auxin with the downregulation of
IPT and LOG (grey star and down arrow) but increased CK nucleotide forms (purple star
and up arrow), indicating a shift toward hormonal dormancy. Symbiotic partners such as
Talaromyces and Acidiphilium acidophilum may further enhance tolerance via metal
chelation, pH stabilization, and phytohormone signaling. Together, the model highlights a
coordinated strategy for survival in metal-contaminated environments. Figure was made
using BioRender.com.
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Table 4.1: Comparison between the frequency of non-viable cells in control and Cd
treated cells after 21-days of growth (n = 7). Dead cell frequency was assessed by staining
with Trypan Blue and counting on a haemocytometer at 10x magnification. The
frequency of dead cells was determined using the formula: (# dead cells / total cell count)
* 100% = frequence of dead cells.

Day 7 Day 14 Day 21
Total Cell Frequency Total Cell Frequency Total Cell Frequency
Counts of Dead Counts of Dead Counts of Dead
(cell/mL) Cells (%) (cell/mL) Cells (%) (cell/mL) Cells (%)
0puM Cd 302,678 0 465,104 0 538,988 0
100 uM 237,648 0.69 318,228 2.25 379,910 1.75
Cd

Table 4.2: Concentrations of hormones detected in the culture supernatant of E. mutabilis
under control and Cd-treated conditions over 21 days. Hormone levels are reported as
mean =+ standard error (SE) in picomolar per 100,000 cells (pmol/100,000 cells) or
femtomolar per 100,000 cells (fmol/100,000 cells). CKs are grouped into free bases,
ribosides, and nucleotides, with total concentrations provided for each class where
applicable. A dagger (f) indicates significant difference in hormone concentration
between control and Cd-treated cultures at each timepoint using an F-test to assess
variance followed by Student’s t-test (n = 7).

Supernatant
(pmol/100,000 0 uM Control 100 pM Cadmium
cells + SE)
Compound Day 7 Day 14 Day 21 Day 7 Day 14 Day 21
1022.124 + 665.174 +
T1AA 132.706 36.362 n.d. n.d. n.d. n.d.
Supernatant
(fmol/100,000 0 uM Control 100 pM Cadmium
cells + SE)
Compound Day 7 Day 14 Day 21 Day 7 Day 14 Day 21
Free bases 7 32753+ 146.646 + 761.035 + 507.937 + nd nd
¢ 8.503 7.823 41.450 59.590" o o
ip 10.975 £ 18.084 + 10.226 + 13.872 £ d d
! 1.463 0.836 0.585 3.219* na na
Total 43.728 + 164.73 + 771.261 = 521.809 = 0 0
9.966 8.659 42.035 62.809
o 8.845 + 25.164 + 29.162 + 20.257 £
Ribosides cZR 1.792 3 540 4970 5595 n.d. n.d.
Nucleotid ZNT 125.712 308.041 + 290.031 + 301.741 + 325.904 + 235.569 +
ucleotides ¢ 5.994 5.780 17.981 11.426" 8.042 4.015"
. 495.101 = 991.867 =
iPNT n.d. n.d. n.d. n.d. 27895 78298
Total 125.712 + 308.041 + 290.031 + 301.741 + 821.005 = 1,227.436
5.994 5.780 17.981 11.426 35.937 82.313
. 1689.148 + 1099.257 + 1164.213 + 641.495 + 778.509 + 487.250 =
Methylthiols MeSZR 50.541 32.891 31.045 6.1411 13.023 18.076"
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Table 4.3: Identification of unique GO terms in the presence of Cd. 39 statistically
overexpressed (FDR < 0.05) gene ontology (GO) terms were identified from the list of
DEGs using the PANTHER classification system when E. mutabilis cultures grown in
MAM were compared to cultures grown in MAM + 100 uM Cd. Databases for GO term
identification include Homo sapiens, Arabidopsis thaliana, Chlamydomonas reinhardtii,
and Synechocystis sp. in relation to clusters of orthologous genes (COGs) identified using
BLASTX.

Gen
e Average . .
Ontolo GO Term COG Classification(s
&y Cou  FDR ®)
nt
Biological Photosynthesis, light harvesting (GO:0009765) 178 7.09 x 107 C, P, Unclassified
Process Photosynthesis (GO:0015979) 22 6.13x 10 S, Unclassified
Translation (GO:0006412) 19 836x 107 J, Unclassified
Cyclic nucleotide biosynthetic process 8 3.68x 107 P, T, Unclassified
(GO:0009190)
Photosynthesis, light reaction (GO:0019684) 4.58x 107 C

6
Nucleotide metabolic process (GO:0009117) 4 2.12x 107 F
Response to light stimulus (GO:0009416) 3 1.91x 10% BDLTU
Translational elongation (GO:0006414) 1 3.22x 107 Unclassified
1
7

Proton transmembrane transport (GO:1902600) 4.74x 107 Unclassified
Cellular Cytoplasm (GO:0005737) 276 6.98x10* E,FJ,N,0,Q,S,T,UY,V,Z,
Unclassified
Component Chloroplast (GO:0009507) 228 1.47x 10 C,E, J, P, S, Unclassified
Membrane (GO:0016020) 218 245x 107 BDLTU, C,DKT,E, J,P, Q, S,
V, Z, Unclassified
Photosystem I (GO:0009522) 95 4.04x 107 C, P, S, Unclassified
Chloroplast thylakoid membrane (GO:0009535) 50 243x10° C, S, Unclassified
Cytosol (GO:0005829) 48 3.86x 107 B,E,F,G,H,0,T, Z,
Unclassified
Plasma membrane (GO:0005886) 41 1.28x 10* P,PQ,Q,T,U,V,Z,
Unclassified
Extracellular region (GO:0005576) 14 7.39x 103 E, O, Q, Z, Unclassified
Plastid (GO:0009536) 10 4.00x 107 E, G, Unclassified
Ribosome (GO:0005840) 9 5.94x 107 J, Unclassified
Photosystem (G0O:0009521) 6 6.10x 10° C
Thylakoid (GO:0009579) 6 5.60x 107 S
Small ribosomal subunit (GO:0015935) 5 1.93x 107 J, Unclassified
Photosystem II (GO:0009523) 5 435x 107 C, Unclassified
Extracellular exosome (GO:0070062) 5 1.34x 10 E, Unclassified
Protein-containing complex (GO:0032991) 4 8.74x 103 Unclassified
Plastoglobule (GO:0010287) 3 1.23x 107 S
Thylakoid membrane (GO:0042651) 3 443x 107 Unclassified
Extracellular space (GO:0005615) 2 3.91x 107 Unclassified
Mitochondrial nucleoid (GO:0042645) 1 3.75x 107 Unclassified
Cytosolic ribosome (GO:0022626) 1 3.70x 107 Unclassified
Chloroplast envelope (GO:0009941) 1 1.37x 107 E
Molecular Transmembrane transporter activity (GO:0022857) 46 438 x 107 E, P, Unclassified
Function ABC-type transporter activity (GO:0140359) 21 3.39x 107 Q, V, Unclassified
Translation elongation factor activity (GO:0003746) 15 7.79 x 107 J, Unclassified
Proton-transporting ATP synthase activity, rotational 9 6.32x 107 C, Unclassified
mechanism (GO:0046933)
Chlorophyll binding (GO:0016168) 6 2.50x 10 C
Hydrolase activity (GO:0016787) 4 1.41x 107 T, Unclassified
Formate transmembrane transporter activity 2 5.85x 10™ P
(G0O:0015499)
Nucleotide binding (GO:0000166) 1 1.45x 107 Unclassified
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Table 4.4: Identification of unique GO terms from cultures grown in Cd. 24 statistically
overexpressed (FDR < 0.05) gene ontology (GO) terms were identified from the list of
DEGs using the PANTHER classification system when E. mutabilis cultures grown in
100 uM Cd for 14 days were compared to cultures in 100 uM Cd for 21 days. Databases
for GO term identification include Homo sapiens, Arabidopsis thaliana,

Chlamydomonas reinhardtii, and Synechocystis sp. in relation to clusters of orthologous
genes (COGs) identified using BLASTX.

Gene
Average . .
Ontology GO Term Coun FDR COG Classification(s)
t
Biological Cyclic nucleotide biosynthetic process 9 3.68 x 107 CT
Process (G0:0009190)
Photosynthesis, light harvesting (GO:0009765) 3 7.09 x 107 S, Unknown
Translation (GO:0006412) 2 8.36x 103 J, Unknown
Response to light stimulus (GO:0009416) 1 1.91x 10%® LT
Cellular Cytoplasm (GO:0005737) 23 6.98 x 10 C,H,LJLLILTO,Q,S,T,
Unknown
Component Membrane (GO:0016020) 18 245x 107 DO, EG,LJ,P,Q,S, T,
Unknown
Plasma membrane (GO:0005886) 16 1.28x 10 C,0,P PQ,S, T, U, Unknown
Cytosol (GO:0005829) 12 3.86x 102 DO,F,G,H,1,0,8,Z,
Unknown
Extracellular region (GO:0005576) 8 7.39x 103 E,G,1,0,Q,S, Unknown
Chloroplast (GO:0009507) 6 1.47 x 107 I, O, S, Unknown
Photosystem I (GO:0009522) 3 4.04x 10° S, Unknown
Ribosome (GO:0005840) 2 5.94x 103 J, Unknown
Photosystem II (GO:0009523) 2 435x 107 S, Unknown
Chloroplast thylakoid membrane (GO:0009535) 2 243x10° S, Unknown
Plastoglobule (GO:0010287) 2 1.23x 107 IS
Extracellular exosome (GO:0070062) 2 1.34x 10 CG
Extracellular space (GO:0005615) 1 3.91x 103 (6]
Chloroplast envelope (GO:0009941) 1 1.37x 107 S
Protein-containing complex (GO:0032991) 1 8.74x 103 S
Molecular Nucleotide binding (GO:0000166) 3 1.45x 107 H, LT, Unknown
Function Hydrolase activity (GO:0016787) 3 1.41x 107 F, LM
Chlorophyll binding (GO:0016168) 2 2.50x 10 S, Unknown
Catalytic activity (GO:0003824) 1 3.97x 103 I
Transmembrane transporter activity (GO:0022857) 1 4.38x 107 P
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4.9 SUPPLEMENTARY MATERIAL

Table S4.1: Hormones, listed in order of retention time (minutes) included in the
UHPLC-MS/MS method using PRM mode. 29 CKs (freebase, riboside, glucoside,
methylated, and aromatic forms) and 8 acidic hormones were analyzed directly while 4

CK nucleotides were analyzed in their dephosphorylated riboside state

Group Analyte Abbreviation Labelled Analyte
tra.ns—Zea.tln tZ (Z-ds
Freebases cis-Zeatin cZ
Dihydrozeatin Dz DZ-ds
Isopentyladenine iP iP-ds
tra.ns—Zea.tm .r1b0.51de tZR (ZR-ds
Ribosides .czs—Zeatln .I'leSId? cZR
Dihydrozeatin riboside DZR DZR-ds
Isopentyladenosine iPR iPR-ds
trans-zeatin riboside-5"-monophosphate tZNT
. o , tZR-ds
Nucleofides .czs—zeatln .I'lb(.)SId?—S -monophosphate cZNT
Dihydrozeatin riboside -5’-monophosphate DZNT DZR-ds
Isopentyladenosine-5'monophosphate iPNT iPR-ds
2-Methylthio-trans-zeatin MeSZ MeSZ-ds
Methylthiols 2-Methylthio-trans-zeatin riboside MeSZR MeSZR—ds
2-Methylthio-isopentyladenine MeSiP MeSiP-des
2-Methylthio-isopentyladenosine MeSiPR MeSiPR-ds
trans-zeatin-O-glucoside t7Z0G
cis-zeatin-O-glucoside cZ0G 120G-ds
Dihydrozeatin-O-glucoside riboside DZOG DZOG-d7
Glucosides quns-zegtin—7- gluc0§ide tZ7G (Z7Gds
cis-zeatin-7-glucoside
trans-zeatin-9-glucoside t79G
cis-zeatin-9-glucoside cZ9G 129G-ds
Dihydrozeatin-9-glucoside DZ9G DZ9G-ds
Isopentenyladenine-7-glucoside iP7G iP7G-ds
Isopentenyladenine-9-glucoside iP9G iP7G-ds
. Benzylaminopurine BA BA-dy
Aromatic CKs Benzylanﬂnopurirﬁ)e riboside BAR BAR-d;
Abscisic acid ABA ABA-ds
Gibberellin 1 GAl GAl-d2
Gibberellin 3 GA3 GA3-dz
Acids Gibberellic acid 4 GA4 GA4-d2
Gibberellin 7 GA7 GA7-dz
Indole-3-acetic acid IAA TIAA-ds
Salicylic acid SA SA-ds
Jasmonic acid JA ABA-ds
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Figure S4.1: Visualization of DNAase-treated RNA samples. Integrity and quality of
DNAse-treated RNA was visualized by electrophoresis on a 1.5% BPTE agarose gel after
glyoxal denaturation. A single-stranded RNA ladder (“L”; New England BioLabs, Whitby,
Canada) was used as a reference. The rRNA of Euglena is fragmented, consisting of
approximately 14 RNA molecules [1], which accounts for its distinct appearance on the
gel. Control (MAM; green lettering) and treatment (MAM + 100 uM Cd; blue lettering)
samples are numbered sequentially: samples 1-7 were analyzed after 7-days of growth,
samples 8-14 were analyzed after 14-days of growth, and samples 15-21 were analyzed
after 21-days of growth.

Table S4.2: Average number of raw and quality-trimmed reads (n = 7) obtained from
RNA-sequencing of E. mutabilis cultures exposed to 0 uM or 100 uM Cd across three
time points. Read counts represent the average per condition after initial sequencing
and post-trimming quality control.

Day Treatment  Number of Raw Reads Number of Trimmed Reads
7 0uM Cd 67,720,090 67,238,647
100 uM Cd 64,913,563 64,400,546
14 0uM Cd 68,959,057 68,521,184
100 uM Cd 66,754,179 66,287,454
21 0OuM Cd 61,359,308 60,879,526
100 uM Cd 61,135,707 60,607,572

Table S4.3: Average number of reads (n = 7) assigned to genes and isoforms in cultures
treated with 0 pM or 100 uM Cd across Days 7, 14, and 21. Reads were quantified at

both the gene and isoform levels to assess mapping efficiency to the assembly.

Day Treatment Reads Assigned to Reads Assigned to
Genes Isoforms

7 0 uM Cd 54,577,857 54,577,686
100 uM Cd 50,818,499 50,818,525

14 0 uM Cd 56,623,113 56,623,089
100 uM Cd 51,624,278 51,624,363

21 0 uM Cd 49,228,679 49,228,640
100 uM Cd 45,873,166 45,873,322
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Figure S4.2: Principal component analysis (PCA) of differentially expressed genes in
control (0 uM Cd) and Cd-treated (100 uM Cd) cultures. (a) PCA including all samples,
with Control 8 appearing as an outlier along PC1. (b) PCA with Control 8 removed,
resulting in clearer clustering by treatment group. Variance explained by each principal
component is indicated on the axes
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Table S4.4: Summary of differentially expressed genes (DEGs) identified by DESeq2
and edgeR across treatment and timepoint comparisons. The number of DEGs with an
adjusted p-value (Padj) < 0.05 and those with both Padj < 0.05 and |log: fold change| > 1
are reported for each method. The final two columns show the overlap in DEGs identified
by both DESeq2 and edgeR using the same thresholds. Comparisons include control vs.
Cd treatment and intra-treatment changes over time.

Overlap of
DESeq2 edgeR DESeq2 &pedgeR
Padj < Padj < Pad; Padj <
Comparison Padj < 0.05; Padj < 0.05; 0.05;
0.05 |logFC|> 0.05 |logoFC|> 0.05 [logoFC| >

1 1 1

Control vs Cd Day 7 7,503 1,980 3,578 1,880 2,700 1,092
Control vs Cd Day 14 8,202 2,378 4,170 1,745 2,893 1,016
Control vs Cd Day 21 12,981 2,908 4,087 2,286 3,192 1,472

Control Day 7vs 14 13,832 5,304 66 65 23 23
Control Day 7vs 21 10,877 846 122 121 42 42
Control Day 14 vs 21 16,457 3,758 101 101 31 31
Cd Day 7 vs 14 10,540 3,239 143 142 33 32
Cd Day 7 vs 21 15,481 1,016 32 30 6 6

Cd Day 14 vs 21 12,191 1,690 14,056 11,597 5,212 882

Table S4.5: Overlap of differentially expressed genes (DEGs) across control vs Cd
comparisons at days 7, 14, and 21. Genes were identified using both DESeq2 and edgeR
with padj < 0.05 and |log2 fold change| > 1. The table shows the number of DEGs unique
to each day and those shared between two or all three timepoints.

Overlap Group  Number of Genes

Day 7 only 480
Day 14 only 352
Day 21 only 751
Day 7 & 14 64
Day 7 & 21 121
Day 14 & 21 173
All three days 427
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Figure S4.3: Volcano plots depicting differential gene expression across growth conditions,
as identified using DESeq2. Comparisons include control vs. Cd-treated cultures after 7
days (a), 14 days (b), and 21 days (c) of growth. Additional comparisons were made within
control cultures between days 7 and 14 (d), days 7 and 21 (e), and days 14 and 21 (f). Cd-
treated cultures were compared across days 7 and 14 (g), 7 and 21 (h), and 14 and 21 (i).
Genes highlighted in red are significantly upregulated (padj < 0.05; log> fold change > 1),
blue are significantly downregulated (padj < 0.05; log> fold change <-1), and grey indicate
genes not meeting significance thresholds.
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Figure S4.4: Volcano plots depicting differential gene expression across growth conditions,
as identified using edgeR. Comparisons include control vs. Cd-treated cultures after 7 days
(a), 14 days (b), and 21 days (c) of growth. Additional comparisons were made within
control cultures between days 7 and 14 (d), days 7 and 21 (e), and days 14 and 21 (f). Cd-
treated cultures were compared across days 7 and 14 (g), 7 and 21 (h), and 14 and 21 (i).
Genes highlighted in red are significantly upregulated (padj < 0.05; log> fold change > 1),
blue are significantly downregulated (padj < 0.05; log> fold change <-1), and grey indicate
genes not meeting significance thresholds.
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Table S4.6: Functional classification of differentially expressed genes (DEGs) identified from
comparisons between control and Cd-treated E. mutabilis cultures across days 7, 14, and 21.
Functional annotation was conducted via BLASTX searches against the NCBI non-redundant
protein database, SWISS-Prot, and Ensembl 113 databases for Homo sapiens, Arabidopsis
thaliana, Chlamydomonas reinhardtii, and Synechocystis sp. The majority of DEGs lacked
functional assignment; however, annotated genes were grouped into clusters of orthologous
genes (COG). Some genes may be assigned to more than one COG, accounting for the
discrepancy between the number of COGs identified and the number of DEGs.

Day
COG 7 14 21 Classification
. 1017 917 1331  Not assigned
S 16 16 30 Function unknown
P 15 24 27 Inorganic ion transport and metabolism
T 14 9 15 Signal transduction mechanisms
Posttranslational modification, protein
O 8 10 12 turnover, chaperones P
C 8 11 17 Energy production and conversion
Cell cycle control, cell division, chromosome
b 4 2 4 partitiining
L 4 4 3 Replication, recombination, and repair
F 3 2 2 Nucleotide transport and metabolism
K 3 1 3 Transcription
J 3 5 7 Translation, ribosomal structure and biogenesis
B 2 7 6 Chromatin structure and dynamics
Intracellular trafficking, secretion, and
u 2 3 2 vesicular transport
G 2 1 1 Carbohydrate transport and metabolism
H 2 3 3 Coenzyme transport and metabolism
Z 1 1 2 Cytoskeleton
W 1 1 1 Extracellular structures
A% 1 1 3 Defence mechanisms
E 1 9 9 Amino acid transport and metabolism
Y 1 0 0 Nuclear structure
Secondary metabolites biosynthesis, transport
Q 0 4 10 )
and catabolism
N 0 1 1 Cell motility
I 0 1 1 Lipide transport and metabolism
A 0 0 1 RNA processing and modification
Total 1108 1033 1491

# of DEGs 1092 1016 1472
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Table S4.7: Functional classification of differentially expressed genes (DEGs) identified from
comparisons between cultures of E. mutabilis grown in 100 uM Cd over 7-, 14-, and 21-days.
Functional annotation was conducted via BLASTX searches against the NCBI non-redundant
protein database, SWISS-Prot, and Ensembl 113 databases for Homo sapiens, Arabidopsis
thaliana, Chlamydomonas reinhardtii, and Synechocystis sp. Some genes may be assigned to
more than one COG, accounting for the discrepancy between the number of COGs identified
and the number of DEGs.

Comparison
Day7 Day7 Day 14
vs 14 vs 21 vs 21

COG Classification

31 756  Not assigned

6 Replication, recombination, and repair
33 Function unknown

29 Signal transduction mechanisms

17 Posttranslational modification, protein
turnover, chaperones

RNA processing and modification

p—
S

Lipide transport and metabolism

Inorganic ion transport and metabolism
Coenzyme transport and metabolism
Secondary metabolites biosynthesis, transport
and catabolism

Amino acid transport and metabolism

Cell cycle control, cell division, chromosome
partitioning

Translation, ribosomal structure and biogenesis
Carbohydrate transport and metabolism
Chromatin structure and dynamics
Transcription

Energy production and conversion
Nucleotide transport and metabolism

Cell wall/membrane/envelope biogenesis
Cytoskeleton

Intracellular trafficking, secretion, and
vesicular transport

Cell motility

Extracellular structures

Defence mechanisms

S O OO O OO OO OO OO0 O O O oo oo o oo~
— = N W W W W R A, SR, OULUE L Y 9 00

—_—

Nuclear structure
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882
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# of DEGs 32
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Figure S4.5: Gene Ontology (GO) term enrichment of differentially expressed genes
(DEGsS) in E. mutabilis cultures exposed to Cd. DEGs were annotated using the PANTHER
classification system, resulting in 1,377 GO term associations across 369 significant genes
(FDR < 0.05) identified over three timepoints: 105 genes on Day 7, 115 on Day 14, and
149 on Day 21. Of these, 211 genes were unique and 158 were shared across multiple
timepoints. Bar plots show the number of upregulated (red) and downregulated (blue)
DEGs associated with the top GO terms at each timepoint. In total, 39 unique GO terms
were represented.
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Figure S4.6: Gene Ontology (GO) term enrichment of differentially expressed genes
(DEGs) in E. mutabilis after prolonged Cd exposure. GO terms associated with DEGs
identified in cultures treated with cadmium for 21 days compared to 14 days were annotated
using the PANTHER classification system. A total of 124 significant genes (FDR < 0.05)
were annotated, of which 78 were unique. These genes were associated with 264 GO term
annotations encompassing 24 unique GO categories. Bars indicate the number of
upregulated (red) and downregulated (blue) DEGs linked to each GO term.

-238 -



Table S4.8: Keyword and KEGG classification framework used to identify genes
involved in phytohormone biosynthesis. Keywords and KEGG identifiers related to
auxin and cytokinin (CK) biosynthetic pathways were compiled and used to filter
annotated genes derived from SPROT BLASTX results, transcript-predicted functions,
and KEGG orthology assignments. This strategy enabled the targeted identification of
transcripts potentially involved in phytohormone production and regulation.

Phytohormo
Classlilie';ca tio Keyword Description
n
Auxin IAA Indole-3-acetic acid
Auxin Class of phytohormone
Tryptophan Required for IAA biosynthesis
TAAL Tryptophan animotransferase converts tryptophan to IPA (indole-3-pyruvate)
YUC YUCI-11 converts IPA to JAA
AMI1 Amidase converts indole-3-acetamide to IAA
NIT Nitrilase converts indole-3-acetamide to IAA
Cytokinin Cytokinin Class of phytohormone
Zeatin Class of cytokinin
iP Isopentenyladenine
cZ cis-Zeatin
cZR cis-Zeatin riboside
LOG Cytokinin nucelotidase converts ¢ZNT to cZR to cZ
IPT tRNA isopentenyltransferase adds isopentenyl group to tRNA-bound adenosine
Methyltransferase Cytokinin methyltransferase performs methylation of ¢ZR to MeSZR
isopen te:lI;II\tI;zns ferase tRNA -IPT gene adds isopentenyl group to tRNA-bound adenosine
KEGG Classification
Auxin K00465 Tryptophan monooxygenase (EC 1.13.12.3)
K00466 Indoleacetamide hydrolase (EC 3.5.1.4)
KO00128 YUC (Flavin monooxygenase)
K01814 Aminotransferases (converting Trp to IPA)
KO01749 Aldehyde dehydrogenase (for IAA-aldehyde to IAA)
K00002 Tryptophan aminotransferase-related proteins (TARs)
Cytokinin K10742 Adenylate isopentenyltransferase (IPT) (EC 2.5.1.27) produces iPMP
K19327 CyFokinin ribos‘iQe 5’-monophosphate phosphoribohydrolase (LOG) (EC 3.1.3.91)
activates cytokinins
K00820 tRNA isopentenyltransferase (EC 2.5.1.8) produces cis-zeatin (cZ)
K00682 UDE-glucosyltransferase (glucosylation of CKs; stabilizes storage forms like cZNT
and iPNT)
K00591 Cytokinin oxidase/dehydrogenase (CKX) (EC 1.5.99.12) degrades active cytokinins
K08211 O-methyltransferases may be involved in methylated derivatives like
K00588 Xanthosine synthase (purine metabolism crossover)
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Table S4.9: Differential abundance of taxa in control and Cd-treated cultures. A Mann—
Whitney U test was used to identify significantly enriched taxa between treatment
groups. The table includes the taxon name, raw p-value, log> fold change (Log: FC), and
adjusted p-value (Padj). Positive logoFC values indicate enrichment in Cd-treated
cultures, while negative values indicate enrichment in control cultures. Taxa are ordered
from most to least statistically significant (Padj < 0.05) from the top of the table down.

Taxon p-value Log.FC Padj
Talaromyces amestolkiae 2.68 x 107 10.3 1.23x10°
Exophiala oligosperma 1.68 x 10°¢ 8.57 3.87x 107
Picea glauca 1.12x 10° 6.13 1.72x 10*
Exophiala xenobiotica 2.96x 107 6.24 3.40x 10*
Danio rerio 8.82x 10™ 0.58 8.11x 10°
Corynebacterium simulans 1.30x 107 -2.32 1.00 x 10
Rhagoletis zephyria 2.76 x 107 2.60 1.81x 107
Staphylococcus lugdunensis 6.27x 107 -1.99 3.61x 107
Homo sapiens 9.57x 103 -0.58 4.89x 107
Deinococcus sp. VB142 3.38x 10 -2.02 0.16
Malassezia restricta 4.81x 107 -2.54 0.20
Euglena gracilis 5.27x 107 -0.09 0.20
Rosa agrestis 5.91x 102 0.14 0.21
Sus scrofa 8.08 x 107 -2.24 0.27
Cutibacterium modestum 0.14 -1.36 0.42
Boleophthalmus pectinirostris 0.34 0.93 0.42
Timema genevievae 0.19 0.60 0.42
Acidiphilium cryptum 0.31 1.67 0.42
Exophiala dermatitidis 0.34 0.74 0.42
Exophiala mesophila 0.34 0.70 0.42
Talaromyces stipitatus 0.34 0.61 0.42
Mus musculus 0.34 4.70 0.42
Oncorhynchus keta 0.34 -3.22 0.42
Cutibacterium granulosum 0.16 -1.63 0.42
Corynebacterium kefirresidentii 0.34 -1.28 0.42
Staphylococcus epidermidis 0.34 -2.47 0.42
Staphylococcus capitis 0.34 -1.25 0.42
Pseudomonas putida 0.34 -3.80 0.42
Halomonas sp. NyZ770 0.34 -2.80 0.42
Methylorubrum populi 0.34 -1.56 0.42
Bradyrhizobium sp. PSBB068 0.34 -1.58 0.42
Acidovorax temperans 0.34 -3.11 0.42
Herbaspirillum huttiense 0.34 -2.54 0.42
Burkholderia multivorans 0.34 -1.56 0.42
Deinococcus wulumugiensis 0.34 -1.10 0.42
Rathayibacter festucae 0.34 -3.57 0.42
Triticum aestivum 0.34 -4.47 0.42
Moraxella osloensis 0.40 -0.99 0.48
Astyanax mexicanus 0.52 -0.45 0.61
Prototheca wickerhamii 0.78 0.03 0.88
Heterocapsa triquetra 0.80 0.01 0.88
Acidiphilium multivorum 0.81 0.42 0.88
Cutibacterium acnes 0.84 -0.13 0.90
Euglena longa 0.98 6.36x 107 1
Corynebacterium sp. SCR221107 1 0.38 1
Mammaliicoccus sciuri 0.97 0.66 1
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Figure S4.7: Volcano plot showing differential taxonomic abundance between Cd-treated
and control samples. Each point represents a species identified in the metagenomic data.
The x-axis indicates the log> fold change in abundance between conditions, and the y-axis
represents the —logio of the padj. Vertical dashed lines correspond to + 1 log> fold change,
and the horizontal dashed line marks the threshold for statistical significance (padj < 0.05).
Species labeled in italics represent the top differentially abundant taxa based on both
statistical significance and fold change. Red points indicate significantly different taxa,
while gray points are not significant.
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CHAPTER S

5.2 GENERAL CONCLUSIONS

Criticism of bioremediation as a viable alternative to chemical or engineering-based
restoration strategies often stems from perceptions of inefficiency and unpredictability.
Traditional chemical amendments offer immediate, quantifiable outcomes: pH can be
neutralized within hours, metals precipitated in days [1]. In contrast, bioremediation
strategies are viewed as slow, contingent, and biologically “messy,” requiring weeks or
months to yield measurable improvements [2]. These perceptions, coupled with the
logistical simplicity of deploying chemical neutralizers, impart the impression that
bioremediation is impractical for large-scale applications, particularly in environments as
extreme as acid mine drainage (AMD) or metal-contaminated tailings ponds. Yet, such a
view rests on what may be called the “direct intervention fallacy” — the belief that
environmental remediation is most effective when pollutants are addressed in isolation,
stripped from their ecological context, and neutralized by force. This approach, while
producing rapid chemical transformations, often does so at the expense of ecological
resilience, leaving behind depauperate systems vulnerable to relapse once interventions

cease [3].

Mine tailings and AMD epitomize such challenges. Their harsh physicochemical
regimes — high acidity, elevated metal loads, low organic carbon — not only impose severe
stress on native biota but also suppress the ecological processes necessary for long-term
recovery. Conventional wisdom would predict such habitats to be barren, yet they are
consistently colonized by highly specialized microbial communities. The persistence of

these consortia under conditions lethal to most organisms challenges the assumption that
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biological activity is fragile in the face of contamination. Instead, it suggests that microbial
robustness is not only possible but can be harnessed — if we are willing to broaden our

conception of what constitutes a “remediating agent.”

In this thesis, Euglena mutabilis emerges as a symbol of ecological robustness.
Long regarded as merely an indicator species of AMD, E. mutabilis is often overlooked as
an agent of change in its own right. Yet the work presented here demonstrates that its
survival in extreme environments is neither incidental nor solitary. Rather, the alga persists
as the nucleus of a fungal—algal-bacterial (FAB) consortium, in which physiological burden
is distributed across kingdoms of life, and survival emerges from cooperative rather than

individualistic strategies.

In Chapter 2, experimental disruption of the FAB revealed the indispensability of
microbial partners: Cd tolerance collapsed when fungal and bacterial associates were
suppressed (Figure 2.5), underscoring that tolerance cannot be attributed to E. mutabilis
alone. Chapter 3 showed that this consortium is not static but reorganizes in response to
resource availability. Glucose supplementation triggered dense fungal hyphae, bacterial
proliferation, and pronounced flocculation (Figure 3.2; Figure 3.5), enhancing the growth
and survival of E. mutabilis under Cd stress. Hormone profiling revealed that these
structural changes coincided with coordinated shifts in cytokinin (CK), gibberellin,
jasmonic acid (JA), and salicylic acid (SA) (Figure 3.6-3.10; Table S3.3-3.10), suggesting
that carbon availability not only fuels growth but also modulates a distributed hormonal

network spanning multiple partners.
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Chapter 4 integrated transcriptomic, hormonal, and ultrastructural analyses to
reveal how E. mutabilis itself contributes to this tolerance. Under Cd exposure, the alga
upregulated transporters involved in metal homeostasis (Appendix I: Days),
compartmentalized Cd into chloroplasts (Figure 4.3), and accumulated paramylon granules
(Figure 4.3), likely as a metabolic buffer against impaired photosynthesis. Hormonal
profiles indicated suppression of growth-promoting auxins and CKs in their bioactive forms
(Table 4.2), coupled with accumulation of nucleotide precursors (Table 4.2), consistent with
a shift into metabolic dormancy. These cellular and molecular strategies were mirrored by
community-level responses, including the enrichment of fungal and bacterial constituents,
pointing to a multi-layered adaptation where gene expression, metabolism, and community

composition act in concert.

Appendix II further demonstrated that the FAB is more than a survival mechanism,;
it is also a reservoir of novel chemistry. Molecular networking revealed that E. mutabilis
consortia unlock biosynthetic pathways that remain silent in monocultures, yielding unique
secondary metabolites shaped by nutrient regime and microbial composition (Figure I1.2).
Some of these compounds were traced to Acidiphilium or Talaromyces partners,
highlighting that natural product discovery is itself an emergent property of the consortium.
In this sense, the FAB exemplifies how microbial partnerships not only sustain survival in
extreme environments but also generate novel biochemical diversity with potential

biotechnological relevance.

Together, these findings illustrate that E. mutabilis heavy metal tolerance emerges

at multiple scales: through intracellular sequestration and metabolic buffering, through
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hormonally coordinated restructuring of the consortium, and through community-level
interactions that unlock hidden genetic potential. The FAB is not simply a collection of
hardy organisms but an integrated system whose properties cannot be reduced to the sum

of its parts.

This challenges conventional paradigms of bioremediation, which have historically
privileged individual isolates with desirable traits — “the metal-tolerant fungus” [4] and “the
biosorptive bacterium” [5] — and sought to optimize them in isolation. The FAB consortium
offers an alternative model, one in which emergent properties arise from interaction: fungal
hyphae providing structural scaffolding for algal flocculation, bacterial partners
contributing metabolic breadth, and hormonal cross-signaling aligning community-level
responses to stress. By definition, emergent properties are lost when systems are dismantled
into their parts. In this model, remediation is not a matter of deploying a single organism
with an engineered trait, but of fostering conditions under which complex microbial
partnerships can enact their collective survival strategies. This multiscale coordination is
the hallmark of a consortium that behaves less as an assemblage of species and more as a

single adaptive unit — a microbial superorganism.

5.3 Euglena mutabilis SUPERORGANISM

Biology has long wrestled with the question of what constitutes an individual. In
many cases, the answer seems simple: an entity with clear boundaries, integrated organs,
and a single genome. Yet nature repeatedly unsettles this assumption. Ant colonies
coordinate foraging, defense, and temperature regulation with the cohesion of a single body

[6]. Corals are not solitary animals but composites of polyps, algae, and bacteria, together
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forming one of Earth’s most productive ecosystems [7]. Lichens, once dismissed as
accidents of cohabitation, are now celebrated as true symbiotic organisms in which fungi
and algae fuse to create something new [8]. These examples illustrate the principle of the
superorganism: an assemblage of individuals whose interactions are so cohesive, and
whose division of labor so refined, that the group behaves as if it were a single organism
[9]. In such cases, individuality blurs into collective function, and natural selection may act

most strongly on the whole rather than its parts.

The evidence presented in this thesis suggests that the FAB consortium anchored
by E. mutabilis should be understood in the same way. While E. mutabilis has long been
described as an unusually hardy protist, thriving in acidic and metal polluted environments,
its resilience cannot be reduced to individual physiology. Rather, it emerges from the
integration of fungal and bacterial partners (Chapter 2). When these partners are
suppressed, the system loses its characteristic tolerance to Cd (Chapter 2). When glucose
is introduced, the consortium does not merely grow faster but reorganizes structurally and
biochemically: fungal hyphae weave Euglena cells into dense flocs, bacteria proliferate in
concert, and hormones are secreted into the extracellular space with a coordination that
resembles a shared physiology (Chapter 3). These patterns are more than association; they

are the hallmarks of collective integration.

What distinguishes the FAB from a loose symbiosis is the degree to which its
members function as a single adaptive entity. Fungal hyphae provide physical scaffolds that
protect the alga and may adsorb metals (Figure 3.5); bacterial associates expand metabolic

capacity and possibly contribute novel biosynthetic products (Appendix II); Euglena itself
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provides carbon through photosynthesis and serves as the physical nucleus of the
community (Figure 3.1; Figure 3.5). Regulation is distributed across partners rather than
centralized. Hormones traditionally associated with plants, such as frans-Zeatin (¢Z) and
gibberellins (GA), are produced by the fungus (Chapter 3), while methylthiolated CKs, JA,
and SA originate from the alga (Chapter 3; Table 4.2). This arrangement creates a
consortium-wide endocrine system in which no one species alone dictates the response, yet
all contribute to a unified outcome. Even the boundaries between species are porous, as
transmission electron microscopy revealed bacterial-like bodies within Euglena vacuoles
(Figure 3.6), suggesting that partners may shift between extracellular collaborators and
intracellular residents. The consortium flexibly reorganizes according to environmental
conditions, retreating into dormancy under nutrient limitation and expanding into dense
mats when glucose is available. In every sense, its behavior reflects that of a self-regulating

organism rather than a mere community.

The holobiont concept provides a useful comparison. Holobionts are defined as
hosts with their associated microorganisms functioning together as ecological and
evolutionary units, as in the case of corals, cows, or humans [9]. By this definition, the FAB
can be seen as a holobiont, with E. mutabilis as the host and its microbial associates
providing accessory functions. Yet the FAB also challenges the hierarchical framing
implicit in the holobiont. In many host-microbiome systems, the host remains the central
locus of selection, while microbes are treated as appendages. In the FAB, this distinction
dissolves. Fungal, algal, and bacterial partners are so tightly interwoven that none can be
regarded as accessory; all are indispensable. The consortium is not simply a host with

symbionts, but a community in which the identity of the host itself becomes blurred. In this
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sense, the FAB exceeds the holobiont model and approaches the definition of a true
microbial superorganism, where the unit of survival, adaptation, and perhaps selection is

the consortium itself.

Recognizing the FAB as a superorganism reframes both ecological interpretation
and applied potential. It shifts attention away from searching for singular “metal-tolerant
isolates” or “resistance genes” toward appreciating emergent properties that only exist in
the collective. It demonstrates that tolerance to extreme environments can be understood as
a product of integration, not independence. Additionally, this suggests that strategies for
bioremediation may find their strongest models not in monocultures or engineered strains,
but in naturally evolved microbial superorganisms. The division of labor, signaling
networks, and structural organization of these natural microbial associations have already
been refined by evolution to withstand precisely the conditions of toxicity and stress that

challenge human remediation efforts.

5.4 CHALLENGES AND FUTURE DIRECTIONS

While this thesis has established the FAB consortium as a model microbial
superorganism, several challenges remain before these insights can be fully translated into
ecological theory or applied bioremediation strategies. Chief among them is the difficulty
of dissecting causality in such highly integrated systems. The results presented here reveal
coordinated shifts in structure, hormone production, and Cd tolerance, but it remains
unclear whether specific metabolic exchanges or signaling molecules are necessary and
sufficient for these outcomes. Without a fully annotated E. mutabilis genome, functional

interpretation of transcriptomic data remains restricted, and the precise genetic basis of
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hormone biosynthesis, metal transport, and stress signaling cannot yet be mapped with
certainty. Similarly, although metagenomic analysis suggests that Talaromyces and
Acidiphilium contribute biosynthetic and regulatory functions, their roles remain inferred

rather than proven by direct gene-function assays.

Another challenge lies in the complexity of replicating the FAB’s ecological context
under laboratory conditions. Cultures maintained in modified acid medium (MAM) provide
a simplified environment that cannot capture the fluctuating geochemistry, microbial
diversity, and resource limitations of mine tailings and AMD. The FAB consortium likely
interacts with a wider network of acidophiles, protists, and fungi in situ, raising the
possibility that its performance in the field may be shaped by interactions beyond those
tested here. Scaling from controlled flasks to field applications will require careful
evaluation of how consortium behavior changes in the presence of competing or
antagonistic species, fluctuating redox conditions, and the heterogeneity of abandoned

tailings sites — current challenges that face bioremediation scale-up [10,11].

The very features that make the FAB consortium a compelling superorganism also
create challenges for its study and application. Efforts to dissect partner-specific roles using
antibiotic suppression or nutrient perturbation can yield insights, but they risk disrupting
the community’s collective dynamics and emergent properties. Progress will require
reconstructing synthetic FAB consortia under controlled conditions, systematically adding
or removing partners while monitoring survival, hormone signaling, and metal handling.
For instance, a synthetic consortium combining Aspergillus fumigatus with Synechocystis

sp. PCC6803 under Cd stress enhanced Cd removal with up to 98.9% efficiency, largely
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through stress-induced changes in extracellular polymeric substances [12]. In this case, A.
fumigatus and Synechocystis were selected for their complementary traits, where the fungus
offers structural stability and metal-binding potential while the cyanobacterium offers
photosynthetic and tolerance to heavy metals, rather than on any prior guarantee that the
two would function optimally in a consortium. Such “trial-and-error” approaches
underscore both the promise and the pitfalls of synthetic consortium design. Research on
natural bacterial consortia has shown that dismantling and reassembling communities from
their isolated members can impair the ability to degrade chlorimuron-ethyl [13]. Although
the core degraders were retained, the “auxiliary” partners and their metabolic cross-feeding
disrupted the community’s functional balance, illustrating how emergent properties can
vanish once natural structures are disturbed. More broadly, microbial consortia engineering
studies emphasize that synthetic combinations often fail because of competition, inhibitory
metabolites, or missing facilitative interactions destabilize performance under stress [14].
Together, these findings suggest that while engineering pairings can sometimes succeed,
advancing bioremediation will require close attention to the stability and emergent
properties of naturally co-evolving partnerships, rather than assuming that any set of

organisms can be forced to function together.

Advances in microfluidics and co-culture platforms may provide the fine-scale
resolution necessary to observe microbial interactions as they unfold. For instance,
microfluidic devices have enabled direct, time-resolved imaging of root-bacteria
colonization [15] and encapsulation of microbial subcommunities for network interference
[16]. Equally pressing is the challenge of tracing nutrient and metal flow within the

consortium. Techniques such as single-cell stable isotope probing (SC-SIP) combine
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isotopic labelling with high-resolution imaging, such as Raman or NanoSIMS, to map
substrate assimilation at the cellular level [17]. In parallel, metal stable isotope tracers have
been used to resolve metal fluxes and speciation in environmental systems [18]. Although
this thesis demonstrates that glucose supplementation alters structural organization,
hormone production, and Cd accumulation, the precise distribution of carbon and metals
among partners remains unresolved. Bulk measurements of cellular Cd or extracellular
hormone pools offer only community-level snapshots, obscuring which member is

responsible for uptake, storage, or secretion, and how these processes shift over time.

Moving forward, several avenues for advancing FAB consortium research stand
out. The first is the development of genomic and transcriptomic resources. A high-quality
genome for E. mutabilis would permit precise annotation of metal transporters, hormone
biosynthetic pathways, and symbiosis-related genes, and would clarify how these are
regulated under stress. When coupled with fungal and bacterial genomes, such resources
would enable network-level modeling of interspecies interactions across the consortium.
The second is optimization of synthetic reconstruction. Building defined FAB consortia
based on natural interactions could allow causal roles for hormones, metabolites, and
structural interactions to be disentangled without losing the emergent properties of the
intact system. The third is nutrient and metal tracking. New approaches such as stable
isotope labeling, NanoSIMS, or single-cell ICP-MS could reveal how carbon and Cd are
partitioned among partners, and how these flows shift across time and environmental
regimes. A fourth avenue is natural product discovery. Molecular networking has already
shown that the FAB can unlock otherwise silent biosynthetic pathways (Appendix II);

targeted characterization of these metabolites may yield novel compounds that mitigate
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stress. Finally, field validation is essential. Deploying FAB consortia into mesocosms or
pilot remediation sites would test whether the emergent properties observed in the
laboratory translates to complex environments, and whether superorganismal properties
provide the stability required for sustainable bioremediation. At the same time, it is
important to recognize that FABs do not operate in isolation: their organization and function
are shaped by environmental context such as pH, nutrient composition, and media
characteristics. As shown in this thesis, glucose supplementation altered consortium
structure, signalling, and Cd accumulation. Thus, the FAB should be viewed not only as a
microbial superorganism but also as a micro-ecosystem whose emergent properties depend

on both biological partnerships and environmental conditions.

Beyond specific experiments, the greatest challenge may be conceptual. The FAB
forces us to reconsider what constitutes an organism, and by extension, what constitutes a
viable unit of remediation. If resilience to heavy metals in extreme environments is an
emergent property of microbial superorganisms, then efforts to harness these systems must
move beyond the search for singular traits in isolated strains. Instead, future research should
focus on the ecological and evolutionary principles that allow collectives like the FAB to
persist. By embracing the consortium itself as the relevant level of analysis, we may begin
to design biotechnologies that echo nature’s own solutions: communities that thrive not in

spite of adversity, but because of it.
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Uncovering natural products of Euglena mutabilis environmental consortia using
MS/MS based molecular networking

I1.2 ABSTRACT

Natural products (NPs) are a vital source of antibiotics and bioactive compounds,
yet monoculture-based discovery often yields known metabolites. Natural microbial
consortia provide an alternative by activating silent biosynthetic pathways. Euglena
mutabilis, an extremophilic alga that naturally associates with bacteria and fungi, represents
a promising platform for NP discovery. We investigated three E. mutabilis consortia
compared to axenic E. gracilis controls, grown under varying nutrient conditions and
sampled over time. Molecular networking of 720 LC-MS/MS profiles yielded 7,469
molecular features, including 202 reproducible nodes, most unique to E. mutabilis. NP
diversity was strongly influenced by medium, solvent, and culture duration, with nutrient-
rich conditions and butanol extraction producing the most complex profiles. Consortia
consistently outperformed controls, and metagenomic sequencing with antiSMASH
identified diverse biosynthetic gene clusters, primarily from Acidiphilium. One fungal
metabolite related to a known Talaromyces compound was confirmed by NMR. These
results establish E. mutabilis consortia as productive sources of novel secondary

metabolites.

I1.3 INTRODUCTION

Specialised metabolites (SMs) are compounds produced by an organism that are not
essential to their growth and development [1]. Often referred to as natural products (NPs),
these molecules allow interaction with other organisms and have historically been a rich

source of antimicrobial and pharmaceutical agents [2]. This could be a defensive response
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to competition or stress, promotion of growth and development, mediation of mutualistic
interactions, or facilitation of transport [3,4]. Out of the constellation of NPs and their
derivatives produced, some demonstrate critical bioactivity; however, their overuse has
stimulated resistance through selective pressure, contributing to the rise in antimicrobial
resistance [5]. In response, researchers are attempting to uncover novel bioactive

compounds.

Historically, NPs and their derivatives that have been used in drug and antimicrobial
therapies were discovered from a single source organism, such as penicillin from
Penicillium notatum [6] or morphine from Papaver somniferum [7]. This began with
Selman Waksman’s systematic study in the 1930s to uncover microbes with inhibitory
properties [8]. The rapid discovery of bioactive NPs led to the development of over half the
pharmaceutical drugs available today, which are either derived from or inspired by natural
sources [2]. This was achieved using “top-down” bioprospecting workflows directly
extracting, analyzing, isolating, and screening abundant agents with reproducible activity
[9]. Although this approach was effective for the early discovery of bioactive NPs, several
factors now make it challenging to utilize. The steady decline in the discovery of novel
products increases the likelihood of re-identifying previously characterized compounds
[10]. This challenge is amplified by the fact that many identical compounds are produced
by multiple organisms [11]. Proprietary databases, such as the Dictionary of Natural
Products (DNP) and the Global Natural Product Social (GNPS) molecular networking
platform, help mitigate dereplication [10,11]; however, no single database comprehensively
catalogs tandem mass spectrometry (MS/MS) data for all NPs [10]. Because newly

identified compounds are often produced in low quantities—making isolation and scale-up
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both time- and cost-intensive (around $50,000 USD and three months per novel NP) [11,12]
— NP discovery is increasingly shifting toward “bottom-up” bioprospecting workflows [9]

and co-cultivation [13].

Rather than continuing to employ MS-based methods for the discovery of novel
products, the advancement of bioinformatic and molecular biological techniques enables
researchers to identify and characterize potential NP gene clusters. Tools such as antibiotics
& Secondary Metabolite Analysis Shell (antiSMASH) [14] and emerging artificial
intelligence (AI) algorithms [15] offer assistance by streamlining the identification of
potentially bioactive BGCs [16]; however, many prospective compounds identified in this
way cannot be produced under traditional laboratory conditions [17]. Indeed, an organism’s
NP production varies when silent genes are triggered in response to changing surroundings.
For example, modifying the nutrient availability of marine Salinispora and Streptomyces
produced NPs characterized in 15 molecular families [ 18]. Changes are also observed when
other organisms are introduced to the environment. Novel antimicrobial compounds were
isolated from a co-culture of the fungus Cladosporium with the bacterium Bacillus subtilis
[19], and the algacidal bacterium Streptomyces iranensis produces azalomycin F in the
presence of Chlamydomonas reinhardtii [20]. Co-cultivation has proven to be a promising
strategy for discovering novel NPs and increasing their yield [21]. Integrating co-
cultivation, symbiotically or parasitically, with bioinformatic tools could provide insight

into how silent BGCs can be expressed without molecular intervention [22].

The photosynthetic protist (alga) Euglena has previously been investigated for its

production of paramylon, a B-1,3 glucan which has demonstrated antibacterial activity
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against Escherichia coli and Staphylococcus aureus [23]. Recent research has revealed that
E. gracilis, E. mutabilis, and E. sanguinea produce a class of compounds known as
euglenatides [24], large compounds comprised of five cyclic lipopeptides containing -
aminoisobutyric acid and dihydroxynorvaline with a hydroxylated lipid tail [25]. Their
bioactivity demonstrated cytotoxic effects in MCF-7 breast cancer cells and antimicrobial

activity against Aspergillus and Caenorhabditis elegans [24].

Euglenatides are the first reported high value NP from E. mutabilis, an
extremophilic euglenoid frequently found in harsh, metal-contaminated, and acidic
environments such as acid mine drainage (AMD), volcanic lakes, and peat bogs [26]. Its
remarkable tolerance to low pH and high concentrations of heavy metals has led to its
recognition as a bioindicator species for AMD-impacted ecosystems [26]. In these
environments, E. mutabilis often occurs within complex microbial consortia, forming
biofilms alongside bacteria and fungi [27]. Previous studies have reported persistent
associations between E. mutabilis, extremophilic bacteria, and specific fungal species,
including Cryptococcus and Talaromyces, which appear to contribute to its survival under
stress [28,29]. These studies suggest the microbial partnerships rely on E. mutabilis
photosynthate for nutrients and may reflect mutualistic interactions that enhance metal
tolerance. These organisms can therefore be considered components of a true microbiome,
sustained by the primary productivity of E. mutabilis in otherwise carbon-limited
environments. This tight metabolic coupling, especially under extreme geochemical stress,
positions the E. mutabilis microbiome as a promising system for studying microbial
adaptation and evolution. Moreover, given that extremophilic microorganisms often

produce structurally unique and bioactive NPs as part of their survival strategies [30], this
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system offers an underexplored reservoir of potential new chemistry with biotechnological

or pharmaceutical relevance.

The objective of the presented research was to investigate NP production by
environmental E. mutabilis consortia containing fungi and bacteria. Synthetic biology and
bioengineering have been used to manipulate metabolic pathways for SM production in
well-defined single organisms; however, these approaches often fall short when applied to
complex systems, where the tools may not function reliably [21]. As a result, there has been
growing interest in co-culture engineering as a more accessible and cost-effective strategy
— not only for enhancing the yield and efficiency of known SMs, but also for uncovering
novel NPs, without the technical demands of synthetic biology [22]. We employed a
systematic approach using “top-down” and “bottom-up” methods to culturing and
extracting metabolites in three environmental microbiomes of E. mutabilis. Our findings
suggest that culture composition and nutrient availability play a role in NP production.
Further, the results of our study highlight diverse NP production utilizing various culture
media, extraction solvents, and sample time in algal consortia. This study is the first to
examine NP production of environmental microbiomes containing Euglena and emphasizes

the importance of natural microbial consortia for novel compound discovery.

11.4 METHODS

Selection of E. mutabilis and E. gracilis strains & culture conditions
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Field samples of E. mutabilis were obtained from the Canadian Phycological
Culture Centre (CPCC, University of Waterloo, Canada). CPCC 452 was isolated from a
nickel mine (Levack, Ontario, Canada) and contained E. mutabilis and unidentified
bacteria. CPCC 657 was isolated from a gold mine (Timmins, Ontario, Canada) and
contained E. mutabilis with bacteria and fungi previously identified as Acidiphilium
acidophilum and Talaromyces sp., respectively [29]. CPCC 658 was isolated from the same
gold mine (Timmins, Ontario, Canada) and contained E. mutabilis with unidentified
bacteria and fungi. The CPCC did not have an axenic culture of E. mutabilis, therefore an

axenic culture of E. gracilis (CPCC 95) was obtained to act as an experimental control.

Cultures were grown in T75 tissue culture flasks (Sarstedt Inc. Cat. No. 83-3911-
502) under standard aeration (75 RPM on a Stuart mini orbital shaker SSM1) and
temperature (25 °C + 0.5 °C) while cycling light (16:8 LD cycle at 45 pmol/m?/s) in an
LMS 1200NP incubator. Stock cultures were grown autotrophically in modified acid
medium (MAM), a defined inorganic medium, with modifications recommended by the
CPCC and adjusted to a pH of 4.3 [31]. Filter sterilized F/2 vitamin mix was added to

autoclaved medium once it cooled.

Cell counts of Euglena from stock cultures were performed using a hemocytometer
(Reichert Bright-Line). A volume of culture was aliquoted into 2 mL microfuge tubes from
each stock which equated to 600,000 cells. Microfuge tubes were centrifuged (6000 RCF
for 10 minutes) and the supernatant was removed using a micropipette. The pelleted cells
were inoculated into T25 tissue culture flasks (Sarstedt Inc. Cat. No. 83-3910-502)

containing 30 mL of media. Cultures were grown in MAM, MAM with 20 g/L glucose
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(Fisher Scientific Cat. No0.10141520) (MAM+G), Euglena gracilis Medium (EG),
Jaworski’s Medium (JM), and EG:JM [32]. Modifications to EG include substituting Lab-
Lemco powder and tryptone with casamino acids (3 g/L). Additionally, the vitamin in JM
was substituted for the f/2 vitamin found in MAM and was added to cooled autoclaved
medium. All media types were made using Milli Q (MQ) water (18.2MQ-cm) and adjusted

to a pH of 4.3 with diluted hydrochloric acid (HCI).

Cells were grown in the LMS 1200NP incubator under the same temperature and
light conditions as the stock cultures with aeration (70 RPM on a Stuart mini gyro-rocker
SSM3) for 7 days. Cell counts of Euglena were assessed 1-, 4-, and 7-days post-inoculation
using a hemocytometer, and 5 mL of culture was aliquoted into scintillation vials (DWK
Life Sciences Cat. No. 986546) for metabolite extractions. Aliquots of cultures were also
taken 1- and 7-days post-inoculation to assess the growth recovery of the culture to quantify
Euglena and constituent organisms which could not be counted using a hemocytometer.
The outlined experiment was executed using all 4 Euglena strains and replicated 4 times in

each medium.

Cultures selected for scale-up were grown in T250 tissue culture flasks (Fisher
Scientific Cat. No. 10527161) under the same conditions as previously described. 160 mL
of culture, containing 500,000 cells, was inoculated into 5 L volumetric cylinders filled
with media to a final volume of 4 L. Cultures were incubated for 14 days prior to

purification.

Growth recovery check
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Recovery of E. mutabilis, E. gracilis, and constituent organisms after 1 and 7 days
of growth in their respective media was assessed by plating on non-selective media plates.
Malt extract (VWR Cat. No. 84618.0500) plates were prepared using a 1.4% (w/v) agar
mixture. Malt agar was autoclaved to sterilize, and 15 mL of media was added to each plate
(Greiner Bio-One Cat. No. 633181). Aliquots of 100 uL were taken from each sample,
diluted with 900 pL of sterile 0.9% NaCl, and 50 pL of the diluted sample was added to an
agar plate. All plates were sealed with parafilm and incubated for 7 days under the same

growth conditions as the stock cultures.

Statistical analysis
Differences in Euglena cell counts after 7 days of growth were compared within
each strain using a one-way ANOVA (p < 0.05) followed by Tukey’s Honest Significant

Difference (HSD) test.

Metabolite extraction process

Sequential metabolite extractions were performed on the culture aliquots in the
scintillation vials. Briefly, using a glass pipette (Fisher Scientific Cat. No. 1154-6963), 5
mL of ethyl acetate (EtOAc) (Fisher Scientific Cat. No. E/0900/PB17) was added to each
sample, quickly vortexed to mix and left to separate. The organic layer was transferred to
a new scintillation vial, and the EtOAc extraction was repeated. Following the second
extraction, 2 mL of MQ was added to the scintillation vial containing the organic fraction,
vortexed to mix, and left to separate. The aqueous layer was then transferred back to the
original scintillation vial and the extracted EtOAc vial was left to evaporate in a fume hood.

This extraction process was repeated by adding 5 mL of butan-1-ol (BuOH) (Fisher
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Scientific Cat. No. B/4800/PB17) to the original scintillation vial and transferring the
organic layer to a new scintillation vial. Once the extractions were completed, the
scintillation vials were dried using a freeze dryer and the BuOH samples were dried using
a rotary evaporator under reduced pressure at 50 °C. Dried samples were reconstituted in 2
mL of methanol (MeOH) (Fisher Scientific Cat. No. M/4000/PB17) and transferred into 2
mL microfuge tubes (Fisher Scientific Cat. No. 11321934). The microfuge tubes were
centrifuged for 2 minutes at maximum speed and 1.5 mL of supernatant was transferred to
HPLC vials (Restek Part No. SR-0100802-CL). Samples were stored at -80 °C ahead of

LC-HRMS/MS analysis.

Liquid chromatography & high-resolution tandem mass spectrometry (LC-
HRMS/MS)

Samples were analysed using a Bruker Daltonics Impact Mass Spectrometer
(MS/MS) equipped with a Dionex Ultimate 3000 Ultra-High-Performance Liquid
Chromatography (uHPLC) system using a Kinetex reverse-phase C18 column (2.6 pm
pore, 150 x 2.1 mm). Injection volume was set to 1 pL. Solvents used were MQ water and
LC-MS grade MeCN (VWR Chemicals Cat. No. 83640.320 with 0.1 % formic acid) at a
flow rate of 0.5 mL/min. LC was used under the following conditions: 0-2 min (10% MeCN
in H>0), 2-12 min (10-100% MeCN), 12-14 min (100% MeCN), 14-20 min (10% MeCN).
0.4 mM HCOONa was injected for the first 2 min to calibrate the MS, during which the
divert valve was set to waste. Q-TOF MS settings during the LC gradient were as follows:
positive ion mode, mass range 100-1500 m/z for MS1, 300-1500 m/z for MS2 selection,

100-1500 m/z for MS2, MS scan rate 4/s, number of precursors selected for MS2 3, fixed
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collision energy 10 eV, source gas temperature 250 °C, gas flow 8 L/min, nebulizer pressure

3 Bar.

Semi-preparative high-performance liquid chromatography (HPLC)

Samples were purified using an Agilent 1260 Infinity II HPLC system equipped
with a Kinetex Axia packed preparative column (5 pm, 100 x 21.2 mm). The mobile phases
consisted of Milli-Q water and HPLC-grade acetonitrile containing 0.1% formic acid
(VWR Chemicals, Cat. No. 83640.320), delivered at a flow rate of 5 mL/min. Each run
involved a manual injection of 2 mL of sample. The gradient elution was as follows: 0-2
min at 69.5% MeCN in water, followed by a linear increase to 72.5% MeCN from 2—11.5
min. Absorbance was monitored at 210, 275, and 360 nm, and 1.5 mL fractions were

collected between 2 and 11.5 minutes.

Molecular networking and data analysis

All MS/MS data files were converted from Bruker data format (.d) to .mzML file
format using MSConvert 3.0.24075 [33]. Converted files were transferred onto the GNPS
server (gnps.ucsd.edu) using WinSCP, and molecular networking was performed using the
standard GNPS data analysis workflow [34]. Sample attributes were linked to the data (2
Euglena species, 4 culture strains, 5 media types, 3 timepoints, 3 locations, 3 solvents). The
chosen parameters for molecular networking were as follows: minimum cosine score 0.7,
minimum number of matched fragment peaks 6, precursor mass tolerance 2.0 Da, minimum
cluster size 2, maximum cluster size 100. The network was then imported into Cytoscape
3.10.2 (https://cytoscape.org) [35] and visualised using the force-directed layout. All nodes

containing ions present in the media and nodes within the same cluster as media nodes were
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subtracted to facilitate analysis. Nodes represent parent masses, and edge stroke colour
denotes cosine score. The data is publicly accessible as MassIVE data sets
(MSV000098947). Euler diagrams were produced using the eulerr package (https://cran.r-
project.org/web/packages/eulerr/index.html) [36] and abundance plots were produced
using ggplot2 (https://cran.r-project.org/web/packages/ggplot2/index.html) in RStudio
2024.12.0+467  (https://posit.co/download/rstudio-desktop) [37] wusing R v4.4.2

(https://www.r-project.org) [38].

DNA isolation and whole genome shotgun metagenomics

Samples of E. mutabilis (CPCC 452, 657, 658) grown in MAM were to Novogene
(UK) Company Limited for DNA extraction and whole genome shotgun metagenomics.
Each sample was snap frozen and contained a concentration of 5 x 10% Euglena cells in a 2
mL Eppendorf tube. DNA was extraction was performed by Novogene and quality was
checked using an Agilent 5400. Library construction and whole genome sequencing using
a NovaSeq X Plus (PE150) were carried out by Novogene. Sequencing was carried out in

triplicate for each strain.

Bioinformatic analysis

Fastp v0.23.1 was used for preprocessing cleanup of raw Illumina reads [39] while
Bowtie2 v2.2.4 was used to filter out possible host contamination [40,41], although this is
limited because the genome of Euglena has not been full sequenced or annotated. Paired
reads were discarded if base quality was < 5. Metagenomes were assembled using
MEGAHIT software v1.2.9 discarding scaftigs < 500 bp [42]. Remaining scaftigs were

selected for Open Reading Frame (ORF) prediction using MetaGeneMark, excluding ORFs

-279 -



< 100 bp [43]. CD-HIT software was used to eliminate ORF prediction redundancy
(identity at 95% and coverage at 90%) [44,45] and clean data was mapped using Bowtie2
to quantify gene abundance [43,44]. The gene catalogue (unigenes) was identified by
filtering out genes with reads <= 2 in each sample [45]. Gene abundance was calculated
using the number of mapped reads and gene length [40] and used to perform statistics, core-
pan gene analysis, correlation analysis, and Venn diagram analysis in R. Species annotation
was carried out using DIAMOND software to align unigene sequences with the NCBI’s
NR database, inclusive of sequences from bacteria, fungi, archaea, and viruses [46].
Assembled genomes were analyzed using the default parameters of the bacterial and fungal
modules in antiSMASH v7.0 [14] to identify potentially encoding BGCs. Additional
analyses included active site finder, knownclusterBLAST, RRE finder, TFBS finder.

Outputs were manually curated for genes of interest.

I1.5 RESULTS
Growth of Euglena in different media

E. gracilis and E. mutabilis growth could be assessed by direct cell counting and
revealed differences in growth across media types. Although showing a slight increase
above the initial 2x10%, none of the cultures grew substantially in the JM media, despite its
wide application in the growth of freshwater algae (Figure I1.1). All cultures grew very well
in the EG:JM media, substantially more than for the EG media on its own, which barely
supported any growth of the axenic E. gracilis (CPCC 95). Despite being the maintenance
media for these algae MAM only supports minor growth for the E. mutabilis strains and
moderate growth for E. gracilis. Interestingly, addition of glucose to MAM did not support

the growth of E. mutabilis CPCC 657 and 658, the cultures that contain both fungal and
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bacterial organisms with Euglena, whilst enhancing the growth of CPCC 452, which only

contains bacteria and Euglena, and axenic E. gracilis.

The growth of E. gracilis, E. mutabilis, and constituent organisms were also
assessed by plating on malt agar media and counting number of colony forming units
(CFUs). The plates were incubated under the same autotrophic conditions the cultures were
grown in (25 °C; 16L:8D cycling light) and CFUs were counted after 7 days. Bacterial
CFUs were not recorded since they were too numerous and often confluent. Consistent with
cell count data, all algal cells produced colonies, mostly aligning with the cell count data,
notably higher than would be suggested for the JM media (Table II.1) The associated fungus
in CPCC 657 and 658 also exhibited the greatest recovery after being grown in EG:JM,
suggesting that EG:JM supports fungal growth in the consortia. Interestingly, no fungal
colonies were observed after being grown in MAM or JM, despite clearly being present in

the maintenance cultures grown in MAM.

Molecular networks of natural products

Global metabolite profiles of field samples of E. mutabilis and a laboratory culture
of E. gracilis were obtained using well-established HPLC-MS/MS methods [18]. Each
culture was grown as described before and sampled after 1, 4, and 7 days of growth. In
total, 720 culture samples and 135 blanks were analysed to generate approximately 310,000
MS?2 spectra that were processed according to a standard GNPS molecular networking
workflow [34]. A comprehensive network was generated consisting of 7,469 nodes (Figure
SII.1), 4,933 of which were from or connected to media blanks and removed (Figure I1.2).

Of the remaining 2,538 nodes, 1,348 were identified as unique to one culture strain. 444
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nodes were unique to CPCC 95, 226 to CPCC 452, 194 to CPCC 657, and 484 to CPCC
658. All nodes were independently investigated and manually filtered to determine their
potential as new natural products. Nodes were considered as “leads” based on the following
criteria: 1) The peak of interest fell within an RT of 77.5 and 720 seconds, 2) the node was
not connected to a node of another strain, 3) the peak was present at an intensity of at least
1000, 4) the peak was present in at least 2 biological replicates, and 5) the spectrum
associated with the node did not match a previously identified compound in the GNPS
database. After filtering, a total of 202 nodes were identified as leads, having met the
criteria, consisting of 45 nodes from CPCC 95, 42 from CPCC 452, 15 from CPCC 657,

and 100 from CPCC 658.

The lead nodes can be further analysed according to the additional attributes
including extraction method, timepoint, and media type (Figure II.3). Several trends related
to these additional attributes exhibited inverse effects when comparing E. gracilis (CPCC
95) to E. mutabilis consortia (CPCC 452, 657, 658). The greatest number of nodes were
found in the BuOH fraction, composing 56.4% of the 202 nodes, including the majority of
nodes from each E. mutabilis culture and, only 13% (6) of the nodes produced by CPCC
95. Rather, the majority of lead nodes from CPCC 95 were found in the MeOH fraction

(53%; 24), which contained the fewest unique nodes from the E. mutabilis consortia.

Likewise, the timing of sampling influenced NP production (Figure I1.3b). CPCC
95 yielded the fewest unique lead nodes after 1 day but the most after 7 days, whereas
CPCC 452, 657, and 658 exhibited the opposite pattern, generating the most unique nodes

after 1 day and the fewest after 7 days. Across all strains, the lowest number of unique
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nodes was observed after 4 days of growth, with half of the lead nodes produced after 1 or
7 days of growth alone, each generating 53 nodes. This suggests there is not a gradual build-

up of these compounds over the growth, and some are lost over time.

Different growth media displayed variations in lead node distribution (Figure I1.3c).
The minimal media (JM, MAM) generated the fewest unique lead nodes, while media
supplemented with a carbon source (MAM + G, EG, EG:JM) produced the highest number
of nodes. Among the 202 reproducible lead nodes, only 17 (8%) were exclusively produced
in minimal media, 64 (31.6%) were generated in MAM + G, and 155 (76.7%) from media
containing EG. The highest number of lead nodes were produced in EG:JM media across
all strains (115; 56.7%). Whilst there is significant overlap between related media, over half

of the lead nodes are only produced in a single media type.

These results emphasise the importance of varying extraction solvent, growth time
and media type to improve the production of the most promising lead compounds from
these cultures. Overall, if the E. mutabilis microbiomes produce novel bioactive

compounds, they are more likely to do so when grown in nutrient-rich media.

Metagenome sequencing

To understand the members of the microbial microbiome, their contribution to the
consortia and their potential for NP biosynthesis, we performed metagenomic sequencing.
The relative microbial abundance of three E. mutabilis metagenomes was analyzed at
various taxonomic levels. The predominant non-redundant genes were associated with the

domains Archaea, Eukaryota, Bacteria, and Viruses (Figure 11.4, Table SII.2). Given that
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the genome of E. mutabilis has not been sequenced or annotated, abundance was
normalized for each strain at every taxonomic level to account for the removal of “other”
non-redundant genes. The high abundance of “other” sequences (86-93%) from each
sample were not classified to a specific taxonomic level likely because they represent
sequences from Euglena that have not been previously characterized, so this approach

provided a clearer representation of microbial diversity.

Although CPCC 452 is thought to contain only E. mutabilis and associated bacteria,
it exhibited the lowest number of non-redundant bacterial gene hits. Additionally, phylum-
level analysis revealed the presence of fungal genes in higher abundance then CPCC 657
and 658 (Figure I1.5a, Table SII.3), which are believed to contain E. mutabilis along with
associated bacteria and fungi. At the family level, bacterial genes were more prevalent than
fungal genes across all strains (Figure II.5b, Table SII.4). When analyzing the relative
abundance of each sample in a strain, the top 10 most abundant microbes at the phylum
level remain consistent (Figure I1.5c, Table SII.3), while the family level reveals nominal
diversity (Figure I1.5d, Table SII.5). Taxonomic analysis using NCBI indicated that the
majority of read alignments in each sample originated from bacteria, with the highest
number aligning to Acidiphilium acidophilum (37-79%; Table SII.6). The Ascomycota

reads map most closely to Talaromyces, consistent with previous work [29].

Given the different locations these three strains were isolated, it is notable that all

three microbiomes contain the same extremophilic bacterium adapted to acidic, heavy

metal-rich conditions and that two strains contain a fungal contributor from the same genus.
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The consistent composition and maintenance of these microbial consortia suggest they are

important for the ecology of E. mutabilis and are not artifacts of the culture collection.

Prediction of secondary metabolite biosynthetic gene clusters (BGCs)

Analysis of sequence assemblies using bacterial and fungal antiSMASH databases
identified 14 secondary metabolite regions from 68 bacterial BGCs and 20 fungal BGCs
(Figure I11.6). As of April 2025, 56 of the identified bacterial BGCs (Table SII.7) and 17 of
the identified fungal BGCs (Table SII.8) display no cluster similarity within the
antiSMASH database. Terpenes were the most common cluster type among bacterial and
fungal outputs (30 and 12, respectively). Each strain produced acyl amino acid, aryl
polyene, ectoine, non-ribosomal peptide synthase (NRPS) or NRPS-like, ranthipeptide,
redox cofactor, RiPP recognition element (RRE), type I polyketide synthase (T1PKS), and
type III polyketide synthase (T3PKS) clusters identified through the bacterial database.
Interestingly, analysis using the fungal antiSMASH database also identified the same

ectoine biosynthetic clusters in each strain.

Clusters within regions identified using antiSMASH with biosynthetic, biosynthetic
— additional, or transport related functions were further analyzed using NCBI Protein
BLAST. These results yielded little insight into the holistic function of the gene clusters as
most of the functions within a region were not related to biosynthesis or transport.
Nonetheless, Protein BLAST results suggested that an Acidiphilium species is likely the
predominant bacterium in each strain. Among the top BLAST hits, 85%, 81%, and 70% of
sequences in identified BGCs from CPCC 452, 657, and 658, respectively, were predicted

to originate from Acidiphilium species. Interestingly, Protein BLAST results from BGCs
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identified using the fungal antiSMASH database did not yield any fungal matches. Instead,
the majority of hits (88%, 70%, and 67% from CPCC 452, 657, and 658, respectively) were
attributed to Acidiphilium species. Other bacterial hits included Acidibrevibacterium
fodinaquatile (9%, 7%, and 10% from CPCC 452, 657, and 658, respectively) and
Metallibacterium scheffleri (9% from CPCC 658). All strains also shared at least one BGC
sequence identified as similar to phytoene synthase from E. gracilis which may originate

from the E. mutabilis.

Purification and characterization of a fungal secondary metabolite

From molecular networks produced, a node was identified containing an m/z
(413.16) matching the [M+H]" of a SM previously identified in Talaromyces, 3-(9a-methyl-
3-octanoyl-2,9-dioxofuro[3,2-glisochromen-6-yl)prop-2-enoic acid [47]. The MS/MS of
the node corresponded to many fragments which could be produced from this metabolite
(Figure SI.4). Following identification of the metabolite, purification was conducted to
confirm the reported structure via NMR. HMBC, HSQC, and TOCSY experiments reported

similar shifts to those previously reported (Table 11.2) [47].

After scaling up to 4 L cultures, a new molecular network was generated containing
solely scale-up samples, in which GNPS identified 3-(9a-methyl-3-octanoyl-2,9-
dioxofuro[3,2-glisochromen-6-yl)prop-2-enoic acid within a cluster. Other nodes
connected included a library match, whereas numerous had no reported structure (Figure

11.8).
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11.6 DISCUSSION

Recently, the shift towards co-culture engineering has gained popularity for
increasing the production and efficiency of known SMs [48], for the discovery of novel
NPs [49], and as an inexpensive alternative to the technical expertise and equipment

required for synthetic biology [22].

Our work supports the growing recognition that microbial interactions in natural
microbiomes can stimulate or unlock biosynthetic potential that remains silent in
monoculture. This is important for discovering novel SMs and NPs, as different media and
nutrient conditions influence microbial interactions, altering the metabolites produced by
the organisms [50]. Specifically, our discovery of differences in growth between two
minimal media, MAM and JM, is noteworthy. JM is meant to be a neutral media —
intentionally decreasing the pH of JM resulted in poor growth and recovery of Euglena in
nutrient-rich plates relative to MAM, likely spurred by an enhanced trace metal toxicity by
increasing their solubility [51]. Importantly, recovery of fungal colonies was not
reproducible in malt for either nutrient-minimum medium likely because of the absence of
an adequate carbon source for the fungi. This is a significant finding, as fungi are well-
known metabolite reservoirs, and their presence may enhance biosynthetic activity when
grown with Euglena. However, under altered pH conditions, these genes may remain
inactive, or alternatively, antiSMASH may not effectively detect biosynthetic genes from

Talaromyces species.

Further, our work supports existing literature which indicates that the available

carbon source plays a significant role in not only the health of the culture, but the
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differential growth of the system partners, and the SM output. For example, the greatest
accumulation of cell density was different for E. gracilis and E. mutabilis depending on the
available carbon source. While Euglena generally can catabolize both glucose and acetate,
previous research suggests a preference for acetate under mixotrophic and heterotrophic
conditions [52,53]. In the absence of glucose, Euglena can catabolise acetate through the
glyoxylate cycle, yet CPCC 95 departed from this expected behaviour by exhibiting an
order of magnitude greater growth in MAM + G, when compared to previous studies [54].
These results may be attributable to downstream metabolic side effects of the glyoxylate
cycle, including the wholesale bypass of the decarboxylation steps of the TCA cycle leading
to decreased electron transporters (NADH, FADH>) and ATP synthesis [55,56]. Fungi and
bacteria also preferentially metabolize glucose and do so more rapidly than Fuglena, likely
explaining the lower E. mutabilis cell density observed in MAM + G compared to EG:JM.
Euglena cells grown in EG media also showed signs of stress — reduced size and a more
rounded morphology (Figure SII.2) — compared to growth in EG:JM. EG contains 0.1%
(w/v) acetate, which is lethal to Euglena below pH 5.0 [52]; dilution in EG:JM halves this

concentration, supporting higher cell density.

The importance of carbon source was a consistent trait, even in experiments
involving malt agar. The primary carbon source in malt agar, maltose, is widely considered
selective for culturing acidophilic organisms. Metabolism of maltose is slower relative to
glucose because it first needs to be hydrolyzed to become bioavailable [57]. In the presence
of alternative carbon sources, fungi and bacteria selectively utilize glucose by repressing
the synthesis of enzymes used in the catabolism of other carbon sources [57,58]. The time

and energy required to adjust from metabolizing glucose to maltose — mainly driven by an
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ATP binding cassette transporter subunit - may explain why Euglena and fungal recovery
on malt agar was stunted. The lag in growth, however, was not observed in cultures

previously grown in EG:JM which were subsequently transferred to malt agar.

On malt agar, the E. mutabilis microbiomes with fungi and bacteria revealed
changes in fungal pigmentation, uniformly between protist strains (Figure SII.3). It is
widely known that fungi can produce pigmented SMs which vary in colour and intensity
based on environmental conditions [59]. Previous research established that the fungi
present in CPCC 657 produces a red pigmentation — proposed by either the repression of
the ade2 gene, or the production of anthraquinones — in response to stress and carbon
availability [29]. Indeed, purification of the red pigment producing compound 3-(9a-
methyl-3-octanoyl-2,9-dioxofuro[3,2-g]isochromen-6-yl)prop-2-enoic acid was from
upscaled conditions only, which may be indicative of a stress-related response due to a shift
in nutrients or growth environment. Production of azaphilone compounds in Talaromyces
is well documented, although their exact metabolic functions are not well understood [60].
A host of azaphilone compounds are reported to exhibit various biological activities,
although no data has been reported for the compound in question, so further bioactivity

testing on fully purified extracts may yield new insights into its role [61].

Though CPCC 657 and 658 exhibit similar trends in growth and pigmentation
response, the evidence for their differences is highlighted in the antiSMASH analysis.
Although they produce many of the same classes of compounds, BLAST results suggest
that these compounds are generated at different locations within the WGS assemblies and

at varying frequencies (Table SII.7, SII.8). This suggests that each of the strains may be
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exploited for both greater and diversified spectrum of SM production differently by a wide

range of biotic and abiotic inputs and challenges.

Interestingly, among the E. mutabilis microbiomes, Acidiphilium appears as the
predominant bacterium present. Given that these environmental strains were isolated from
mining sites, the presence of an extremophilic bacterium adapted to acidic, heavy metal-
rich conditions is unsurprising — though it may be of little relevance from an antimicrobial
perspective [62]. Terpenes can have bioactive properties, though the terpenes identified
here are associated with squalene and carotenoid biosynthesis likely related to cell
membrane structure and function [63]. Extremophilic bacteria produce ectoine and aryl
polyenes in response to environmental stressors, though they have more applications in
biotechnology than pharmaceuticals [64,65]. The most likely candidates for novel
antimicrobial BGCs are those that code for NRPS and NRPS-like compounds. Many
clinical drugs today, including penicillin and vancomycin, have been synthesized in whole
or part from non-ribosomal peptides isolated from bacteria, fungi, and cyanobacteria [66].
The complexity of non-ribosomal peptides makes it difficult to study their bioactivity, but
their structural diversity provides a promising start for the development and bioengineering
of pharmaceuticals [67]. Given that the large NRPS BGCs identified in CPCC 657 and 658
are not related to known clusters suggest that the cultures may be producing a novel
bioactive compound. BLAST results indicated that some regions within the NRPS BGCs
align with Acidiphilium, however, the lipophilic region in euglenatides are structurally
similar to nemamides — the metazoan PKS-NRPS metabolite [24]. Future work should
attempt to isolate these NRPS compounds, determine their structures, and assess their

bioactivity. Unexpectedly however, antiSMASH analysis did not reveal evidence of
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bioactive compounds of fungal origin. Rather, matches from the fungal antiSMASH
database indicated activity associated with Acidiphilium species. The inability to support
fungal colonization in minimal media may have limited the detection of fungal BGC-
related sequence. This is further supported by the limited fungal representation in the WGS
data beyond the phylum level. The only bioactivity linked to Euglena was associated with
phytoene synthase — a rate-limiting enzyme in the carotenoid biosynthesis pathway related
to chlorophyll production, whose activity is influenced by light intensity [68]. Integrating
these findings with the molecular networking data suggests that if the E. mutabilis consortia
produce novel bioactive compounds, they are more likely to do so when grown in nutrient-

rich media.

Each strain, as well as each microbiome organism, likely has distinct physiological
requirements that influence metabolite production. Generally, previous research
investigating NPs suggests that changing culture conditions by altering growth media and
nutrient profiles can have significant impacts on SM production [10]. While our findings
confirm that glucose is the preferred carbon source for Euglena, acetate-based growth in
EG and EG:JM resulted in a greater number of unique nodes, highlighting the significant

influence of culture composition on NP diversity and dynamics in Euglena consortia.

Crucially, in addition to nutrient composition of the growth medium, the presence
of other organisms had an impact on NP biosynthesis. Most of the unique nodes were
generated by one of the three E. mutabilis microbiomes rather than the E. gracilis axenic
culture. Although synthetic biology has traditionally been used to manipulate metabolic

pathways for SM production, the complexity, cost, and technical challenges of
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bioengineering are increasingly driving researchers toward co-culture approaches to elicit
SM production and unlock bioactive potential [21,48]. The strong performance of CPCC
658, particularly after 7-days, suggests that strain-specific microbial interplay contribute to
enhanced NP diversity. This highlights the importance of using co-culture strategies not
only for activating biosynthetic pathways, but also for exploring the ecological dynamics
that shape SM production. Further investigation into the microbial composition and
metabolic interactions within the microbiomes could reveal new insights into how these
relationships drive NP biosynthesis. It may also uncover the specific compounds extracted
in each solvent fraction of the consortia. By integrating GNPS and antiSMASH analyses,
it is plausible that some of the nodes extracted from consortia in the BuOH fraction
represent novel NRPS-derived compounds [69]. A review of fungal co-cultures reported
the production of 19 PKS and PKS-NRPS compounds when fungi were co-cultured with
bacteria [22]. Similarly, in a competitive co-culture involving the cyanobacterium
Nodularia spumigena, the diatom Phaeodactylum tricornutum, and the cryptomonad
Rhodomonas salina, researchers observed up to a fivefold increase in NRP compound
production by N. spumigena [70]. Some of these compounds were detected extracellularly,
coinciding with suppressed growth of P. tricornutum, suggesting chemically mediated
interactions within the community. Taken together, these findings emphasize that co-
cultivation not only enhances chemical diversity but may also influence the polarity,
abundance, and ecological roles of the natural products produced — making co-culture
strategies a powerful tool for uncovering novel bioactive metabolites and understanding the

microbial interactions that drive their biosynthesis.
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1.7 CONCLUSIONS

This study explored the SM potential of environmental E. mutabilis microbiomes
using a combination of genome mining and molecular networking. The results show that
natural microbial co-cultivation, extraction method, and growth time all influence the
diversity and reproducibility of NPs produced. Most of the reproducible features came from
the E. mutabilis strains, especially CPCC 658, which produced the highest number of
unique nodes after 7-days. These patterns suggest that both microbial interactions and
strain-specific factors contribute to metabolite output, and that timing plays a key role in

when certain compounds are expressed.

More than half of the lead compounds were extracted from the BuOH fraction —
consistent with the types of compounds expected from NRPS-like and RiPP clusters.
AntiSMASH results and Protein BLAST hits suggest that associated Acidiphilium species
are likely contributing to biosynthetic activity, though more work is needed to confirm the

origin and structure of specific compounds.

This work demonstrates that naturally occurring microbial consortia of E. mutabilis
— rather than synthetic co-cultures — are powerful, ecologically grounded systems for
accessing novel chemistry While synthetic biology has made significant progress, it can
prove insufficient for complex or poorly understood pathways. Natural microbiomes offer
a simpler and often more ecologically relevant alternative. The results here suggest that
even without genetic modification or high-throughput screening, meaningful chemical
diversity can be uncovered using relatively accessible methods. This work provides a

starting point for deeper exploration of not only E. mutabilis and its microbiomes, but algal
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consortia in general, as a source of novel metabolites. Future studies might focus on
identifying the compounds responsible for the most promising nodes, tracking changes in
metabolic output across more refined time points, or exploring the functional role of

specific microbial partners in shaping metabolite production.
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Figure II.1: The growth of E. gracilis and E. mutabilis vary across different medium.
Cultures were grown for 7 days in five different types of media. Differences in cell
concentrations within each strain were determined using a one-way ANOVA (p < 0.05) with
a Tukey HSD. Error bars represent standard deviation (n = 4).

Figure I1.2: Molecular network with media removed. Turquoise nodes represent ions
unique to CPCC 95, yellow nodes represent ions unique to CPCC 452, orange nodes
represent ions unique to CPCC 657, and red nodes represent ions unique to CPCC 658.
Blue nodes indicate that an ion was present in multiple samples. The full molecular network
consisted of 7,469 nodes (Figure S1). However, after removing nodes associated with and
connected to media blanks, 2,538 nodes remained from samples.
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Figure I1.3: Additional attributes play a role in the diversity of compounds present in the
molecular network. Euler diagrams display the distribution of 202 reproducible nodes from
540 Euglena culture samples across extraction solvents (a), timepoints (b), and types of
media (c).
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Figure 11.4: Average microbial abundance at the domain level assigned taxonomically by
non-redundant genes across three strains of environmental E. mutabilis consortia. Error
bars represent the standard deviation of the number of non-redundant genes (n = 3).
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Figure I1.5: Relative microbial abundance assigned taxonomically by non-redundant genes
of the average top 10 most abundant microbes at phylum (a) and family (b) levels compared
to top 10 most abundant microbes in each sample (A samples = CPCC 452, B samples =
CPCC 657, C samples = CPCC 658) across three strains of natural E. mutabilis consortia.
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Figure I1.6: Abundance of secondary metabolite regions identified using bacterial (a) and
fungal (b) versions of antiSMASH v7.0 for each strain of natural E. mutabilis consortia.

Figure I1.7: Assigned atoms for NMR shifts detected in 3-(9a-methyl-3-octanoyl-2,9-
dioxofuro[3,2-g]isochromen-6-yl)prop-2-enoic acid. Arrows denote shifts detected via
Heteronuclear Multiple Bond Correlation (HMBC) or Total Correlation Spectroscopy
(TOCSY).
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Figure II.8: Cluster containing metabolites of interest related to Talaromyces
furanochromenes. Each node is annotated with its m/z. Associated nodes have been
annotated with either their corresponding library match or their confirmed structure.
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Table I1.1: Cell viability test (n = 4) comparing colony forming units of E. gracilis (CPCC
95), E. mutabilis (CPCC 452, 657, 658), and fungus after 7 days of incubation on malt
agar at 25°C cycling light and dark (16:8). Before plating, samples were grown in their

respective media types for 7 days.

MAM +

Strain Organism MAM G EG M EG:JM
SSP cc E. gracilis +++ ++ + ++ ++
CPCC E. mutabilis + ++ ++ ++ 4+
452
CpcC  Fungus - + + . et
657 E. mutabilis ++ ++ ++ ++ 4+
CpcC  Fungus - + + . et
658 E. mutabilis + + ++ ++ A+t

Bacterial CFUs were excluded as they were too numerous to count.

"-"no CFU; "+" if <50 CFU; "++" if 50><250 CFU; "+++" if >250 CFU or if a complete

lawn is present and CFU count is impossible.
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Table I1.2: NMR shift comparison between the expected and observed values for 3-(9a-
methyl-3-octanoyl-2,9-dioxofuro[3,2-g]isochromen-6-yl)prop-2-enoic acid.

Position Expected Observed

OH dc oH dc
1 7.87,s 152.6 7.70, s 147.9
3 - 153.1 - n.i
4 6.53, s 117.6 6.79, s 116.6
5 - 138.9 - n.i
6 7.02, s 107.5 6.96, s 115.4
7 - 170.5 - 172.4
8a - 86.1 - 86.6
8b 1.72, s 27.9 1.73, s 27.0
9 - 190.9 - 190.5
10 - 116.3 - n.i
11 7.23,d (15.5) 1353 791, s 130.1
12 6.52,d 125.6 7.2,d 120.0
13 - 169.6 - n.i
r - 168.8 - n.i
2 - 116.0 - n.i
3 - 197.4 - n.i
4 2.90-3.00, m 42.0 29, m 40.8
5 1.59-1.61, m 23.7 1.61, m 23.6
6’ 1.26-1.30, m 29.3 1.23-1.36, m 29.2
7 1.26-1.30, m 29.3 1.23-1.36, m 29.2
8 1.26-1.30, m 31.9 1.23-1.36, m 29.2
9 1.26-1.30, m 22.8 1.23-1.36, m 29.2
10° 0.88, t 14.2 0.91,t 12.9

-302 -



11.9 SUPPLEMENTARY MATERIAL

( Andrographolide \
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Figure SII.1: Complete molecular network from all samples and blanks. Turquoise nodes
represent ions unique to CPCC 95, yellow nodes represent ions unique to CPCC 452,
orange nodes represent ions unique to CPCC 657, and red nodes represent ions unique to
CPCC 658. Blue nodes indicate that an ion was present in multiple samples. The 6
highlighted compounds were identified as library hits from the GNPS database and have
been previously characterized as having pharmaceutical or antimicrobial properties (Table
SL1).
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Table SII.2: Non-redundant genes present in each E. mutabilis sample at the domain
level. A samples are replicates of CPCC 452, B samples are replicates of CPCC 657,
and C samples are replicates of CPCC 658.

CPCC 452 CPCC 657 CPCC 658
Al A2 A3 Bl B2 B3 C1 C2 3
Archaea 11490.797 10788.9973 10793.3032 10668.4006 10653.7613 10940.6116 10516.2745 10167.3694 10320.4755
Eukaryota 659857.966 652677.413 661050.253 685384.831 664530.521 615196.252 595268.333 654586.549 642968.687
Bacteria 1184643.67 2025675.13 1205600.14 2135125.93 2270975.4 2340419.89 2767870.98 2721410.86 3474381.11
Viruses 50582.3854 49776.7396 48747.0791 51376.7685 49161.0039 44039.2989 43886.4828 51335.8702 49154.2086
Others 29035139.2 28202795.7 29015523.2 28059158.1 27946393.3 27931117.9 27524171.9 27504213.3 26764889.5

Table SII.3: Average 10 top phyla based on non-redundant genes present in each E.
mutabilis sample. A samples are replicates of CPCC 452, B samples are replicates of
CPCC 657, and C samples are replicates of CPCC 658.

CPCC 452 CPCC 657 CPCC 658
Al A2 A3 B1 B2 B3 Cl1 C2 c3
Pseudomonadota 901387.969 1714678.77 879428.523 1762822.01 1903016 2005631.76 2448824.7 2362677.09 3144899.03
Ascomycota 179517.569 178360.801 182025.981 199705.473 194174.873 177319.231 165626.76 180902.398 178528.496
Basidiomycota 152529.374 147735.579 148018.323 152145.213 145813.587 135746.316 135117.996 146608.944 145131.617
Mucoromycota 133164.424 139923.873 142184.124 143046.748 139643.988 126678.011 121056.343 141756.071 133889.925
Cyanobacteriota 93960.3522 114212.128 126965.631 138820.009 138075.124 113010.71 112827.709 141108.189 116234.813
Actinomycetota 19040.3644 16269.5522 15988.2506 36494.3798 33381.101 36690.996 19476.0409 18498.1679 21151.1162
Bacteroidota 32691.4222 29788.9419 29976.6804 31231.2562 30073.4429 28717.2737 29119.1585 30362.3271 30058.0265
Nucleocytoviricota 31590.8989 30813.7664 30308.0636 31545.7148 30250.1744 27377.0148 27395.5369 31446.6566 30243.055
Chytridiomycota 279943771 25302.378 25910.6006 25572.9025 25202.5087 25536.5318 24960.8575 245743087 24800.9398
Cryptomycota 11291.6564 10869.1275 10913.2559 11201.6305 10647.5787 10051.2329 9915.05558 10680.9234 10626.3188
Others 29294736.3 28471952.5 29286716 28343781.2 28227705.2 28193428 27787544.2 27790278.2 27043367.5
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Table SII.4: Average 10 top families based on non-redundant genes present in each E.

mutabilis sample. A samples are replicates of CPCC 452, B samples are replicates of

CPCC 657, and C samples are replicates of CPCC 658.

CPCC 452 CPCC 657 CPCC 658
Al A2 A3 B1 B2 B3 C1 C2 C3
Acetobacteraceae 669285.862 1419503.31 647331.332 1443604.08 1578245.47 1679489.71 2066270.58 1975934.1 2685711.96
Enterobacteriaceae 76479.4023 78098.749 78687.2464 81008.1875 77351.3478 69126.3482 68543.4921 77510.3803 76495.1657
Rhodanobacteraceae 12627.1847 14297.5555 12046.9359 4853.54317 3636.53273 2651.94508 46081.163 45384.5003 61189.7453
Rhizopodaceae 45824.5665 48905.9287 50043.5984 49512.3362 482242377 43015.8228 41264.5015 49914.4978 46613.0973
Lichtheimiaceae 23685.7936 24801.03 24808.3448 24695.7291 24387.595 22006.8227 21299.801 24954.0758 23652.8613
Ceratobasidiaceae 23639.1166 23565.1939 24002.7013 24210.0342 23382.9788 21754.0348 21301.8696 23475.8243 22888.3078
Marinobacteraceae 22548.2687 21938.9666 22358.9295 23297.2079 22323.3023 20832.4299 20504.1745 22667.1659 22021.6675
Cytophagaceae 22845.0766 19605.7408 19348.101 20013.8333 19182.2489 18916.6835 19206.8464 19066.578 19992.664
Wallemiaceae 21872.8356 20470.4522 20062.7016 20459.88 20030.1759 18879.9774 19049.3842 20170.8755 20385.0603
Sclerotiniaceae 19214.6633 19395.3473 19862.0786 20116.1615 19133.9673 17135.4483 17129.8741 18875.1457 18645.1538
Others 29619681.1 28861127.6 29636401.2 28774388.1 28661326.6 28607491.2 28208908.4 28237416.8 27519345.5

Table SII.5: Actual 10 top families based on non-redundant genes present in each E.
mutabilis sample. A samples are replicates of CPCC 452, B samples are replicates of

CPCC 657, and C samples are replicates of CPCC 658.

CPCC 452 CPCC 657 CPCC 658
Al A2 A3 B1 B2 B3 Cl1 C2 c3

Acetobacteraceae 669285.862 1419503.31 647331.332 1443604.08 1578245.47 1679489.71 2066270.58 1975934.1 2685711.96
Enterobacteriaceae 76479.4023 78098.749 78687.2464 81008.1875 77351.3478 69126.3482 68543.4921 77510.3803 76495.1657
Rhodanobacteraceae - - - - - - 46081.163 45384.5003 61189.7453
Rhizopodaceae 45824.5665 48905.9287 50043.5984 49512.3362 482242377 43015.8228 41264.5015 49914.4978 46613.0973
Lichtheimiaceae 23685.7936 24801.03 24808.3448 24695.7291 24387.595 22006.8227 21299.801 24954.0758 23652.8613
Ceratobasidiaceae 23639.1166 23565.1939 24002.7013 24210.0342 23382.9788 21754.0348 21301.8696 23475.8243 22888.3078
Marinobacteraceae 22548.2687 21938.9666 22358.9295 23297.2079 22323.3023 20832.4299 20504.1745 22667.1659 22021.6675
Cytophagaceae 22845.0766 19605.7408 19348.101 20013.8333 19182.2489 18916.6835 19206.8464 19066.578 19992.664
Wallemiaceae 21872.8356 20470.4522 20062.7016 20459.88 20030.1759 18879.9774 19049.3842 20170.8755 20385.0603
Sclerotiniaceae 19214.6633 19395.3473 19862.0786 20116.1615 19133.9673 17135.4483 17129.8741 18875.1457 18645.1538
Allomimiviridae 15549.3915 14329.506 14101.934 - - - - - -

Cryphonectriaceae - - - 18323.6672 20032.2751 19517.4787 - - -

Others 29294736.3 28471952.5 29286716 28343781.2 28227705.2 28193428 27787544.2 27790278.2 27043367.5
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Table SIL.6: Spot count of top 10 hits from NCBI taxonomic analysis for each E.

mutabilis sample. A samples are replicates of CPCC 452, B samples are replicates of
CPCC 657, and C samples are replicates of CPCC 658.

CPCC 452 CPCC 657 CPCC 658

Al A2 A3 B1 B2 B3 C1 C2 C3
Acidibrevibacterium fodinaquatile 60675 86230 57429 5706 - 5392 9381 7844 10119
,Ilfgr;cella aminolytica 101 = DSM . . . . . . 7660 6861 3178
Acidiphilium acidophilum 125177 229295 139809 1100702 945019 1042106 1026915 949216 1224555
Acidiphilium cryptum JF-5 20882 40765 23144 39688 46191 43788 55165 46296 65642
Acidiphilium multivorum AIU301 - 4895 - - - - - - -
Acidiphilium sp. 80675 152599 80519 132525 156746 158246 192673 167404 230554
Acidiphilium sp. C61 - 5520 - 4871 5729 5542 6893 - 8232
Acidiphilium sp. JA12-A1 9873 19432 9797 16663 20138 19626 24291 22154 30012
Acidiphilium sp. PA - 4561 2970 12609 11292 12432 22048 20279 25479
Acidiphilium sp. PM 5093 9648 4960 8240 10180 10174 12452 10839 15529
Klebsiella pneumoniae - - - 7617 6896 6663 - - -
Metallibacterium scheffleri 22354 25054 24444 - - - 92837 80239 113371
Methylosoma difficile 3460 - 4981 5490 5460 - - - -
Salarias fasciatus - - - - 21082 22098 - 18790 -
Salvelinus namaycush 3675 - 3440 - - - - - -
Triticum 3681 - - - - - - - -
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Figure SII.2: Growth of E. mutabilis (CPCC 658) after 7 days of growth in EG (a) and
EG:JM (b) media at 10x magnification.
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a b

Figure SII.3: Plate photographs of an E. mutabilis co-culture (CPCC 657) after 7 days on
malt agar following 7 days of growth in MAM + G (a) and of an E. mutabilis co-culture
(CPCC 658) after 7 days on malt agar following 7 days of growth in EG:JM (b).
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Table SII.7: BGC predicted using the bacterial antiSMASH database for E. mutabilis co-
cultures. The percentage (%) indicates the proportion of gene similarities to predicted
clusters. TIPKS: type I polyketide synthase; T3PKS: type III polyketide synthase;
NRPS: non-ribosomal peptide synthase; RiPP-like: Ribosomally synthesized and post-
translationally modified peptides; RRE-containing: RiPP recognition element.

Results from Bacterial antiSMASH Database

Span [nt] Most Similar
Strain Gene Type From To Biosynthetic Gene
Cluster
Acyl Amino Acid 1 1,058
Acyl Amino Acid 90,223 141,655
Aryl polyene 1 1,903
Ectoine 142,365 152,763 Ectoine (66%)
NRPS-like 1 2,685
Ranthipeptide 1 7,895
Ranthipeptide 1 1,392
Redox Cofactor 7,602 29,732
T1PKS 1 2,829
452 T3PKS 1 6,646
Terpene 1 1,255
Terpene 1 5,004
Terpene 1 7,870
Terpene 1 9,578 Carotenoid (100%)
Terpene 1 10,055
Terpene 4,352 25,413 Carotenoid (100%)
Terpene 8,749 30,457
Terpene 80,211 102,160
Acyl Amino Acid 1 4,244
Acyl Amino Acid 90,223 141,655
Aryl polyene 1 5,279
Cyanobactin 1 1,592
Ectoine 142,365 152,763 Ectoine (66%)
Hydrogen Cyanide 1 5,132
657 NRPS 1,762 45,700
Ranthipeptide 1 3,388
Redox Cofactor 1 21,493
Redox Cofactor 7,602 29,732
RRE-containing 1 1,430
T1PKS 1 2,858
T3PKS 47,015 88,142 Thaxteramide C (11%)
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658

Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene

Acyl Amino Acid
Acyl Amino Acid
Acyl Amino Acid
Aryl polyene
Aryl polyene
Ectoine
Ectoine
NRPS
Ranthipeptide
Redox Cofactor
Redox Cofactor
RiPP-like
RRE-containing
T1PKS
T3PKS
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene
Terpene

—

4,352
8,749
20,952
41,049
41,904
80,211

3,753
142,365
9,819
1
7,602
9,295
37,446
1

S W S ey W ey

4,492
8,749
22,474
41,693
80,211

1,742
1,810
2,901
3,573
3,715
25,413
30,457
42,904
62,113
63,600
102,160

2,149
4,463
141,655
7,474
24,434
13,779
152,763
53,266
6,237
29,732
30,784
48,360
3,509
2,857
38,804
2,025
2,384
3,006
3,446
8,387
11,232
25,559
30,457
44,417
62,757
102,160

Carotenoid (100%)

Carotenoid (100%)

Ectoine (66%)
Ectoine (66%)

Thaxteramide C (11%)

Carotenoid (100%)

Carotenoid (100%)
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Table SII.8: BGC predicted using the fungal antiSMASH database for E. mutabilis co-
cultures. The percentage (%) indicates the proportion of gene similarities to predicted
clusters. NRPS: non-ribosomal peptide synthase; RRE-containing: RiPP recognition
element.

Results from Fungal antiSMASH Database

Span [nt] Most Similar
Strain Gene Type Biosynthetic Gene
P From To yCluster
Ectoine 142,365 155,391 Ectoine (33%)
457 Terpene 1 9,578
Terpene 8,749 30,457
Terpene 80,211 102,160
Ectoine 142,365 155,391 Ectoine (40%)
NRPS-like 1 2,089
Redox Cofactor 1 23,824
Terpene 1 3,573
657 Terpene 1 1,742
Terpene 1 1,810
Terpene 8,749 30,457
Terpene 41,578 64,829
Terpene 80,211 102,160
Ectoine 39 13,779
Ectoine 142,365 155,391 Ectoine (33%)
Redox Cofactor 6,964 30,784
658 RRE-containing 1 3,509
Terpene 1 2,025
Terpene 8,749 30,457
Terpene 80,211 102,160
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Figure SII.4: MS/MS assignment for precursor m/z 413.16. Predicted structures are

shown below assigned peaks
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