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ABSTRACT 
 
 

Cytokinin biosynthesis, signaling and translocation 

during the formation of tumors 

in the Ustilago maydis- Zea mays pathosystem 

Ibraheem Oladipupo Alimi 

 
Cytokinins (CKs) are hormones that promote cell division. During the formation of 

tumors in the Ustilago maydis-Zea mays pathosystem, the levels of CKs are elevated. 

Although CK level are increased, the origins of these CKs have not been determined and it is 

unclear as to whether they promote the formation of tumors. To determine this, we measured 

the CK levels, identified CK biosynthetic genes as well as CK signaling genes and measured 

the transcript levels during pathogenesis. By correlating the transcript levels to the CK levels, 

our results suggest that increased biosynthesis and signaling of CKs occur in both organisms. 

The increase in CK biosynthesis by the pathosystem could lead to an increase in CK signaling 

via CK translocation and promote tumor formation. Taken together, these suggest that CK 

biosynthesis, signaling and translocation play a significant role during the formation of tumors 

in the Ustilago maydis-Zea mays pathosystem. 

 
 
KEYWORDS: Ustilago maydis, Zea mays, cytokinins, biosynthesis, signaling, translocation, 

tRNA degradation pathway, gene expression, mass spectrometry, tumors 
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CHAPTER 1: GENERAL INTRODUCTION 

 

Plant hormones such as cytokinins (CKs) are required for the modulation of 

several plant processes such as meristematic cell division (Werner et al., 2003), inhibition 

of senescence (Gan and Amasino, 1995) and source-sink relationships (Roitsch and 

Ehness, 2000). Although all CKs are adenine derivatives, the most prominent CKs 

contain an isoprenoid group. There are four types of isoprenoid CKs: N6-

isopentenyladenine (iP), trans-zeatin (tZ), cis-zeatin (cZ) and dihydrozeatin (DZ) 

(Sakakibara, 2006). In plants, CKs can be produced using the de novo pathway and/or the 

tRNA degradation pathway. The de novo pathway is thought to be the major route for the 

production of iP, tZ and DZ. On the other hand, the tRNA degradation pathway is the 

major route for the production of cZ (Spíchal, 2012). It is well established that the de 

novo pathway is more dominant in plants such as Arabidopsis, while in other plants such 

as Zea mays (maize), Oryza sativa (rice) and Pisum sativum (pea), the tRNA degradation 

pathway is also a significant contributor to CK production (Izumi et al., 1988; Emery et 

al., 1998; Quesnelle and Emery, 2007; Veach et al., 2003). 

Surprisingly, plants are not the only organisms with the ability to produce CKs. 

Fungi can produce CKs when grown independently (Morrison et al., 2017) and when 

they grow in association with plants (Morrison et al., 2015b).  Several studies have shown 

that CKs can be found in all types of fungi regardless of their feeding strategy and 

relationship with plants. This includes biotrophic, necrotrophic and hemibiotrophic fungal 

plant pathogens (Cooper and Ashby, 1998; Ashby, 2000). Biotrophic plant pathogens such 

as Ustilago maydis are obligate pathogens that derive energy from living cells and as a 
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result do not kill the host plants rapidly. On the other hand, necrotrophic plant pathogens 

such as Botrytis cinerea invade and kill plant cells rapidly and then feed on the dead cells 

(Mengiste, 2012). Hemibiotrophic plant pathogens such as Magnaporthe oryzae possess 

an initial phase of biotrophy which is subsequently followed by necrotrophy (Murphy et 

al., 1997). Previous studies involving the analysis of CKs from plant pathogenic fungi 

suggested that biotrophic fungi are more likely to produce CKs than necrotrophic fungi 

(Ashby, 2000). A reason suggested to support this contention was that biotrophic fungi 

interact closely with living host cells and are more likely to mimic the production of CKs 

in order to alter endogenous CK biosynthesis, translocation or signaling in plants. 

Previous studies revealed that the hemibiotrophic rice blast fungus, Magnaporthe oryzae, 

is capable of producing cis-zeatins (Chanclud et al., 2016). The production of cis-zeatin 

was found to play an important role during pathogenesis because the deletion of cks1 

(cytokinin synthesis 1), a fungal tRNA-IPT gene that is required for the biosynthesis of 

cis-zeatin, caused reduced virulence. The deletion of cks1 also altered in planta cytokinin 

signaling during pathogenesis (Chanclud et al., 2016). In addition, the cks1 mutants 

showed impaired in planta growth. The cks1 mutant altered plant defensive response and 

nutrient fluxes around the areas of infection.  

Similar to M. oryzae, previous studies have also shown that Ustilago maydis can 

produce cis-zeatins (Bruce et al., 2011; Morrison et al., 2015a). U. maydis is a 

biotrophic plant pathogen that causes common smut of corn disease which is 

phenotypically characterized by the formation of tumors (Figure 1.1.).  In the Ustilago 

maydis- Zea mays pathosystem, there is evidence that the levels of CK production are 

elevated within tumors (Bruce et al., 2011; Morrison et al., 2015a). These CKs are 
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predominantly the cis-zeatin forms which implies that the tRNA degradation pathway 

plays a significant role during pathogenesis (Figure 1.2.). More specifically, the freebase 

cis-zeatin (cZ), riboside cis-zeatin (cZR), nucleotide cis-zeatin (cZRP) and O-glucoside 

riboside cis-zeatins (cZROG) are elevated during infection (Morrison et al., 2015a). Out 

of these cis-zeatins, cZ and cZR are known to be active in maize (Yonekura-Sakakibara, 

2004). On the other hand, cZRP and cZROG are inactive with cZRP being the precursor, 

inactive form whereas cZROG is the inactive (reversible) storage form. The deletion of 

tRNA-isopentenyl transferase (tRNA-IPT); a key enzyme that is required for the 

biosynthesis of cis-zeatins in U. maydis, also reduces the levels of cis-zeatins during 

pathogenesis and leads to less tumor formation (Morrison et al., 2017). Furthermore, the 

interconversion of these cis-zeatins forms is carried out by the activity of several 

enzymes in the tRNA degradation pathway (Figure 1.2.).  

Although previous research showed that CKs levels are elevated in the Ustilago 

maydis- Zea mays pathosystem, the source of the biosynthesis was not determined, since 

both maize and U. maydis can produce CKs when grown independently (Morrison et al., 

2017). The research presented in this thesis has provided more insight into this 

phenomenon and the results are consistent with a cross kingdom biosynthesis of CK in 

which CKs are being produced by both the maize and the fungus during pathogenesis. 

Even though the levels of active CKs are elevated during pathogenesis, it is still unclear 

as to how this contributes to the formation of tumors. Previous studies have shown that 

hyperplasia, increased cell division, is one of the main mechanisms behind the formation 

of leaf tumors (Redkar et al., 2017). Since CKs promote plant cell division (Werner et al., 

2003), this suggests that CK signaling may have a significant role to play in the formation 
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of these tumors.  To provide more insight into these phenomena, an in depth 

understanding of CK biosynthetic and CK signaling pathways in both organisms is 

required. To provide context for considering these processes in the Ustilago maydis – Zea 

mays pathosystem, the remainder of this introduction will provide a summary of existing 

research regarding these pathways in organisms in which they have been studied.  

 

tRNA DEGRADATION PATHWAY IN THE USTILAGO MAYDIS-ZEA MAYS 

PATHOSYSTEM  

Based on previous studies which indicate that the levels of cZ, cZR, cZRP and 

cZROG are elevated in the Ustilago maydis – Zea mays pathosystem, more focus will be 

placed on the enzymes involved in the biosynthesis of these cytokinins (Bruce et al., 

2011; Morrison et al., 2015a). As shown in Figure 1.3., there are 5 steps involved in the 

biosynthesis of cZ, cZR, cZRP and cZROG via the tRNA degradation pathway. The first 

step in the biosynthetic pathway involves the transfer of a prenyl group, provided by 

dimethylallylpyrophosphate (DMAPP), to an adenosine adjacent to the anticodon arm of 

a tRNA molecule to produce nucleotide cis-zeatin (cZRP) upon hydroxylation and 

cleavage from tRNA. This reaction is catalyzed by an enzyme called tRNA isopentenyl 

transferase (tRNA-IPT). Previous studies have shown that U. maydis has only one tRNA-

IPT gene identified by reciprocal BLAST analyses and the deletion of this gene 

eliminates the biosynthesis of CKs by the fungus (Morrison et al., 2017). In maize, 

previous studies revealed that there are 10 putative IPT genes. ZmIPT1 has been 

characterized as a tRNA-IPT because it has the typical consensus sequence 
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CxxCx(12,18)HxxxxxH that is usually found in other tRNA-IPTs such as Arabidopsis 

(AtIPT2) and rice (OsIPT9) (Brugière et al., 2008). ZmIPT10 is also a putative tRNA-

IPT but it is not as well characterized as ZmIPT1. In addition to cZRP, recent studies 

have also shown that iPRP (nucleotide N6-isopentenyladenine), can also be produced via 

the tRNA degradation pathway (Trdá et al., 2017; Morrison et al., 2017). This is 

supported by experimental data in which significant levels of cZRP and iPRP were 

detected in U. maydis grown in minimal media that does not contain any exogenous 

CKs. In addition to iPRP, trace levels of tZRP (nucleotide trans-zeatin) were also 

detected in U. maydis when grown on minimal media which suggests that a specific 

CYP (cytochrome P450 mono-oxygenase) most likely exists in this fungus. As shown in 

Figure 1.3., the CYP enzyme activity involves hydroxylation of the isopentenyl side 

chain on iPRP to produce tZRP or cZRP. Zea mays can also synthesize tZRP which 

suggests that a specific CYP involved in tZRP/cZRP biosynthesis most likely exists in 

maize.  

The second step in the biosynthetic pathway as shown in Figure 1.3 involves the 

conversion of cZRP into active cZR (riboside cis-zeatin). This reaction is catalyzed by 

5NT (5’-ribonucleotide phosphohydrolase, also known as 5’-nucleotidase). A putative 

gene that codes for 5’nucleotidase has not been characterized in U. maydis. However, 

previous studies have purified a highly active 5’-exonuclease called nuclease beta from 

U. maydis that is also capable of hydrolyzing 5’-monophosphate in a manner similar to 

the 5’-nucleotidase from snake venom (Rusche et al., 1980). The activity of this enzyme 

was shown to be inhibited by excess ATP. Likewise, a putative gene that codes for 

5’nucleotidase has not been characterized in maize. Previous studies have purified three 
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endonucleases from maize: ribonuclease I, ribonuclease II, and nuclease I. Out of these 

three, ribonuclease I and II demonstrate 5’-nucleotidase activity because they produce 

ribosides as secondary products (Wilson, 1968).  Unlike the first step in the biosynthetic 

pathway, this step is reversible via the enzyme activity of ADK (adenosine kinase). Since 

this step involves the production of active cZR, ADK most likely plays a significant role 

in modulating the levels of cZR that is available in the plant and fungus. A study in 

Arabidopsis showed that silencing the adenosine kinase increased the levels of active 

cytokinin ribosides (Schoor et al., 2011). Likewise, a more recent study in the 

hemibiotrophic fungus Leptosphaeria maculans showed that the silencing of the ADK 

gene LmAK leads to significantly higher levels of cZR (Trdá et al., 2017). Taken together, 

these studies suggest that a putative ADK gene that is involved in the biosynthesis of 

nucleotide CKs exists in Z. mays and U. maydis.  

As shown in Figure 1.3., the third step in the biosynthetic pathway is the 

conversion of active cZR to active cZ (free-base cis-zeatin). This reaction is catalyzed by 

NUC (adenosine nucleosidase) and is reversible via the enzyme activity of PNP (Purine 

nucleoside phosphorylase). Since U. maydis does not produce cZ or iP when grown in 

axenic culture containing no exogenous CKs (minimal media), this suggests that U. 

maydis may lack these enzymes (Morrison et al., 2017). Alternatively, this enzyme could 

exist but is not involved in the tRNA degradation pathway.  On the other hand, maize is 

capable of synthesizing cZ which indicates that it may possess a NUC enzyme that is 

capable of catalyzing this reaction (Yonekura-Sakakibara, 2004). Although a gene that 

codes for NUC is yet to be characterized in maize, previous studies have been able to 

purify NUC from potato (Riewe et al., 2008) and wheat (Chen and Kristopeit, 1981) that 
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are capable of metabolizing cZR. In the study regarding potato NUC was localized at the 

cell wall. In both studies, NUC had an affinity for both adenosine and cytokinin 

ribosides. In a separate study regarding potato, a PNP called StCKP1 (Solanum 

tuberosum cytokinin riboside phosphorylase) was shown to catalyze the reverse of this 

reaction by converting riboside CKs to freebase CKs (Bromley et al., 2014). Taken 

together, these suggests that NUC and PNP enzymes that are involved in the tRNA 

degradation pathway most likely exists maize but not in U. maydis.  

The fourth step in the tRNA degradation pathway as shown in Figure 1.3. is the 

reversible O-glycosylation of active cZR or cZ by cisZOG (cis-zeatin-O-

glycosyltransferase) to produce inactive cZROG (O-glucoside riboside cis-zeatin) or 

cZROG (O-glucoside cis-zeatin). Previous studies have shown that U. maydis does not 

produce glucoside CKs when grown in minimal media containing no exogenous CKs 

(Morrison et al., 2017). This suggests that U. maydis lacks this enzyme. Alternatively, 

this enzyme may exist but is not involved in the tRNA degradation pathway. On the other 

hand, maize is capable of synthesizing glucoside CKs. In fact, two isoforms of cisZOG 

that are specific for cis-zeatins have been isolated from maize and the associated genes 

have been well characterized (Veach et al., 2003). Both isoforms are also 97.8% identical 

to each other at the amino acid sequence level. cisZOG1 shows higher affinity for cis-

zeatins compared to cisZOG2. cisZOG1 is also more significantly expressed in the leaves 

and stem of maize seedlings whereas cisZOG2 shows a lower expression in these tissues. 

In addition to cisZOG, a beta glucosidase enzyme (GLU) that is capable of reversing this 

process exists in maize (Brzobohaty et al., 1993). This enzyme was shown be highly 

specific for glucoside CKs. Taken together, these studies suggest that cisZOG and GLU 
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are enzymes potentially involved in the tRNA degradation pathway in maize but not in U. 

maydis.  

The fifth step in the tRNA degradation pathway as shown in Figure 1.3. that could 

potentially be targeted by U. maydis during infection involves the direct conversion of 

inactive cZRP to active cZ.  This reaction is catalyzed by LOG (cytokinin 

phosphoribohydrolase, also known as ‘lonely guy’). Previous studies have shown that U. 

maydis does not produce freebase cZ when grown in minimal media containing no 

exogenous CKs (Morrison et al., 2017). This suggests that U. maydis potentially lacks 

this enzyme or this enzyme is not involved in the tRNA degradation pathway. On the 

other hand, maize is capable of synthesizing free-base cZ which suggests that it most 

likely possesses a LOG gene (Morrison et al., 2015a; Yonekura-Sakakibara, 2004). 

Although, the gene that codes for LOG is yet to be functionally characterized in maize, 

several LOG genes have been characterized in other plants such as Arabidopsis and rice. 

Arabidopsis has nine LOG genes, seven of which encode proteins that are localized in the 

cytosol and nucleus (Kuroha et al., 2009). On the other hand, a gene encoding for APRT 

(adenine phosphoribosyltransferase), which could potentially be involved in reversing 

this step, has been studied and well characterized in maize (Wu et al., 2008). This APRT 

gene (ZmAPT2) was found to be expressed in different tissues including leaves and 

stems. Phylogenetic analysis also revealed 64% and 81% similarity with rice OsAPT1 

and OsAPT2 as well as 64% and 71% similarities with Arabidopsis AtAPT1 and 

AtAPT2. Previous studies have shown that the loss of APRT in Arabidopsis mutants 

leads to an excess accumulation of freebase CKs (Zhang et al., 2013).  Taken together, 
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these studies suggest that LOG and APRT are enzymes potentially involved in the tRNA 

degradation pathway in maize but not in U. maydis.  

 

CYTOKININ SIGNALING IN ZEA MAYS 

Once active CKs have been synthesized in U. maydis or Z. mays via the tRNA 

degradation pathway, CK signaling can be transduced in Z. mays. Although limited 

information is known about this process in Zea mays, previous studies in Arabidopsis and 

other plant models have shown that CK signal transduction pathway is a multistep 

phosphorelay system that includes four main steps (Hwang and Sheen, 2001; Kieber and 

Schaller, 2018) : 1) CK sensing by histidine protein kinase, 2) phosphorelay to histidine 

phosphotransfer proteins, 3) transcriptional activation and positive regulation by type B 

response regulators and 4) negative regulation of CK signaling by type A response 

regulators (See Figure 1.4.).   

In Arabidopsis, several CK receptor histidine kinases have been identified 

including AHK2 (Arabidopsis histidine kinase 2), AHK3, AHK4 (also known as CRE1; 

CK response 1 or WOL; wooden leg) and CKI1 (CK independent 1, also known as 

AHK1). They all possess a transmembrane domain and are localized either at the plasma 

membrane or endoplasmic reticulum membrane (Spíchal et al., 2004; Romanov et al., 

2018). AHK2, AHK3 and AHK4 are all capable of binding to CKs and they share some 

structural similarities. They possess a ligand binding domain that senses CKs and 

autophosphorylates conserved histidine residues on the kinase transmitter domain. The 

phosphate group is then transferred to aspartate residues on the receiver domain. The 
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ligand binding domain and a CHASE (Cyclases/Histidine kinases Associated Sensory 

Extracellular) domain are on the extracellular N terminal side. On the other hand, the C-

terminal and cytoplasmic side contains both the kinase and receiver domain. (Riefler, 

2006; Spíchal, 2012; Romanov et al., 2018). Unlike AHK 2, 3 and 4, CKI1 does not 

possess the ligand binding domain but possesses the kinase transmitter and receiver 

domain which allows it to induce CK signaling even in the absence of CK. This is 

supported by experiments in which the addition of exogenous zeatin does not alter the 

response to CK signaling that is produced when CKI1 is overexpressed (Hwang and 

Sheen, 2001). Several studies have also shown that unlike CKI1, AHK 2, 3 and 4 can 

function as CK receptors and can induce the response to CK signaling. This has been 

supported by the functional complementation of several histidine kinases in yeast and E. 

coli mutants. Previous studies by Inoue et al. (2001), have shown that AHK4 is able to 

complement SLN1 and restore the functionality of the SLN1/YPD1/SSK1 pathway in a 

CK dependent manner in sln1 deficient yeasts. In this pathway, SLN1 is a histidine 

kinase involved in osmosensing, YPD1 is a histidine phosphotransfer protein and SSK1 

is a response regulator. The deletion of SLN1 inhibits cell growth. By complementing 

SLN1 with AHK4, the yeast is able to grow in the presence of CKs and glucose (Inoue et 

al., 2001; Romanov et al., 2018). A very similar approach has been used to functionally 

characterize AHK4 in the yeast S. pombe by complementing AHK4 in phk1 mutants to 

restore the Ph1/Spy1/Mcs4 histidine kinase phosphorelay pathway (Suzuki et al., 2001; 

Kieber and Schaller, 2018). In this pathway, Ph1 is a histidine kinase, Spy1 is a histidine 

phosphotransfer protein and Mcs4 is a response regulator. The AHK receptors recognize 

both isoprenoid and aromatic CKs with high affinity and specificity (Km in the 
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nanomolar range). AHK2 and AHK4 are mostly sensitive to the freebase CKs. On the 

other hand, AHK3 has a broader range of sensitivity and it can recognize CK freebase 

and ribosides (Spíchal et al., 2004; Romanov et al., 2006, 2018).  However, AHK3 shows 

a stronger affinity to tZ than to iP type CKs whereas AHK4 recognises both tZ and iP 

similarly. AHK3 is predominantly expressed in the shoots whereas AHK4 is 

predominantly expressed in the root. To determine the physiological functions of these 

receptors, the loss-of-function single, double and triple mutants of AHKs were performed 

(Riefler, 2006). The results indicate that ahk2 ahk3 double mutants displayed faster root 

growth and increased branching. Increased CK content was also observed in the receptor 

mutants. Taken together, these studies suggest that histidine kinases are not only 

important for CK signaling but are also important for inducing the homeostasis and 

negative regulation of CK signaling in plants.  

As shown in Figure 1.4., three genes that encode for histidine kinase have already 

been characterized in maize: ZmHK1, ZmHK2, ZmHK3. ZmHK3 has two alternatively 

spliced transcripts; ZmHK3a and ZmHK3b. Out of these two, ZmHK3a is the only 

isoform that encodes for a CK responsive histidine kinase (Yonekura-Sakakibara, 2004). 

ZmHK1, ZmHK2, ZmHK3a were functionally characterized in E. coli mutants 

possessing the rcsc gene mutation. This mutation impairs the functionality of the 

RcsC/YojN/RcsB histidine kinase phosphorelay pathway which regulates the activation 

of the cps operon (capsular polysaccharide synthesis) in E. coli. It is also involved in the 

regulation of biofilm formation and cell division (Clarke et al., 2002). In this pathway, 

RcsC is a histidine kinase, YojN is phosphotransfer protein and RcsB is a response 

regulator. By the fusing the cps operon with a lacZ reporter gene, restoration of the 
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RcsC/YojN/RcsB pathway in rcsc mutants can be monitored through the expression of 

lacZ. ZmHK1, ZmHK2, ZmHK3a were able to complement the rcsc gene mutation and 

restore the functionality of the RcsC/YojN/RcsB pathway in a CK dependent manner 

(Yonekura-Sakakibara, 2004).  

ZmHK1 and ZmHK3a showed more sensitivity to the free-base CKs compared to 

the ribosides (Yonekura-Sakakibara, 2004). ZmHK1 showed more preference for iP type 

CKs whereas ZmHK2 was more sensitive to tZ type CKs.  Compared to the Arabidopsis 

AHK4, all ZmHKs were able to respond to cZ, which is generally believed to be inactive 

or weakly active in Arabidopsis. ZmHK3a showed the highest sensitivity to cZ. 

Expression analysis using RT-qPCR indicated that the three ZmHKs are expressed in all 

tissue types including leaves and roots. Apart from maize, rice is another plant in which a 

significant amount of cis-zeatins are also produced (Izumi et al., 1988; Sharan et al., 

2017). There are five histidine kinases in rice that show response to CKs (OsHK1–4 and 

OsHKL1). Out of these five, OSHK1 to OSHK4 have been able to induce a CK response 

via complementation and over-expression in yeast mutants (Du et al., 2007). These 

OsHKs possess the extracellular ligand binding CHASE domain, a kinase transmitter 

domain, and a receiver domain. However, OsHKL1 only possesses the CHASE domain. 

Phylogenetic analysis indicates that the OSHKs share similarities to histidine kinases 

from Arabidopsis and maize. However, the rice and maize HKs share greater similarity 

when compared to the HKs from Arabidopsis. Taken together, this suggests that the 

differences in the HK genes may have occurred after the divergence of monocot and dicot 

plants.  
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Once the receiver domain of the histidine kinase has been phosphorylated, the 

phosphate group is subsequently transferred to histidine phosphotransfer (HP) proteins 

which are predominantly found in the cytosol (Figure 1.4.). Upon phosphorylation, these 

HPs are translocated into the nucleus and can induce the activation of CK response 

regulators in a CK dependent manner (Hwang and Sheen, 2001; Spíchal, 2012; Kieber 

and Schaller, 2018). In Arabidopsis, there are six HPs (AHP1 to AHP6). Out of these six, 

AHP1 to AHP5 contain a phosphate-accepting His domain that is similar to the kinase 

transmitter domain found in the AHK receptors. AHP6 on the other hand has a different 

phosphate-accepting domain in which the histidine residue has been substituted with an 

asparagine (Asn) residue. Previous studies have shown that single and quintuple 

mutations of AHP1 to AHP5 results in reduced sensitivity to CK signaling as well as 

reduced vascular development and shortened root growth (Hutchison et al., 2006). This 

suggests that the majority of AHPs are involved in the positive regulation of CK 

signaling. On the other hand, AHP6 is involved in the inhibition and negative regulation 

of CK signaling. It has been shown that AH6 is able to inhibit CK signaling and promote 

the development of the protoxylem (Mahonen, 2006). Taken together, this suggests that 

AHPs are important for the positive and negative regulation of CK signaling.  

In the case of maize, it possesses three HP genes: ZmHP1, ZmHP2 and ZmHP3 

which have been biochemically characterized using in vitro phosphorylation (Sakakibara 

et al., 1999). Analysis of the amino acid sequence of ZmHP1 revealed a 65% and 89% 

similarity with ZmHP2 and ZmHP3 respectively. Consequently, ZmHP1 and ZmHP3 

belong to the same clade (Sugawara et al., 2009). The identity of ZmHP1 to AHPs was 

low (42–47%) and supported by phylogenetic analysis which indicate that ZmHPs and 
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AHPs belong to different clades. On the other hand, ZmHPs shared more similarity to 

OsHPs from rice with OsHP1 and ZmHP2 belonging to the same clade (Du et al., 2007). 

Once again, this difference may be due to the ability of maize to respond to cis-zeatins; a 

response that is not observed in Arabidopsis (Yonekura-Sakakibara, 2004). Expression 

analysis using northern blot indicate that ZmHP1 and ZmHP3 are constitutively 

expressed in leaves in the presence or absence of CKs. ZmHP1, ZmHP2 and ZmHP3 

were localized in the cytosol and nucleus which is consistent with their ability to be 

phosphorylated and translocated into the nucleus as observed with Arabidopsis AHPs.  

Once the histidine phosphotransfer proteins have been activated and translocated 

into the nucleus, they can interact with Type B response regulators (RRs) (Figure 1.4.). 

Type B RRs primarily serve as transcriptional activators and are involved in the positive 

regulation of CK signaling by promoting the transcription of genes that are essential for 

several plant processes including cell division and proliferation. Both type A and type B 

RRs possess a receiver domain at the N-terminal that allows it to be phosphorylated. 

However, they differ at the C-terminus. Arabidopsis type-B ARRs have a long C-terminal 

domain that contains a DNA binding motif, a nuclear localization motif, and a MYB 

transcription activator domain (Spíchal, 2012; Kieber and Schaller, 2018). There are 22 

response regulators in Arabidopsis, 11 of which are type B response regulators. 

Phylogenetic analysis revealed that the type-B ARRs form three distinct subfamilies. 

Subfamily 1 is the largest and it contains ARR1, ARR2, ARR10, ARR11, ARR12, 

ARR14, and ARR18. Subfamily II is composed of ARR13 and ARR21 and subfamily III 

includes ARR19 and ARR20 (Mason, 2004; Kieber and Schaller, 2018). After 

phosphorylation by AHP, the Type B ARRs are released from a negative regulatory 
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protein and can then activate the transcription of target genes. The target genes may also 

be Type A ARRs (Spíchal, 2012; Kieber and Schaller, 2018). The physiological 

relevance of Type B ARRs have also been investigated through expression analysis and 

multiple deletions of several type B ARRs. The expression of the type-B ARRs has been 

examined using both reverse transcription-PCR and beta-glucuronidase reporter 

constructs. The members of subfamily 1 of type-B ARRs displayed high expression in 

regions where CKs play a significant role such as the shoot apical meristem (Mason, 

2004). Several type-B ARRs were also expressed near the root-meristem. ARR2, ARR12, 

and ARR19 were also localized at the nucleus which is consistent with their role as 

transcriptional regulators. The mutation of several type B ARRs has also been used to 

confirm their physiological function. Triple mutations of arr1, arr10 and arr12 showed 

complete insensitivity to exogenously applied CKs (Argyros et al., 2008). The triple 

mutant also showed decreased cell division in the shoot, increased light sensitivity, and 

altered protoxylem development. Although the mechanisms by which type B ARRs 

induce CK signaling is not fully understood, it is evident that they are important for the 

activation and positive regulation of CK signaling.  

Type A RRs can be induced by transcriptional activators such as type B RRs. As a 

result, the expression of type A RRs are rapidly increased in the presence of CKs. Unlike 

type B RRs, Type A ARRs are small and they possess a short C-terminal that does not 

contain any domain or motif (Spíchal, 2012; Kieber and Schaller, 2018). These proteins 

are typically involved in the inhibition and negative regulation of CK signaling. Since 

Type A ARRs also possess a receiver domain, they can also interact with AHPs and 

compete with Type B ARRs for phosphorylation by AHPs. This subsequently leads to the 
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inhibition and negative regulation of CK signaling by Type A ARRs because activation 

of Type B ARRs is reduced. The over-expression of Type A ARRs can also lead to the 

repression of other Type A ARRs which indicates that they can control their own 

expression through a negative feedback of CK signaling (Spíchal, 2012; Kieber and 

Schaller, 2018). Arabidopsis has 10 type A ARRs and they all belong to a single 

subfamily. This includes: ARR3, ARR4, ARR5, ARR6, ARR7, ARR8, ARR9, ARR15, 

ARR16 and ARR17 (Mason, 2004). ARR22 does not belong to either type A or type B 

since it possesses a different receiver domain. Double to multiple mutants of 

ARR3,4,5,6,8 and 9 showed a progressive increase in the sensitivity to CK which 

suggests that these genes can act as negative regulators of CK signaling (To et al., 2004). 

Taken together, this suggests that type A ARRs are important for the inhibition and 

negative regulation of CK signaling. 

Ten CK response regulators have been identified in Zea mays. Of these ten, three 

are type B response regulators: ZmRR8, ZmRR9 and ZmRR10. These three type B 

response regulators have been shown to be expressed in leaves at a relatively constant 

level in the presence or absence of exogenous CKs (Asakura et al., 2003). Fusion with 

green fluorescent protein (GFP) confirms that ZmRR8 to ZmRR10 were localized to the 

nucleus which is consistent with roles as transcriptional activators. Yeast two hybrid 

assays showed that the histidine phosphotransfer proteins ZmHP1 and ZmHP3 were able 

to interact with the type B ZmRRs which shows that they can also be activated by 

ZmHPs upon translocation into the nucleus (Asakura et al., 2003). This is further 

supported by an in vitro experiment which indicate that ZmHPs can donate a phosphate 

group to ZmRR8 and ZmRR9. Phylogenetic analysis showed that some of the type B 
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ZmRRs are similar to the type B ARRs from Arabidopsis. ZmRR8 and ZmRR10 are 

closely related to ARR1 and ARR2, whereas ZmRR9 is related to ARR10 and ARR12 

(Mason, 2004). Several type B ZmRRs are also similar to type B OsRRs from rice (Du et 

al., 2007). This suggests that some common ancestral response regulator genes existed 

prior to the divergence between monocot and dicots. This also suggests that although the 

ZmHKs and ZmHPs from maize share low similarity to AHKs and AHPs from 

Arabidopsis, there are some similarities in the transcriptional response to CK signaling 

that is modulated by the response regulators. This also suggests that there may be 

similarities in the transcriptional response to cytokinin signaling. The low similarity in 

HKs and HPs could be due to the ability of maize to respond to active cis-zeatins in 

which Arabidopsis is unable to respond to (Yonekura-Sakakibara, 2004).  

There are seven type A response regulators in maize: ZmRR1 to ZmRR7. All type 

A ZmRRs were found to be expressed in leaves except for ZmRR3 (Asakura et al., 2003). 

All the type-A ZmRRs that were expressed in leaves were up-regulated by the addition of 

exogenous CK. Some type A ZmRRs (ZmRR1, ZmRR2, and ZmRR3) were localized at 

the cytosol whereas ZmRR4, ZmRR5, and ZmRR6 were localized in the nucleus. Yeast 

two hybrid experiments suggests that ZmHP1 and ZmHP3 can interact with ZmRR1 at 

the cytosol (Asakura et al., 2003). In vitro experiments also indicate that the ZmHPs can 

function as a phosphate donor to ZmRR1 and ZmRR4. This suggests that, similar to the 

type A ARRs from Arabidopsis, the type A ZmRRs are also capable of inhibiting CK 

signaling by competing with type B ZmRRs for activation by ZmHPs. 

It is difficult to elucidate the individual function of each response regulator 

because many of them serve redundant roles and the deletion of several regulators are 
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often required to produce observable mutational phenotypes (Mason, 2004; To et al., 

2004). In addition, several studies involving the deletion and silencing of other genes 

involved in CK metabolism or signaling have shown that they play a significant role in 

the growth and development of plants by modulating several processes including cell 

division, photosynthesis as well as meristem and vascular development (Gan and 

Amasino, 1995; Roitsch and Ehness, 2000; Werner et al., 2001; Spíchal, 2012; Kieber 

and Schaller, 2018). However, these studies only consider a few outcomes of CK 

metabolism or signaling due to the limitations, complexity and possible lethality involved 

with simultaneous mutation and silencing of multiple genes. To overcome these 

limitations and provide a broader genome-wide view of the transcriptional responses to 

CK signaling, an experiment involving the expression of the bacterial isopentenyl 

transferase (IPT) gene in transgenic Arabidopsis seedlings was conducted by Hoth et. al. 

(2003). MPSS (massively parallel signature sequencing) was used to study the 

transcriptional changes in the expression of several genes upon induction of the bacterial 

IPT to increase the biosynthesis of CK as well as the response to CK signaling. By using 

this approach, it was determined that 823 genes were upregulated at 24 hours post 

induction whereas 917 genes were downregulated (Hoth et al., 2003). Analysis of the 

transcriptional changes in the expression of CK signaling genes reveal that the expression 

of AHKs do not change upon IPT induction except for that of AHK4 which was slightly 

increased at 6 hours post induction. Likewise, the expression of AHPs did not change 

significantly upon IPT induction except for AHP5 which was slightly increased at 6 and 

24 hours post induction. The expression of Type B ARRs were slightly changed or 

unaffected by IPT induction however several type A ARRs were upregulated including 
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ARR4, ARR5, ARR6, ARR7, and ARR8 which is consistent with previous studies that 

suggest that the expression type A response regulators are easily increased and induced 

by the CK signaling (Hwang and Sheen, 2001). The expression of Arabidopsis IPTs were 

found to be predominantly unchanged by the induction of the bacterial IPT. The 

induction of the bacterial IPT can also influence the transcription of several other genes 

that are not directly involved in CK metabolism or signaling. For genes associated with 

cell rescue, defense or ageing (7 were unregulated / 7 were downregulated); cell growth 

and division (5 were upregulated / 5 were downregulated); as well as energy and 

metabolism (31 were unregulated / 60 were downregulated) (Hoth et al., 2003). Taken 

together, the results from this study suggest that CK signaling is important for modulating 

the expression of several genes associated with cell defense, cell division, energy and 

metabolism. Although a similar study is yet to be performed in maize, it is likely that 

there are some similarities in the transcriptional response to CK signaling. This could be 

due to the similarity between maize and Arabidopsis response regulators as shown by 

phylogenetic studies (Mason, 2004). Taken together, the similarities between many of the 

maize CK signaling proteins to that of Arabidopsis and rice suggests that in Zea mays, the 

CK signal transduction pathway is also a multistep phosphorelay pathway involving 

ZmHKs that recognizes CKs, ZmHPs that relay the signal to ZmRRs which can then 

modulate CK signaling and gene expression.  
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CYTOKININ SIGNALING IN USTILAGO MAYDIS 

Although CKs have historically been considered as plant hormones, it is now 

clear that they are evolutionary conserved molecules that are present in several 

prokaryotes and eukaryotes including fungi (Spichal, 2012). Recent studies have shown 

that Ustilago maydis, which is a biotrophic pathogen that infects maize and induces the 

formation of tumors in the common smut of corn disease, is able to produce CKs 

independently even prior to infection which suggests that it may have a role to play in the 

growth and development of the fungus (Bruce et al., 2011; Morrison et al., 2015a, 2017). 

In addition, the majority of CKs that it produces are cZ and iP types which can both be 

produced via the tRNA degradation pathway as shown in Figure 1.3. Interestingly, the 

production of CKs is elevated within tumors after infection (Morrison et al., 2015a). In 

addition, the deletion of tRNA-IPT in U. maydis; a key enzyme that is required for the 

biosynthesis of cis-zeatins via the tRNA degradation pathway, reduces the levels of CKs 

during pathogenesis and leads to less in-vitro growth, pathogenesis, virulence and tumor 

formation (Morrison et al., 2017). Taken together, these observations suggest that CKs 

have a role in promoting the growth and development of the fungus as well as the 

manifestation of disease phenotypes such as tumors. For these phenomena to occur, not 

only is CK biosynthesis via the tRNA degradation pathway required, CK signaling is 

most likely integral to its life cycle, during pathogenesis and during the formation of 

tumors. Interestingly, these events are not completely independent of each other because 

U. maydis is a biotrophic plant pathogen for which pathogenesis and the formation of 

tumors is absolutely required for the fungus to reprogram the host cells, acquire nutrients 

from the host and use it for growth and development in order to complete its life cycle 
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(Banuett and Herskowitz, 1996). Although little is known about CK signaling in U. 

maydis, the proteins involved and the ability to respond to CKs, previous studies have 

shown that fungi can potentially respond to CKs (Chanclud and Morel, 2016; Hérivaux et 

al., 2017a; Lavín et al., 2010). However, the signal transduction pathway might be 

slightly different from that of plants since U. maydis and other basidiomycetes lack the 

traditional CHASE (Cyclases/Histidine kinases Associated Sensory Extracellular) 

domain that is typically found in plant CK histidine kinases (Lavín et al., 2010). Histidine 

kinases consisting of the traditional CHASE domain are predominantly found in ancestral 

early diverging fungus such as Rhizophagus irregularis that interacts very closely as 

symbionts with plants (Hérivaux et al., 2017b). More research will need to be conducted 

to demonstrate that U. maydis can indeed respond to CKs and support the possibility of a 

novel CK signal transduction pathway existing in U. maydis which may contribute 

towards the growth and development of the fungus.  

 

CYTOKININ TRANSLOCATION IN ZEA MAYS AND USTILAGO MAYDIS 

Upon biosynthesis of active CKs, the phytohormone can act as a local signal by 

modulating CK signaling around the site of origin. It can also act as a long-distance 

signal by promoting CK signaling at target sites far away from the origin of biosynthesis 

(Kang et al., 2017). To facilitate these processes, several importers and exporters are 

required such as ATP-binding cassette (ABC) transporters, purine permeases (PUPs) and 

equilibrative nucleoside transporters (ENTs) (Kieber and Schaller, 2018). Unlike some of 

the proteins involved in CK biosynthesis and signaling, none of the proteins involved in 
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CK translocation have been functionally characterized in both Zea mays and Ustilago 

maydis and limited information is known about this process in either organisms. As a 

result, chapter 4 is dedicated to providing more insight into this process by reviewing 

current research about this process in other plant models as well as summarizing the 

limited pre-existing research about this process in maize. This will provide a better and 

more in-depth understanding of CK translocation in Zea mays and Ustilago maydis.  

 

RESEARCH OBJECTIVES 

One of the objectives of my research was to determine which CK biosynthetic 

reactions in the tRNA degradation pathway are carried out by Z. mays and which are 

carried out by U. maydis during interactions in the U. maydis – Z. mays pathosystem. 

This is uncertain because both organisms can produce CKs via the tRNA degradation 

pathway. Since both organisms can produce CKs, we hypothesize that both organisms 

will contribute towards the overall increased biosynthesis of CKs in the U. maydis – Z. 

mays pathosystem. Several experiments were designed to test for this hypothesis in 

chapter 2. One of the experiments involved investigating changes in gene expression by 

quantifying the transcript levels of proteins potentially involved in CK biosynthesis via 

the tRNA degradation pathway in both U. maydis and Z. mays over time courses of 

pathogenesis. The levels of CKs were also measured in these time courses. The 

pathogenesis time courses were carried out using either wildtype U. maydis strains or U. 

maydis strains in which the tRNA-IPT gene was deleted rendering the fungus incapable 

of producing CKs.  These investigations were carried out to address the prediction that if 



23 

 

the transcript levels of specific enzymes involved in the tRNA degradation pathway 

increase during pathogenesis, then this will correlate with the increased biosynthesis of 

the corresponding CKs. By comparing transcript levels, I have determined if it is the 

transcript levels of the U. maydis genes or Z. mays genes corresponding to a given 

enzyme that increases to a greater extent. By correlating the changes in transcript levels 

to the CK levels, this has enabled me to determine which specific CKs are produced by 

U. maydis and Z. mays. The transcript levels were measured using semi-quantitative 

reverse transcription polymerase chain reaction (semi-qRT-PCR) whereas the cytokinin 

levels were measured by Electrospray Ionization Tandem Mass Spectrometry (ESI-

MS/MS). 

The main objective of chapter 3 was to determine if the increased production of 

active CKs leads to increased CK signaling in Z. mays and U. maydis by using a similar 

approach as described earlier for the CK biosynthetic genes. We hypothesized that 

increased CK signaling will be observed in Z. mays and U. maydis and the increase in CK 

signaling promotes the formation of tumors via hyperplasia.  This was investigated by 

using semi-qRT-PCR to measure the changes in transcript levels of putative CK response 

regulator genes in Z. mays and U. maydis. These analyses were carried out to address the 

prediction that if the transcript levels of putative CK response regulators are increased 

during pathogenesis in a manner that reflects the dynamics of tumor formation, then this 

should correlate with the increased production of active CKs over the course of 

pathogenesis. This hypothesis was once again tested by measuring the transcript levels of 

putative CK response regulator genes in Z. mays and U. maydis over time courses of 

pathogenesis with the U. maydis ipt gene deletion strains.  
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Unlike CK biosynthesis and signaling, CK translocation was not experimentally 

assessed over the course of the research presented in this thesis. CK translocation plays a 

significant role in linking CK biosynthesis and CK signaling via the export/import of 

active CKs as well as during long distance signaling of active CKs in which CKs 

transduce signals at locations far away from the area of biosynthesis after transportation 

via the xylem or phloem. As a result, CK translocation cannot be ignored and will be 

discussed even further in chapter 4 as a literature review. The literature review will also 

provide more insight into this process in U. maydis and Z. mays because unlike the 

proteins involved in CK biosynthesis and signaling, none of the proteins involved in CK 

translocation have been functionally characterized in Z. mays and U. maydis and limited 

experimental information is known about this process in either organisms. Taken 

together, an increased understanding of CK biosynthesis, signaling and translocation in 

the Ustilago maydis-Zea mays pathosystem will provide further insight into the role in 

which CKs play in both the plant and fungus during pathogenesis and formation of 

tumors as well as during cell growth and cell division.  
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FIGURES 

 

 

Figure 1.1. The life cycle of Ustilago maydis. Used with permission from (Saville et al., 

2012).  
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Figure 1.2. Proposed CK biosynthesis in the U. maydis- Z. mays pathosystem. Used 
with permission from (Morrison et al., 2017). Purple boxes indicate the biosynthesis 
of cis-zeatins via the tRNA degradation pathways that are most likely targeted by U. 
maydis during infection. Grey boxes highlight pathways that are not well 
characterized, put predicted to be active in this system. 1. adenylate 
isopentenyltransferase (EC 2.5.1.27); 2. tRNA-isopentenyltransferase (EC 2.5.1.8); 
3.cytochrome P450 mono-oxygenase; 4. phosphatase (EC 3.1.3.1); 5. 5’ 
ribonucleotide phosphohydrolase (EC 3.1.3.5); 6. adenosine nucleosidase (EC 
3.2.2.7); 7. CK phosphoribohydrolase ‘Lonely guy: LOG’; 8. purine nucleoside 
phosphorylase (EC 2.4.2.1); 9. adenosine kinase (EC 2.7.1.20); 10. adenine 
phosphoribosyltransferase (EC 2.4.2.7); 11. cytokinin dehydrogenase (CKX) (EC. 
1.5.99.12); 12. N-glucosyl transferase (EC 2.4.1.118); 13. O-glucosyl transferase 
(EC 2.4.1.215); 14. ß-glucosidase (EC 3.2.1.21); 15. zeatin reductase (EC 1.3.1.69); 
16. zeatin isomerase; 17i. MiaB; 17ii. MiaC; 18. MiaE; 19. cis-hydroxylase.  Bold 
and underlined enzyme numbers are found in the methylthiol CK pathway and have 
not been examined previously in the context of plant or fungal biosynthesis.  
Underlined enzyme numbers are predicted but not well characterized and no 
reference sequence was available.  Underlined analytes were not detected in this 
study but represent putative products of the presented pathway.  Dashed lines 
indicate predicted pathways that have not been fully investigated within the plant/ 
fungal system. 
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Figure 1.3. Proposed tRNA degradation pathway in the U. maydis- Z. mays pathosystem. 

Adapted and modified from (Morrison et al., 2017),  (Spíchal, 2012) and (Sakakibara, 

2006). Numbers indicate key steps in the pathway that are most likely targeted by U. 

maydis during infection. DMAPP (dimethylallylpyrophosphate), cZRP (nucleotide cis-

zeatin), cZR (riboside cis-zeatin), cZ (free base cis-zeatin), cZROG (O-glucoside riboside 

cis-zeatin), cZROG (O-glucoside cis-zeatin), iPRP (nucleotide N6-isopentenyladenine), 

iPR (riboside N6-isopentenyladenine), iP (freebase N6-isopentenyladenine), tZRP 

(nucleotide trans-zeatin). 1. IPT (tRNA-isopentenyltransferase: EC 2.5.1.8), CYP 

(cytochrome P450 mono-oxygenase) 2. 5NT (5’-ribonucleotide phosphohydrolase: EC 

3.1.3.5), ADK (Adenosine kinase: EC 2.7.1.20) 3. NUC (adenosine nucleosidase: EC 

3.2.2.7), PNP (purine nucleoside phosphorylase: EC 2.4.2.1) 4. cisZOG (cis-zeatin O-

glycosyltransferase: EC 2.4.1.215), GLU (β-glucosidase: EC 3.2.1.21) 5. LOG (CK 

phosphoribohydrolase, ‘Lonely Guy’), APRT (adenine phosphoribosyltransferase: EC 

2.4.2.7). Red indicates active cytokinins whereas blue indicates inactive cytokinins. 

Green colored enzymes indicate enzymes that potentially exists in Z. mays only whereas 

green-orange colored enzymes indicate those that potentially exist in both Z. mays and U. 

maydis.  
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Figure 1.4. Proposed CK signal transduction pathway in Zea mays. 1) CK sensing by Zea 

mays histidine protein kinase (ZmHK1, ZmHK2 and ZmHK3a).  2) Phosphorelay to Zea 

mays histidine phosphotransfer proteins (ZmHP1, ZmHP2 and ZmHP3). 3) 

Transcriptional activation and positive regulation by type B Zea mays response regulators 

(ZmRR8, ZmRR9 and ZmRR10) and 4) negative regulation of CK signaling by type A 

Zea mays response regulators (ZmRR1 to ZmRR7). 
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CHAPTER 2 

Cross-kingdom biosynthesis of cytokinin  

during the formation of tumors 

in the Ustilago maydis- Zea mays pathosystem 

 

 

ABSTRACT 

In the Ustilago maydis-Zea mays pathosystem, the levels of cytokinins (CKs) are 

elevated during the formation of tumors. More specifically, the riboside cis-zeatin (cZR), 

nucleotide cis-zeatin (cZRP) and glucoside riboside cis-zeatins (cZROG) are elevated 

during pathogenesis. Although the level of these cis-zeatins are increased, the 

biosynthetic origins of these CKs have not been determined. To determine this, we 

identified the genes encoding for enzymes potentially involved in the biosynthesis of cis-

zeatins in both organisms, measured the transcript levels and CK levels over a time 

course of pathogenesis. By correlating the transcript levels to the CK levels, we found 

that the increased biosynthesis of cZRP and cZR is due to both U. maydis and Z. mays 

whereas the increased biosynthesis of cZROG is predominantly due to Z. mays. The 

increased biosynthesis of cZRP, cZR and cZROG is due to the enzyme activities of 

UmIPT, ZmIPT, ZmADK, Um5NT, UmGLU and ZmcisZOG. Taken together, this 

suggests that a cross-kingdom biosynthesis of CKs occurs during the formation of tumors 

in the Ustilago maydis-Zea mays pathosystem. 
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INTRODUCTION 

Ustilago maydis is a biotrophic plant pathogen that causes the common corn smut 

disease which is phenotypically characterized by the formation of tumors.  In the 

Ustilago maydis- Zea mays pathosystem, there is evidence that the levels of CKs are 

elevated within tumors (Bruce et al., 2011; Morrison et al., 2015a). These CKs are 

predominantly cis-zeatin types which suggests that the tRNA degradation pathway, 

which is the major route for producing cis-zeatin CKs plays a significant role during 

pathogenesis (Rodriguez-Concepcion, 2016). More specifically, the levels of cZ, cZR, 

cZRP and cZROG are elevated within tumors during pathogenesis (Morrison et al., 

2015a). Among these cis-zeatins, cZ and cZR are active in maize (Yonekura-Sakakibara, 

2004) while cZRP and cZROG are inactive. cZRP is the precursor to cZR biosynthesis 

and cZROG is the inactive storage form that is synthesized through the reversible 

addition of a glucose to cZR. The deletion of tRNA-isopentenyl transferase (tRNA-IPT); 

a key enzyme that is required for the biosynthesis of cis-zeatins, in U. maydis, blocks the 

fungus’ ability to produce cis-zeatins and reduces its growth rate.  Pathogenesis assays 

using the deletion strain revealed a lower rate of infection, reduced virulence and reduced 

tumor formation relative to wild-type strains. (Morrison et al., 2017). Previous studies 

have shown that the hemibiotrophic plant pathogen, Magnaporthe oryzae (rice blast 

fungus) is also capable of producing cis-zeatins (Chanclud et al., 2016). The production 

of cis-zeatin was found to play a significant role during pathogenesis because the deletion 

of cks1 (cytokinin synthesis 1), a fungal tRNA-IPT gene that is required for the 

biosynthesis of cis-zeatin, caused reduced virulence, impaired in planta growth, altered 

plant defensive response and nutrient fluxes at the site of infection. 
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Although CK levels are elevated in the Ustilago maydis- Zea mays pathosystem, 

the biosynthetic origins (fungus or plant) of the CKs have not been determined since both 

organisms are capable of CK biosynthesis (Bruce et. al., 2011). To determine this, we can 

take advantage of the fact that the enzymes required for the biosynthesis of these CK are 

different at the genetic and transcript level for both organisms even though they are both 

capable of producing CKs. Previous studies using reciprocal best blast searches revealed 

that U. maydis has only one tRNA-IPT gene and the deletion of this gene eliminates the 

biosynthesis of CKs by the fungus (Morrison et al., 2017). In maize, there are two tRNA-

IPT genes; zmipt1 and zmipt10  (Brugière et al., 2008). The enzyme responsible for the 

O-glycosylation of active cZR into inactive cZROG, cis-zeatin-O-glycosyltransferase 

(cisZOG), has also been well studied in maize. There are two isoforms of cisZOG 

(cisZOG1 and cisZOG2) that are specific for cis-zeatins (Veach et al., 2003). The 

isoforms are 97.8% identical at the amino acid sequence level. In addition to this, beta 

glucosidase from maize, ZmGLU, which is capable of removing the glucose and 

releasing active cZR, by reversing the action of cisZOG, has been characterized in maize. 

The activity of this enzyme is specific for glucoside CKs (Brzobohaty et al., 1993). The 

gene expression of these U. maydis and Z. mays enzymes involved in cis-zeatin 

biosynthesis have not been previously assessed during the pathogenic interaction. In 

addition to these previously characterized proteins, other enzymes potentially involved in 

CK biosynthesis were identified in both organisms using reciprocal best BLAST searches 

and the gene expression levels were measured over the course of the pathogenic 

interaction in order to determine the origin of CK biosynthesis.  
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The objective of this current study is to determine which CK biosynthetic 

reactions are carried out by Z. mays and which are carried out by U. maydis during 

pathogenic interactions in the U. maydis – Z. mays pathosystem. This is uncertain 

because both organisms can produce CKs via the tRNA degradation pathway. Since both 

organisms can produce CKs, it is possible that both organisms will contribute towards the 

overall increased biosynthesis of CKs in the U. maydis – Z. mays pathosystem. To 

determine this, we investigated changes in transcript levels by quantifying the mRNA 

transcript levels of enzymes potentially involved in CK biosynthesis in both U. maydis 

and Z. mays over time courses of pathogenesis. The CK levels were also measured over 

the course of pathogenesis. The pathogenesis time courses were carried out using 

wildtype U. maydis strains (FB1xFB2 and SG200) or U. maydis strains in which the 

tRNA-IPT gene was deleted rendering the fungus incapable of producing CKs 

(SG2000Δipt). By correlating the changes in transcript levels to the CK levels, this has 

enabled us to determine which specific CKs are produced by U. maydis and Z. mays. The 

transcript levels were measured using semi quantitative reverse transcription polymerase 

chain reaction (semi-qRT-PCR) whereas the cytokinin levels were measured by 

Electrospray Ionization Tandem Mass Spectrometry (ESI-MS/MS). Taken togethers, the 

results from this study will provide an increased understanding of CK biosynthesis during 

the formation of tumors in the Ustilago maydis-Zea mays pathosystem.  
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MATERIALS AND METHODS 

Identification of Z. mays and U. maydis CK biosynthesis genes and primer design 

As previously described in Morrison et al., (2017), putative CK biosynthesis 

genes were identified using non-redundant reciprocal best blastp analyses (Tables 

2.1 and 2.2). The sequence of query proteins and accession numbers were retrieved 

from the GenBank database (www.ncbi.nlm.nih.gov/genbank). The majority of 

query proteins used are from Arabidopsis.  Non-redundant reciprocal best blastp 

analyses were performed against the Zea mays (taxid: 4577) and U. maydis (taxid: 

5270) sequence database by using the NCBI blastp suite software 

(blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). The default parameters were 

used. However, the EXPECT threshold was limited to an E value < 1E-4. Once the 

candidate protein was identified, the accession number was recorded and a blastx 

query search was performed against Munich Information centre for Protein 

Sequences (MIPS) Ustilago maydis  database (MUMDB) using the PEDANT 

interface (http://pedant.helmholtz-muenchen.de) to identify the corresponding U. 

maydis gene ID and UMAG #. To identify the Z. mays gene ID and Gramene #, 

blastx query search was performed against the Maize Genetics and Genomics 

Database (MaizeGDB) (www.maizegdb.org) by using the accession # of the 

candidate protein. 

Once the gene ID of the candidate gene was identified, primers were designed to 

amplify the sequence (Table S2.11. and S2.12.). Using the annotated PEDANT 

interface, primers were designed to amplify the 3’ end of the exon for each U. 

maydis candidate gene. Unlike the MUMDB database, the MaizeGDB database is not 
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annotated, as a result, primers were designed to amplify the 3’ end of the mRNA 

transcript for each Z. mays candidate gene.  Primers were designed using Primer3web 

V.4.1.0 (bioinfo.ut.ee/primer3/) as well as using the guidelines provided by Thornton 

and Basu, 2011 to create optimal semi-qPCR primers. The default parameters were 

adjusted as recommended by Thornton and Basu, 2011 and the most important 

changes include an optimal primer size of 20bps, optimal primer Tm of 64 degrees 

Celsius and an amplicon size less than 200bps. Once the primers were designed, they 

were screened for primer dimers and secondary structures by using the Beacon 

Designer Free Edition online software 

(www.premierbiosoft.com/qOligo/Oligo.jsp?PID=1) and OligoEvaluator online 

software (www.oligoevaluator.com). Only primers without primer dimers or 

secondary structures were selected after screening. Once primers were screened, they 

were searched against the entire Zea mays (taxid: 4577) and U. maydis (taxid: 5270) 

sequence databases using the NCBI Primer BLAST tool 

(www.ncbi.nlm.nih.gov/tools/primer-blast) to ensure high specificity and high 

stringency.  

 

Seedling pathogenesis time course 

The seedling path assay was carried out with modifications as described in 

Donaldson et al. (2013).  Briefly, maize ‘Golden Bantam’ seeds were planted (20 per 

20 cm pot) in Sunshine Professional Growing Mix and allowed to grow for 7 days 

prior to infection. The plants were grown in a Conviron CMP 4030 growth chamber (18 

h light, 70% RH, 30 C; 6 h dark, 70% RH, 25 C). Pots were covered in plastic wrap for 
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three days and then watered for the remaining four days prior to infection. FB1 

(haploid non-pathogen), FB2 (haploid non-pathogen), SG200 (solopathogen) and 

SG200Δipt (ipt deletion strain) were streaked on YEPS (Yeast Extract (1%) Peptone 

(2%) Sucrose (2%)) plate for 2 to 3 days at 28 C and then single colonies were picked 

and inoculated into liquid YEPS medium and incubated overnight at 28 C and 250rpm.  

50 µL of the overnight culture was inoculated into 50 mL of YEPS and incubated 

overnight at 28 C and 250rpm.  Cultures were diluted to OD600 = 1 for FB1 and FB2 

and 1.5 for SG200 and SG200Δipt using sterile dH2O. Approximately 3 mL of each U. 

maydis strain was injected into the stem of 7-days old corn seedlings. A mock 

infection, water injected seedlings was also included as a control. The seedlings were 

watered with approximately 0.25g/L fertilizer (20-20-20 NPK) daily for 14 days post 

infection. At 5dpi, 7dpi, 10dpi and 14dpi (Figures S2.1 and S2.2), plant leaf tissues 

displaying symptoms of infection (i.e. leaf tumors, chlorosis, and anthocyanin) as 

described in (Kämper et al., 2006) were excised and immediately frozen in liquid 

nitrogen and stored in -80 C. Approximately 10 grams of infected and mock infected 

leaf tissues were collected from each pot to be used for RNA extraction and CK 

extraction.  

 

Filamentous growth  

Filamentous growth was carried out with modifications as previously described 

in (Donaldson et al., 2017; Morrison et al., 2017). Briefly, U. maydis haploid strains 

(FB1, FB2, SG200 and SG200Δipt) were streaked on YEPS and incubated for 2-3 days 

at 28 C.  Single colonies were inoculated into liquid minimal medium (MM) (0.3% 
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potassium nitrate, 62.5 mL L
-1 

salt solution, pH 7, 1% glucose), and incubated 

overnight at 28 C and 250 rpm. Afterwards, the cultures were diluted to a OD600 of 1 

and spotted onto MM agar plates + charcoal (0.1%) to induce filamentous growth as 

described in (Day and Anagnostakis, 1971). 10 μL aliquots were spotted onto the 

charcoal agar plates for SG200 and SG200Δipt.  For the dikaryon, FB1xFB2, 5 μL 

aliquots of FB1 and FB2 were spotted on top of each other to induce mating and 

filamentous growth (Figures S2.1 and S2.2). All charcoal plates were incubated at 

room temperature and stored in the dark.  After 3 days, the mycelium was harvested 

using a sterile scoopula and the fungal tissue was weighed, frozen in liquid nitrogen 

and stored at -80 C to be used for RNA and CK extraction.  

 

RNA extraction and DNase 1 treatment  

 RNA isolation was carried out using a modified TRIzol-based protocol as 

described in Donaldson et al. (2017).  Briefly, approximately 10 g of frozen plant tissue 

or approximately 1 g of frozen fungal mycelia was ground using a mortar and pestle with 

the approximately 5mL of TRIzol Reagent (Ambion, Life Technologies). The samples 

were then transferred to Lysing Matrix C Tubes (MP Biomedicals) and homogenized at 

6.5 m/s for 45 seconds using a FastPrep-24 (MP Biomedicals). The samples were then 

placed on ice for 1 minute and incubated at room temperature for 5 minutes. Afterwards, 

the samples were centrifuged at 12200g for 10 minutes at 4 C. After centrifugation, the 

supernatant was removed and then transferred to Phasemaker Tubes (Invitrogen). 

Approximately 200 μL of chloroform was added to each Phasemaker Tube which were 

then inverted several times and incubated at room temperature for 3 minutes. Afterwards, 
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the tubes were centrifuged at 12200g for 15 minutes at 4 C. The aqueous layer was then 

transferred to a new microcentrifuge tube. 250 μL of the RNA precipitation buffer (0.8 M 

disodium citrate and 1.2 M NaCl) and 250 μL of isopropanol were added to the tube for 

RNA precipitation. The solution was inverted several times, incubated at room 

temperature for 10 minutes, incubated at -20 C for 20 minutes and then centrifuged at 

12200g for 30 minutes at 4 C to collect the precipitate. After the supernatant was 

removed, the precipitate was washed with 1mL of 75% ethanol and then centrifuged at 

7500g for 5 minutes at 4 C. Afterwards, the supernatant was removed, and the precipitate 

was resuspended in 60 μL DEPC treated water (0.1% Diethyl pyrocarbonate (DEPC) and 

0.9% ethanol). The solution was heated at 65 C for 5 minutes to dissolve the precipitate 

and then stored at -80 C  

 The extracted RNA was treated with DNase 1 to remove any DNA contamination. 

15 μL of DNase 1 enzyme mix (New England Biolabs) was added to 50 μg of extracted 

RNA and the mix was incubated at 37 C for 30 minutes. To stop the reaction, 3 μL of 

250mM EDTA was added and the solution was also heated at 75 C for 10 minutes. 15 μL 

of the RNA precipitation buffer and 30 μL of isopropanol was added to the tube for RNA 

precipitation to occur. The precipitate was then collected, washed with 75% ethanol, 

resuspended in DEPC treated water and the stored at -80 C as previously described. PCR 

was also performed on the DNase 1 treated RNA extract to screen for DNA 

contamination (Donaldson et al., 2017).  
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Semi-quantitative reverse transcription PCR (Semi-q-RTPCR) 

 Semi-qRT-PCR was performed as previously described in Marone et al., (2001) 

with modifications. First strand synthesis was performed using a modified Taqman 

Reverse Transcription Reagent (Applied Biosystems) based protocol. Briefly, a 20 μL 

reaction was performed with 4 μL/5.5 μL RNA (100 ng/μL) and 16 μL/14.5 μL master 

mix consisting of: ddH20 (no water in the case of 5.5 μL RNA and 14.5 μL master mix), 

1x RT buffer, 5.5mM MgCl2, 837.5 μM dNTPs, 0.4 U/μL RNase inhibitor, 50 nM oligo 

dT and 1.25 U/μL reverse transcriptase (all given concentrations listed are final 

concentrations). cDNA synthesis was performed under the following conditions: 70 C 5 

min, 4 C 5 min, 50 C 50 min, 85 C 5 min. Afterwards, the cDNA was screened using an 

Amplitaq Gold DNA Polymerase Reagent (Applied Biosystems) based protocol. A 25 μL 

reaction was performed with 2 μL cDNA (2 ng/μL or 4 ng/μL) and 23 μL master mix 

consisting of: ddH20, 1x Gold buffer, 3.0mM MgCl2, 200 μM dNTPs, 200 nM forward 

primer, 200 nM reverse primer and 0.625 U/μL Amplitaq Gold (all given concentrations 

listed are final concentrations). PCR was performed under the following conditions: 95 C 

10 min, (95 C 30 sec, 64 C 30 sec, 72 C 30 sec) x 35/40/50 cycles, 72 C 10 min. After 

amplification, 6X DNA loading dye was added to the reaction and the PCR products 

were visualized on a 4% agarose gel at 90 V for 60 min. Amplification of the gapdh gene 

was used as a housekeeping gene for U. maydis whereas for Z. mays actin was used as the 

housekeeping gene (Donaldson et al., 2013). Gapdh was also used as a positive control 

and to distinguish cDNA (129bp) from gDNA (536bp). A NTC (no template control) and 

HighRanger Plus 100bp DNA Ladder were also included for each experiment.  

Quantification of band intensities was performed using Image Studio Lite Ver. 5.2. (LI-
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COR Biosciences) and the intensity measurements were normalized to gapdh (for U. 

maydis) or actin (for Z. mays) to determine the fold changes. Note only reaction carried 

out for the same number of cycles were compared to one another in assessing relative 

transcript level change. A threshold of > 2-fold change was considered to be a substantial 

increase in transcript level whereas a threshold of < 0.5-fold change was considered to be 

a substantial decrease. Two biological replicates were performed, and statistical analysis 

was performed using a one-way ANOVA to determine if the fold changes were 

statistically significant. Significant differences indicate P <0.05. 

 

CK extraction and purification 

CK extraction was performed as previously described in (Hayward et al., 2013; 

Morrison et al., 2015b). Briefly, approximately 0.1 g of frozen plant tissue or mycelia 

was homogenized in 1 mL Bieleski #2 extraction buffer (Methanol: Water: Formic Acid; 

CH3OH:H2O:HCO2H [15:4:1, v/v/v]) with Zirconia beads using a ball mill grinder (25 

Hz, 10 minutes, 4 C, Retsch MM300).  Internal standards were added to enable 

endogenous hormone quantification. 10 ng of labeled CK internal standards were added: 

2H7BA, 2H7BAR, 2H5ZOG, 2H7DHZOG, 2H5ZROG, 2H7DHZROG, 2H6iP7G, 2H5Z9G, 

2H5MeSZ, 2H6MeSiP, 2H5MeZR, 2H6MeSiPR, 2H6iPR, 2H5ZR, 2H3DHZR, 2H6iP, 

2H3DHZ, 2H5Z, 2H6iPRMP, 2H6ZRMP and 2H3DHZRMP (OlchemIm Ltd., Olomouc, 

CZ). After homogenization, samples were allowed to extract overnight at -20 C.  

Following overnight extraction, samples were centrifuged at 10,000 rpm for 10 minutes 

and the supernatant collected. The extraction process was repeated by adding 1mL 



46 

 

Bieleski #2 extraction buffer to the tubes for 30 minutes at -20 C, the tubes were vortexed 

and centrifuged at 10,000 rpm for 10 minutes. The pooled supernatant was dried 

overnight in a speed vacuum concentrator at ambient temperature (UVS400, Thermo 

Fisher Scientific, Waltham, Massachusetts).  Dried supernatant residues were suspended 

in 1M formic acid and subjected to solid phase extraction (SPE) on a mixed mode, 

reverse-phase, cation-exchange column (Oasis MCX 6 cc; Waters, Mississauga, Ontario).  

Columns were activated with methanol and equilibrated with formic acid.  Samples were 

loaded onto the column and washed with 1M formic acid.  Nucleotide CKs were eluted 

with 0.35 M ammonium hydroxide (NH4OH) and the free base and riboside CKs were 

eluted with 0.35 M NH4OH in 60% methanol. Samples were dried overnight in a speed 

vacuum concentrator at ambient temperature. Nucleotide CKs were suspended in 0.1 M 

ethanolamine-HCl (pH 10.4) and dephosphorylated to form ribosides using bacterial 

alkaline phosphatase (Sigma, Oakville, Ontario) for 12 h at 37 C.  The CK ribosides were 

dried in a speed vacuum concentrator at ambient temperature.  Due to the conversion of 

nucleotides to ribosides, detection of nucleotides potentially reflects pooled contribution 

of mono, di- or tri- phosphates (Morrison et al., 2015b). The dephosphorylated 

nucleotides were suspended in milli-Q water for purification using a reverse-phase C18 

column (Oasis C18 3 cc; Waters, Mississauga, Ontario).  Columns were activated using 

methanol and equilibrated with milli-Q water.  Samples were loaded onto the C18 

column and washed with Milli-Q water. Analytes were eluted using 80% methanol.  All 

samples were dried overnight in a speed vacuum concentrator at ambient temperature. 

After purification, the CK nucleotides and CK riboside with free base fractions were 
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suspended in 1.5 mL starting conditions (0.08% acetic acid with 5% acetonitrile (ACN)).  

Samples were transferred to glass vials and stored at 4 C till mass spectrometry analysis. 

 

HPLC-ESI MS/MS and data analysis 

Quantification of CKs was performed using a HPLC-ESI MS/MS method with 

multiple reaction monitoring (MRM) as previously described in (Farrow and Emery, 

2012;Morrison et al., 2015b). Samples were quantified by using a Dionex HPLC machine 

connected to a Sciex Applied Biosystem QTRAP 5500 mass spectrometer with a turbo 

V-spray ionization source or the Thermo (Q Exactive) Quadrupole-Orbitrap. All data was 

analyzed with Analyst (v. 1.6.2) software (AB SCIEX) or Thermo Xcalibur software 

(3.0). CKs were identified based on their precursor and product ions via MRM/PRM and 

retention times. Concentrations were determined using calculations based on a direct 

comparison between the endogenous analyte peak area and the peak area of the internal 

standards. Statistical analyses were performed using a student t-test to determine 

significant differences between CK concentrations. Significant differences indicate 

P<0.05. 
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RESULTS 

CK profile during time course of pathogenesis with dikaryon and mock infection 

 The CK levels were measured during pathogenesis with the dikaryon and 

compared to the CK levels during mock infection with water. Table S2.1 shows the CK 

profile of freebase, riboside, nucleotide, glucoside and methylthiol cytokinins in leaves of 

mock infected seedlings (non-pathogenic) during a time course over 14 days post 

infection (dpi) whereas Table S2.2 shows the CK profile of freebase, riboside, nucleotide, 

glucoside and methylthiol cytokinins in leaves of FB1xFB2 infected seedlings 

(pathogenic) over 14 dpi. Figure 2.1 displays the levels of cis-zeatins in leaves of both 

mock and FB1xFB2 infected seedlings over 14 dpi. As summarized in these tables and 

figures, the levels of nucleotide CKs are elevated during FB1xFB2 infection compared to 

the mock infection. For cis-zeatins, significantly increased levels of cZRP was observed 

throughout the entire time course of infection at 5 dpi (P< 0.0001), 7 dpi (P = 0.0048), 10 

dpi (P = 0.0005) and 14 dpi (P< 0.0001) and the levels decreased gradually over the time 

course of infection (Figure 2.1). Increased levels of tZRP and iPRP were also observed 

during infection with the dikaryon. However, these increases were not as consistent as 

cZRP. Significantly increased and high levels of iPRP were also observed during 

pathogenesis with FB1xFB2 but only at 5 dpi (555.62 pmol/g), 7dpi (1500.10 pmol/g), 

and 10dpi (670.48 pmol/g) whereas for tZRP the increase was only observed at 7dpi and 

10dpi (Tables S2.1 and S2.2).  

 Similar to the levels of nucleotide CKs, the levels of riboside CKs are elevated 

during FB1xFB2 infection compared to the mock infection. For cis-zeatins, a significant 
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increase in cZR (P < 0.05) was observed throughout the entire time course of infection 

(Figure 2.1). Unlike the levels of cZRP which are decreasing over time, the levels of cZR 

are relatively consistent throughout the time course of pathogenesis. Increases of iPR 

were also observed during infection with the dikaryon. However, these increases were not 

as consistent as those of cZR. As summarized in Tables S2.1 and S2.2, significant 

increase in iPR was observed only at 7 dpi (26.90 pmol/g), 10 dpi (34.96 pmol/g), and 14 

dpi (20.99 pmol/g). 

 Increased levels of glucoside CKs were also observed during dikaryon infection 

compared to the mock infection. The majority of the increase is cZROG. The levels of 

cZROG were significantly higher (P<0.05) throughout the time course of dikaryon 

infection when compared to the mock infection except at 14dpi (Figure 2.1). The levels 

of cZROG decrease gradually over the time course of infection to the extent that it is 

unchanged relative to the mock infection at 14 dpi. Unlike cZROG, the levels of cZOG 

are either unchanged or decreased during dikaryon infection over the time course of 

pathogenesis. Unlike the nucleotide, riboside and glucoside CKs which are increased, the 

levels of freebase and methylthiol CKs are predominantly unchanged over the time 

course of pathogenesis (Tables S2.1 and S2.2). 

 

CK profile during time course of pathogenesis with SG2000 and SG2000Δipt 

Table S2.3 shows the CK profile of freebase, riboside, nucleotide, glucoside and 

methylthiol cytokinins in leaves of SG200 infected seedlings during time course of 14 

days post infection (dpi) whereas Table S2.4 shows the CK profile in leaves of 
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SG2000Δipt infected seedlings over 14 dpi. Figure 2.2. displays the levels of cis-zeatins 

in leaves of both SG200 and SG2000Δipt infected seedlings over 14 dpi. As shown in 

these tables and figures, the levels of riboside CKs are elevated during SG200 infection 

compared to the SG2000Δipt infection. A significant increase in cZR was observed at 5 

dpi (P< 0.0001), 7 dpi (P = 0.0002) and 10 dpi (P< 0.0001) but not at 14 dpi (Figure 2.2). 

The levels of cZR are also high at 5 dpi and 7 dpi and then decreased over the course of 

pathogenesis at 10 dpi and 14 dpi. Increase in iPR was also observed during infection 

with SG200. However, this increase only occurred at 5 dpi and 7 dpi.  

 Increased levels of glucoside CKs were also observed during SG200 infection 

compared to the SG2000Δipt infection. The majority of the increase come from cZROG. 

The levels of cZROG were significantly higher (P = 0.0007) only at 5 dpi (Figure 2.2). 

Unlike cZROG, the levels of cZOG are either unchanged or decreased during SG200 

infection over the time course of pathogenesis. Unlike cZR, the levels of freebase cis-

zeatin was significantly reduced (P<0.05) over the time course of pathogenesis with 

SG200 (Figure 2.2). 

 

Identification of CK biosynthesis proteins and genes in Zea mays and U. maydis 

 Using reciprocal best blastp analyses, several putative CK biosynthetic genes 

were identified in Zea mays and U. maydis using a E value of < 1E-4 as a cut-off for 

determining significant blast hits as previously described in Morrison et al., 2017 (Tables 

2.1. and 2.2.). Blastp analyses revealed tRNA-IPT proteins in both Zea mays and U. 

maydis. ZmIPT1, ZmIPT10 and UmIPT all showed significant similarity to a tRNA-IPT 
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(AtIPT2) protein from Arabidopsis (Takei et al., 2001). Putative 5’-nucleotidase enzymes 

were also identified in both Zea mays and U. maydis. However, Zm5NT1 and Zm5NT2 

displayed significant hits to different enzymes when compared to Um5NT. Zm5NT1 and 

Zm5NT2 showed significant hits to other plant 5NT enzymes such as 5NT from 

Handroanthus impetiginosus (Silva-Junior et al., 2018). On the other hand, Um5NT 

displayed significant hits to other fungal 5NT enzymes such as 5NT from Magnaporthe 

oryzae (Dean et al., 2005). ZmADK1, ZmADK2, ZmADK3 and UmADK revealed 

significant hits to AtADK1, Arabidopsis adenosine kinase 1 (accession #: ACF16163). 

Blastp hits using AtZOG1, Arabidopsis zeatin-O-glycosyltransferase 1 (Li et al., 2001) 

also revealed putative cis-zeatin-O-glycosyltransferase proteins and genes from Zea mays 

and U. maydis. However, the E-values were lower and more significant for ZmcisZOG1 

(4E-48) and ZmcisZOG2 (1E-46) when compared to UmcisZOG (3E-14). Putative beta 

glucosidase enzymes were also found in both Zea mays and U. maydis. However, 

ZmGLU showed a significant hit to Os3BGlu6 from rice whereas UmGLU1, UmGLU2 

and UmGLU3 were more significant to fungal beta glucosidase enzymes such as GLU 

from Aspergillus niger (Dan et al., 2000). As shown in Table 2.1., putative adenosine 

nucleosidase (NUC), purine nucleoside phosphorylase (PNP), cytokinin 

phosphoribohydrolase (LOG) and adenine phosphoribosyltransferase (APRT) enzymes 

with significant hits were identified in U. maydis. All of these enzymes were also found 

in Zea mays with significant hits except for PNP (Table 2.2.).  
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Transcript levels of Zea mays CK biosynthesis genes during time course of 

pathogenesis with dikaryon (FB1xFB2) 

 Table 2.3 shows the transcript levels for putative Zea mays CK biosynthesis genes 

during pathogenesis with FB1xFB2 over a time course of 14 dpi. The transcript levels of 

zmipt1 were significantly lower at 5 dpi during pathogenesis with FB1xFB2 relative to 

the control mock infection whereas towards the end of pathogenesis the expression level 

increased by 2.1-fold changes (P = 0.0369) at 14dpi. On the other hand, the expression 

levels of zm5nt1 and zm5nt2 were either consistently reduced or unchanged throughout 

the entire infection time course. Unlike zm5nt, the expression of zmadk was increased 

during the time course of infection.  zmadk2 is consistently increased throughout the 

entire time course of pathogenesis with a peak at 5 dpi and 7 dpi, where zmadk2 

transcript levels were 26-fold higher. The expression of zmglu was also significantly 

increased throughout the entire time course of pathogenesis. High fold change increases 

of 71x, 63x and 57x (P = 0.0226) were observed at 5 dpi, 10 dpi and 14 dpi respectively 

for zmglu. The expression levels of both zmciszog1 and zmciszog2 were unchanged 

throughout the entire time course of pathogenesis.  

  

Transcript levels of Zea mays CK biosynthesis genes during time course of 

pathogenesis with solopathogen (SG200) 

 Table 2.4 summarizes the transcript levels for putative Zea mays CK biosynthesis 

genes during pathogenesis with SG200 over a time course of 14 dpi. Unlike the dikaryon 

infection during pathogenesis with SG200, the transcript levels of zmipt1 were 
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consistently higher at 5 dpi and 7 dpi (5.75x and 2.42x respectively) then reduced at 

10dpi and 14dpi. In addition to zmipt1, the expression level of zmipt10 was significantly 

increased at 5 dpi and 7dpi (12.29x and 6.09x respectively, P = 0.0269) but was 

unchanged towards the end of pathogenesis.  Consistent with the FB1xFB1 infection, the 

expression levels of zm5nt1 and zm5nt2 were either reduced or unchanged throughout the 

infection time course. Unlike the expression of zmadk in the dikaryon infection, the 

expression of zmadk was consistently increased only at 5 dpi and 7 dpi during infection 

with the solopathogen.  The significantly increased expression of zmglu was also only 

observed at 5 dpi and 7 dpi in the SG200 infection and the fold changes were not as high 

as the dikaryon infection (14x and 3x respectively, P = 0.0004). Consistent with the 

FB1xFB1 infection, the expression levels of both zmciszog1 and zmciszog2 were 

unchanged throughout the entire time course of pathogenesis.  

 

Transcript levels of Zea mays CK biosynthesis genes during time course of 

pathogenesis with ipt deletion strain (SG200Δipt) 

 Table 2.5 shows the transcript levels for putative Zea mays CK biosynthesis genes 

during pathogenesis with the ipt deletion strain (SG200Δipt) over a time course of 14 dpi. 

The expression of several enzymes such as zmipt, zmadk and zmglu which were increased 

in the dikaryon and solopathogen infection are either decreased or unchanged throughout 

the time course of infection. Consistent with the FB1xFB1 and SG200 infection, the 

expression levels of zm5nt were either reduced or unchanged throughout the entire 

infection time course. The expression of zmciszog which is unchanged in both FB1xFB1 
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and SG200 infection is significantly reduced over the time course of infection with the ipt 

deletion mutant.  

 

Transcript levels of U. maydis CK biosynthesis genes during time course of 

pathogenesis with dikaryon (FB1xFB2) 

Table 2.6 summarizes the transcript levels for putative U. maydis CK biosynthesis 

genes during pathogenesis with FB1xFB2 over a time course of 14 dpi. Similar to the 

expression of zmipt1 in the dikaryon infection, the expression of umipt was significantly 

increased at 14 dpi by 2.2-fold changes (P = 0.0360). Unlike the expression of zm5nt1 

and zm5nt2 which were either consistently reduced or unchanged throughout the entire 

infection time course, the expression of um5nt was either consistently unchanged or 

increased over the course of infection with a peak at 5 dpi when it was upregulated by 

3.1-fold changes. Unlike zmadk which was increased in both the dikaryon and 

solopathogen infection, the expression of umadk was unchanged throughout the entire 

infection time course. Similar to zmglu during infection with dikaryon, an increased 

expression of umglu was also observed specifically at 10 dpi for both umglu1 and 

umglu2. Unlike zmciszog, which was unchanged over the course of infection with 

FB1xFB2, the expression of umciszog was predominantly reduced over the time course 

of infection with FB1xFB2.  
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Transcript levels of U. maydis CK biosynthesis genes during time course of 

pathogenesis with solopathogen (SG200) 

 Table 2.7 shows the transcript levels for putative U. maydis CK biosynthesis 

genes during pathogenesis with SG200 over a time course of 14 dpi. Consistent with the 

expression of zmipt1 in the solopathogen infection, the expression of umipt was 

significantly increased at 5 dpi and 7 dpi (4.41x and 3.04x respectively, P =  0.0138). 

Unlike the transcript levels of zm5nt1 and zm5nt2 which were either reduced or 

unchanged throughout the entire infection time course, the expression of um5nt was 

predominantly increased over the course of infection except at 14 dpi in which the 

transcript level is unchanged. A gradual and consistent decrease in the gene expression 

level is also observed from 5dpi to 14 dpi.  For the rest of CK biosynthetic genes in U. 

maydis during infection with SG200, the transcript levels were not consistently detected. 

As a result, this data was not included in Table 2.7 and Table S2.9.  

 

Transcript levels of U. maydis CK biosynthesis genes during time course of 

pathogenesis with ipt deletion strain (SG200Δipt) 

Table 2.8 summarizes the transcript levels for putative U. maydis CK biosynthesis 

genes during pathogenesis with the ipt deletion strain (SG200Δipt) over a time course of 

14 dpi. Consistent with the deletion of the umipt gene, the expression of umipt was 

undetected and unchanged over the course of pathogenesis. Unlike the expression of 

zm5nt1 and zm5nt2 which were either consistently reduced or unchanged throughout the 

entire infection time course, the expression of um5nt was predominantly increased over 
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the course of infection except at 5 dpi in which the transcript level is unchanged. 

Contrary to the expression pattern of um5nt during infection with SG200, a gradual 

increase in the transcript level of this gene was observed from 5dpi to 14 dpi. For the rest 

of CK biosynthetic genes in U. maydis during infection with SG200Δipt, the transcript 

levels were not consistently detected. As a result, this data was not included in Table 2.8 

and Table S2.10.  

 

DISCUSSION 

The objective of this research was to determine which CKs are synthesized by Z. 

mays and which are synthesized by U. maydis during the pathogenic interaction and 

formation of tumors in the U. maydis – Z. mays pathosystem. Since both organisms are 

capable of CK biosynthesis, it is possible that both organisms will contribute towards the 

increased level of CKs in the pathosystem. By correlating the changes in gene expression 

levels to the changes in CK levels observed during pathogenesis, we can determine which 

U. maydis or Z. mays enzymes are predominantly responsible for the biosynthesis of 

nucleotide, riboside, glucoside and freebase cytokinins. 

 

Biosynthesis of nucleotide cytokinins 

 A significant increase in nucleotide CKs such as cZRP was observed over the 

entire time course of infection with the dikaryon from 5 dpi to 14 dpi (see Figure 2.1). A 

significantly increased and substantially elevated levels of iPRP was also observed during 
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pathogenesis with the dikaryon at 5 dpi, 7dpi and 10dpi (Table S2.1). For tZRP, the 

increase was only observed only at 7dpi and 10dpi. The increase in nucleotide CKs could 

be due to the activity of either ADK or IPT from the U. maydis or Z. mays (Brugière et 

al., 2008; Morrison et al., 2017). A substantial increase in the expression of zmadk2 (26x) 

was observed at 5 dpi and 7 dpi early during infection with the dikaryon which suggests 

that it is most likely responsible for the initial increased production of nucleotide CKs 

such as cZRP. Overtime, the expression of zmadk2 decreases from 26x to 2x which 

correlates with the decreasing level of cZRP that is observed over the course of the 

dikaryon infection (Table 2.3). Interestingly, the expression of the maize and fungal ipt 

which were initially reduced or unchanged when the levels of cZRP were elevated was 

significantly increased at 14 dpi when the levels of cZRP are lower which may suggest 

that the decreasing levels of cZRP leads to an increased expression of zmipt1 and umipt, 

possibly induced in a feedback manner. Since tRNA-IPT carries out the rate-limiting step 

in cis-CK biosynthesis via the tRNA degradation pathway, such a feedback would help 

maintain CK levels (Sakakibara, 2006).  

 In the solopathogen infection, the transcript levels of zmipt1 and umipt are 

elevated at 5dpi and 7dpi which is contrary to their later expression in the dikaryon 

infection. Consistent with a possible feedback regulation of tRNA-IPT, previous research 

revealed that cZRP production by U. maydis solopathogen strain SG200 was increased 

when grown in media containing CKs relative to media that does not contain CKs 

(Morrison et al., 2017).  This suggests that the fungus may sense the presence of 

exogenous CK and upregulate the expression of umipt to increase levels of cZRP. 

Perhaps, a similar phenomenon occurs during pathogenesis with the solopathogen.  If this 
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was the case the feedback sensing might explain the increased transcript levels of umipt 

and zmipt at 5dpi and 7dpi and the subsequent increase in cZRP levels. Consistent with 

possibility of this induced expression, the expression of umipt and zmipt are either 

unchanged or reduced during SG2000Δipt infections. In addition to IPT, ZmADK also 

contributes to the biosynthesis of nucleotide CKs in the solopathogen. The increased 

expression of zmadk2 was also observed at 5 dpi and 7 dpi with the solopathogen which 

suggests that the coded enzyme may also contribute to the increased levels of cZRP. 

Taken together, this data supports a role for umipt, zmipt and zmadk in altering the levels 

of nucleotide CKs such as cZRP during U. maydis dikaryon and solopathogen infections 

of Z. mays.  

 

Biosynthesis of riboside cytokinins 

Similar to the levels of nucleotide CKs, the levels of active riboside CKs such as 

cZR are elevated during infection with the dikaryon (Figure 2.1). In addition to cZR, 

increased levels of iPR was observed in the dikaryon infection but only at 7 dpi, 10 dpi 

and 14 dpi. Unlike the levels of cZRP which are decreasing over time, the levels of cZR 

remain relatively constant over the course of pathogenesis. As shown in Figure 2.1, the 

increased level of cZR could be due to the enzyme activity of 5NT or GLU. As shown in 

Table 2.6, um5nt is increased or unchanged over the entire time course whereas zm5nt is 

reduced or unchanged which suggests that um5nt is contributing to the increased levels of 

cZR. In the dikaryon infection, the level of um5nt is high initially and then remains 

unchanged over the course of pathogenesis which suggests that another enzyme, possibly 
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zmglu, is contributing to the production of cZR. Significantly increased (P = 0.0226) 

levels of zmglu with high fold changes (71x, 63x and 57x at 5 dpi, 10 dpi and 14 dpi 

respectively) were observed over the time course of infection with the dikaryon 

supporting its possible role in elevating cZR levels. Previous research showed that zmglu 

is specific for glucoside CKs and is capable of reversing the O-glycosylation of CKs to 

produce freebase or riboside CKs (Brzobohaty et al., 1993). The study also suggested that 

ZmGLU plays a key role in modulating the levels of glucoside CKs. This is because O-

glucoside CKs can be used by plants as a means of CK storage which is why they are 

often found in the roots of maize. To provide active CKs for growth and development, 

these O-glucoside CKs are often cleaved by ZmGLU.  However, it is unusual to find 

elevated levels of these inactive cytokinins in tissues such as leaves. Elevated levels of 

cZROG were observed after infection with U. maydis dikaryon which suggest that they 

may be exploited by U. maydis to acquire active CKs from its host. As a defensive 

response to this, the host may increase the biosynthesis of inactive cZROG in order to 

suppress the levels of active CKs. The increased expression of umglu1 is also observed at 

10 dpi. However, unlike zmglu, this enzyme has not been shown to be specific for 

glucoside CKs and is unlikely to be contributing to the increased level of cZR. Consistent 

with this, reciprocal blastp analysis revealed that UmGLU1 showed more similarity to 

other fungal beta glucosidase enzymes such as GLU from Aspergillus niger (Dan et al., 

2000) whereas the similarity and alignment with plant beta glucosidase such as ZmGLU 

were insignificant (Table 2.2). Even though both um5nt and zmglu contribute to the 

increased level of cZR, the level of cZR remains relatively constant over course of 
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pathogenesis with the dikaryon most likely due to activities of other enzymes such as 

ADK and cisZOG acting upon it to maintain CK levels.  

During infection with the U. maydis solopathogenic strain, the increased 

expression of zmglu was observed only at 5dpi and 7dpi rather than throughout the entire 

time course of pathogenesis as observed in the dikaryon infection. Consistently increased 

expression of um5nt is also observed at 5dpi, 7dpi and 10 dpi (Table 2.7). Consistent with 

this, the levels of cZR are high at 5 dpi and 7 dpi and then decreases over the course of 

pathogenesis at 10 dpi and 14 dpi. During infection with the SG2000Δipt deletion strain, 

the levels of zmglu is reduced or unchanged (Table 2.5) which is consistent with lower 

levels of cZR observed during pathogenesis with the ipt deletion strain (Figure 2.2.). 

Interestingly, the transcript levels of um5nt are still increased despite the lower levels of 

cZRs and deletion of the umipt gene, (Table 2.8.) which is consistent with the fact that 

5NTs have other functions in addition to the biosynthesis of riboside CKs (Rusche et al., 

1980). Taken together, it is evident that in both the dikaryon and solopathogen infection, 

U. maydis and Z. mays contribute to the increased biosynthesis of riboside CKs such as 

cZR during pathogenesis through the enzyme activities of um5nt and zmglu.  

 

Biosynthesis of glucoside cytokinins 

Increased levels of glucoside CKs such as cZROG were also observed during 

infection with the dikaryon. As shown in Figure 2.1, the majority of the increase is due to 

the elevated levels of cZROG. The levels of cZROG were significantly higher throughout 

the time course except at 14dpi. In the solopathogen infection, increased levels of 
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cZROG were observed only at 5 dpi (Figure 2.2). The enzyme responsible for the 

production of cZROG is cisZOG. The transcript levels of umciszog were reduced during 

infection with the dikaryon (Table 2.6) which is consistent with the required enzymatic 

activity not coming from the fungus. Furthermore, previous studies showed that U. 

maydis does not produce glucoside CKs when grown in minimal media (Morrison et al., 

2017) so there is no evidence that U. maydis can produce cZROG. The zmciszog 

transcript levels were unchanged in both the dikaryon and SG200 infection (Table 2.3 

and 2.4). However, transcript levels were reduced during infection with the ipt deletion 

strain, when cZROG levels are also reduced, providing a potential link between the 

activity of the Z. mays enzyme and cZROG production. Taken together, these finding 

suggest that the enzymes coded by zmciszog1 and zmciszog2 are responsible for the 

increased level of cZROG observed. These enzymes were previously characterized and 

shown to have a high affinity for cis-zeatins (Veach et al., 2003). Unlike cZROG, the 

levels of cZOG are significantly reduced or unchanged during pathogenesis with the 

dikaryon and solopathogen when compared to the mock and SG2000Δipt infection 

(Figures 2.1. and 2.2.) which suggests that it does not play a significant role during 

pathogenesis. Taken together, it is evident that in both the dikaryon and solopathogen 

infection, Z. mays is the major contributor to the increased biosynthesis of glucoside CKs 

such as cZROG during pathogenesis through the enzyme activities of ZmcisZOG.  
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Biosynthesis of freebase cytokinins 

 Unlike the cZRP, cZR and cZROG which are increased during infection with the 

dikaryon, the levels of freebase CKs such as cZ are significantly reduced or unchanged 

over the time course of pathogenesis with the dikaryon and solopathogen when compared 

to the mock and SG2000Δipt infection (Figures 2.1. and 2.2.) which suggests that it does 

not play a significant role during pathogenesis. The maize is also the major contributor to 

the biosynthesis of cZ and consistent with this is the fact that U. maydis does not produce 

freebase CKs such as cZ when grown in axenic minimal media containing no exogenous 

CKs (Morrison et al., 2017). The reduced biosynthesis of cZ observed in the 

solopathogen infections, indicates a possible defensive response in which the maize 

reduces the biosynthesis of active cZ as a response to the increased biosynthesis of active 

cZR. Interestingly, the levels of cZ are unchanged during pathogenesis with the dikaryon 

which suggests that the dikaryon, which is known to be more virulent (Banuett and 

Herskowitz, 1996), is capable of mitigating this defensive response perhaps through the 

aid of leaf specific effectors (Matei et al., 2018).  The ability of the dikaryon to maintain 

a consistent level of active cZ could have a positive impact on CK signaling and 

virulence. Taken together, it is evident that in both the dikaryon and solopathogen 

infection, Z. mays is the major contributor to the unchanged or reduced levels of freebase 

CKs such as cZ during pathogenesis. 
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SUMMARY AND CONCLUSION  

The main objective of this study was to determine which biosynthetic steps in 

tRNA degradation pathway were carried out by U. maydis and which were carried out by 

Zea mays. Since both organisms can produce CKs, we hypothesized that both organisms 

will contribute towards the increased biosynthesis of CKs in the pathosystem. The results 

are consistent with our hypothesis and summarized in Figures 2.3. to 2.6. which describe 

models of CK biosynthesis occurring during pathogenesis with the dikaryon and 

solopathogen. Overall, it is evident that increased biosynthesis of nucleotide and riboside 

CKs occur via the enzyme activities of both the maize and fungal enzymes whereas 

glucoside and freebase CKs are predominantly produced by the plant enzymes. This 

confirms that a cross-kingdom biosynthesis of CKs is indeed occurring during the 

formation of tumors in the Ustilago maydis- Zea mays pathosystem since both the maize 

and fungal enzymes contribute to the biosynthesis of the overall pool of CKs. However, it 

is still unclear as to how the increased production of nucleotide, riboside and glucoside 

CKs could potentially influence the plant and the fungus during the formation of tumors 

and pathogenesis. More insight into this phenomenon will be provided in chapter 3 which 

focuses on CK signaling in the pathosystem as well as chapter 4 which focuses on CK 

translocation in the pathosystem.  
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TABLES 

Table 2.1.  List of Z. mays proteins and genes that are potentially involved in cytokinin biosynthesis via the tRNA degradation 

pathway.  

Predicted Protein Function Gramene Gene ID Accession # E-value (Accession # of query) 

tRNA-isopentenyltransferase GRMZM2G097258 (ZmIPT1) NP_001121196 3E-151 (Q9ZUX7 - AtIPT2) 

GRMZM2G102915 (ZmIPT10) XP_008647277 2E-21 (Q9ZUX7 - AtIPT2) 

5’-nucleotidase GRMZM2G122139 (Zm5NT1) NP_001151027 1E-42 (PIN02604)  

GRMZM2G044819 (Zm5NT2) NP_001131882 5E-34 (PIN02604) 

Adenosine kinase GRMZM2G089767 (ZmADK1) XP_008669159 0 (ACF16163 – AtADK1) 

GRMZM2G135132 (ZmADK2) NP_001339366 0 (ACF16163 – AtADK1) 

GRMZM2G540538 (ZmADK3) NP_001338699 0 (ACF16163 – AtADK1) 

Cis-zeatin-O-glycosyltransferase GRMZM2G168474 (ZmcisZOG1) NP_001105017 4E-48 (Q9ZQ99 - AtZOG1)  

GRMZM2G110511 (ZmcisZOG2) XP_008657045 1E-46 (Q9ZQ99 - AtZOG1)  

Beta glucosidase GRMZM2G016890 (ZmGLU) NP_001105454 2E-144(AAN01354 - Os3BGlu6) 

Adenosine nucleosidase GRMZM2G085960 (ZmNUC1) NP_001141948 7E-113 (4KPN_H – PpNRH1) 

GRMZM2G104999 (ZmNUC2) NP_001148615 2E-106 (4KPN_H – PpNRH1) 

Cytokinin phosphoribohydrolase GRMZM2G471931 (ZmLOG) XP_008669155 2E-112 (Q9LYV8 - AtLOG6) 

Adenine phosphoribosyltransferase GRMZM2G170101 (ZmAPRT) AAR37033 4E-92 (AAD55485 – AtAPT2) 
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Table 2.2.  List of U. maydis proteins and genes that are potentially involved in cytokinin biosynthesis via the tRNA degradation 

pathway.  

 

Predicted Protein Function Gene ID Accession # E-value (Accession # of query) 

tRNA-isopentenyltransferase  UMAG_10043 (UmIPT) XP_011386632 1E-24 (Q9ZUX7) 

5’-nucleotidase UMAG_11668 (Um5NT) XP_011388064 1E-16 (XP_003715781) 

Adenosine kinase UMAG_00797 (UmADK) XP_011386569 7E-66 (ACF16163 – AtADK1) 

Cis-zeatin-O-glycosyltransferase UMAG_06467 (UmcisZOG) XP_011392734 3E-14 (Q9ZQ99 - AtZOG1) 

Beta glucosidase UMAG_00446 (UmGLU1) XP_011386313 0 (ABG46337) 

UMAG_04032 (UmGLU2) XP_011390477 1E-175 (ABG46337) 

UMAG_06075 (UmGLU3) XP_011392435 7E-165 (ABG46337) 

Adenosine nucleosidase UMAG_01783 (UmNUC1) XP_011387738 1E-30 (4KPN_H – PpNRH1) 

UMAG_11846 (UmNUC2) XP_011387459 2E-33 (4KPN_H – PpNRH1) 

Purine nucleoside phosphorylase UMAG_03504 (UmPNP) XP_011389949 6E-14 (CCG31872) 

Cytokinin phosphoribohydrolase UMAG_03153 (UmLOG) XP_011389615 2E-42 (Q9LYV8 - AtLOG6) 

Adenine phosphoribosyltransferase UMAG_10904 (UmAPRT) XP_011390962 1E-39 (AAD55485 – AtAPT2) 
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Table 2.3.  Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with FB1xFB2 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity 

also indicates greater fold changes. Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 

(One-way ANOVA). 

 

Zea mays putative CK biosynthesis enzymes 5dpi 7dpi 10dpi 14dpi 

zmipt1* 0.01 1.84 1.01 2.10 

zmipt10 1.35 0.38 0.67 0.34 

zm5nt1 0.39 0.53 0.63 0.43 

zm5nt2 0.64 0.81 1.08 0.98 

zmadk1 1.43 1.69 0.83 1.57 

zmadk2 26.68 26.10 2.19 2.79 

zmadk3 2.55 1.70 1.49 1.87 

zmglu* 71.93 2.29 63.44 72.03 

zmciszog1 0.97 1.54 1.80 1.45 

zmciszog2 0.53 0.76 0.77 0.89 
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Table 2.4.  Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with SG200 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity 

also indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 

(One-way ANOVA). 

 

Zea mays putative CK biosynthesis enzymes 5dpi 7dpi 10dpi 14dpi 

zmipt1  5.75 2.42 0.24 0.40 

zmipt10* 12.29 6.09 1.36 0.68 

zm5nt1* 1.06 1.34 0.45 0.08 

zm5nt2 1.45 1.97 0.71 0.38 

zmadk1 0.88 0.84 0.21 0.22 

zmadk2 4.21 5.94 1.22 0.96 

zmadk3 1.85 1.64 0.98 1.06 

zmglu* 14.45 3.24 1.65 1.37 

zmciszog1 1.06 1.29 0.95 0.84 

zmciszog2 1.04 1.24 0.80 1.11 

 

 

 



68 

 

Table 2.5.  Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with SG200Δipt over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity 

also indicates greater fold changes. Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 

(One-way ANOVA). 

 

Zea mays putative CK biosynthesis enzymes 5dpi 7dpi 10dpi 14dpi 

zmipt1 0.99 0.45 0.18 0.96 

zmipt10 0.50 0.89 0.85 1.24 

zm5nt1 0.61 0.47 0.35 0.28 

zm5nt2 0.93 0.98 0.38 0.35 

zmadk1 0.78 0.57 0.25 0.28 

zmadk2 1.22 1.03 0.50 0.44 

zmadk3 0.43 0.41 0.31 0.36 

zmglu 0.56 0.23 0.41 0.76 

zmciszog1 0.49 0.48 0.41 0.58 

zmciszog2 0.26 0.26 0.21 0.19 
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Table 2.6.  U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with FB1xFB2 over a time course of 

14 days post infection (dpi). Transcript levels are normalized to gapdh and relative to filamentous growth (no host). < 0.5-fold changes 

= decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity also 

indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 (One-

way ANOVA). 

 

U. maydis putative CK biosynthesis enzymes 5dpi 7dpi 10dpi 14dpi 

umipt* 0.58 0.54 0.85 2.22 

um5nt 3.08 1.45 1.97 1.41 

umadk 0.55 0.55 0.79 0.60 

umglu1 0.33 0.80 2.56 0.31 

umglu2 0.10 1.38 1.14 0.97 

umglu3 0.84 0.31 7.03 1.62 

umciszog 0.20 0.20 0.47 0.53 
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Table 2.7. U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with SG200 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to gapdh and relative to filamentous growth (no host). < 0.5-fold changes = 

decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity also 

indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 (One-

way ANOVA). 

 

U. maydis putative CK biosynthesis enzymes 5dpi 7dpi 10dpi 14dpi 

umipt* 5.41 3.04 0.06 0.08 

um5nt 4.13 2.81 2.46 1.34 

 

 

Table 2.8. U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with SG200Δipt over a time course of 

14 days post infection (dpi). Transcript levels are normalized to gapdh and relative to filamentous growth (no host). < 0.5-fold changes 

= decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity also 

indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 (One-

way ANOVA). 

 

U. maydis putative CK biosynthesis enzymes 5dpi 7dpi 10dpi 14dpi 

umipt 1.00 1.00 1.00 1.00 

um5nt 0.76 2.79 2.75 2.91 
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FIGURES 
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Figure 2.1. The cytokinin profile of cis-zeatin cytokinins synthesized via the tRNA degradation pathway in leaves of seedlings during 

an infection time course with mock infection and FB1xFB2. The bar graphs represent cytokinin levels measured in pmol/g (fresh 

weight) and the mean ± standard error is provided over 4 biological replicates (n = 4). The white bars represent CK levels in mock 

infected leaves (control – non-pathogenesis) whereas the black bars represent CK levels in dikaryon infected leaves (FB1xFB2 – 

pathogenesis). Note that the scale is different for each graph. IPT (tRNA-isopentenyltransferase: EC 2.5.1.8), 5NT (5’-ribonucleotide 

phosphohydrolase: EC 3.1.3.5), ADK (Adenosine kinase: EC 2.7.1.20), NUC (adenosine nucleosidase: EC 3.2.2.7), PNP (purine 

nucleoside phosphorylase: EC 2.4.2.1), cisZOG (cis-zeatin O-glycosyltransferase: EC 2.4.1.215), GLU (β-glucosidase: EC 3.2.1.21). 

Red indicates active cytokinins whereas blue indicates inactive cytokinins. Asterisks * indicate P<0.05 (t-test). 
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Figure 2.2. The cytokinin profile of cis-zeatin cytokinins synthesized via the tRNA degradation pathway in leaves of seedlings during 

an infection time course with SG200Δipt and SG200. The bar graphs represent cytokinin levels measured in pmol/g (fresh weight) and 

the mean ± standard error is provided over 4 biological replicates (n = 4). The white bars represent CK levels in SG200Δipt infected 

leaves whereas the black bars represent CK levels in SG200 infected leaves. Note that the scale is different for each graph. IPT 

(tRNA-isopentenyltransferase: EC 2.5.1.8), 5NT (5’-ribonucleotide phosphohydrolase: EC 3.1.3.5), ADK (Adenosine kinase: EC 

2.7.1.20), NUC (adenosine nucleosidase: EC 3.2.2.7), PNP (purine nucleoside phosphorylase: EC 2.4.2.1), cisZOG (cis-zeatin O-

glycosyltransferase: EC 2.4.1.215), GLU (β-glucosidase: EC 3.2.1.21). Red indicates active cytokinins whereas blue indicates inactive 

cytokinins. Asterisks * indicate P<0.05 (t-test). n.d. indicates metabolite not detected.  
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Figure 2.3. Model for the cross-kingdom biosynthesis of cis-zeatins during dikaryon pathogenesis at 5 dpi and 7 dpi. Arrows indicate 

the expression of enzymes. Thin arrows indicate decreased transcript levels, moderate arrows indicate unchanged transcript levels and 

thick arrows indicate increased transcript levels. Red indicate active CKs and blue indicates inactive CKs. ‘+’ signs indicate increased 

level of CKs, = signs indicate unchanged level of CKs and – sign indicate reduced level of CKs. Double headed arrows indicate CK 

translocation. 
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Figure 2.4. Model for the cross-kingdom biosynthesis of cis-zeatins during dikaryon pathogenesis at 10 dpi and 14 dpi. Thin arrows 

indicate decreased transcript levels, moderate arrows indicate unchanged transcript levels and thick arrows indicate increased 

transcript levels. Red indicate active CKs and blue indicates inactive CKs. ‘+’ signs indicate increased level of CKs, = signs indicate 

unchanged level of CKs and – sign indicate reduced level of CKs. Double headed arrows indicate CK translocation.  
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Figure 2.5. Model for the cross-kingdom biosynthesis of cis-zeatins during solopathogen pathogenesis at 5 dpi and 7 dpi. Thin arrows 

indicate decreased transcript levels, moderate arrows indicate unchanged transcript levels and thick arrows indicate increased 

transcript levels. Red indicate active CKs and blue indicates inactive CKs. ‘+’ signs indicate increased level of CKs, = signs indicate 

unchanged level of CKs and – sign indicate reduced level of CKs. Double headed arrows indicate CK translocation.  
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Figure 2.6. Model for the cross-kingdom biosynthesis of cis-zeatins during solopathogen pathogenesis at 10 dpi and 14 dpi. Thin 

arrows indicate decreased transcript levels, moderate arrows indicate unchanged transcript levels and thick arrows indicate increased 

transcript levels. Red indicate active CKs and blue indicates inactive CKs. ‘+’ signs indicate increased level of CKs, = signs indicate 

unchanged level of CKs and – sign indicate reduced level of CKs. Double headed arrows indicate CK translocation. 
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SUPPLEMENTARY MATERIALS 

Table S2.1. The cytokinin profile of freebase, riboside, nucleotide, glucoside and methylthiol cytokinins in leaves of mock infected 

seedlings (non-pathogenic) during a time course spanning 14 days post infection (dpi). The cytokinin levels were measured in pmol/g 

(fresh weight) and the mean ± standard error is provided over 4 biological replicates (n = 4). n.d. indicate analytes that were not 

detected. 

    5 dpi 7 dpi 10 dpi 14 dpi 

Freebase DZ n.d. 3.72 ± 1.91 n.d. n.d. 

tZ n.d. n.d. n.d. n.d. 

cZ 158.96 ± 2.05 126.14 ± 12.19 66.75 ± 3.73 87.75 ± 8.67 

iP n.d. n.d. n.d. n.d. 

Riboside DZR n.d. n.d. n.d. n.d. 

tZR n.d. n.d. n.d. n.d. 

cZR 2.86 ± 0.69 1.59 ± 0.55 4.73 ± 1.19 6.02 ± 0.53 

iPR 17.24 ± 2.96 15.96 ± 5.52 24.03 ± 2.99 12.84 ± 2.12 

Nucleotide DZRP n.d. n.d. n.d. n.d. 

tZRP 2.63 ± 0.60 2.86 ± 1.40 0.60 ± 0.21 2.54 ± 0.82 

cZRP 3.90 ± 0.87 3.32 ± 1.44 2.33 ± 0.99 4.40 ± 0.96 

iPRP 105.51 ± 21.26 195.40 ± 33.78 150.50 ± 25.06 464.29 ± 55.25 

Glucoside cZROG 0.79 ± 0.27 3.65 ± 0.81 1.74 ± 0.24 1.79 ± 0.58 

cZOG 9.80 ± 1.80 7.28 ± 2.20 9.19 ± 1.68 6.72 ± 1.70 

tZ9G n.d. n.d. 0.41 ± 0.18 n.d. 
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cZ9G n.d. n.d. 0.22 ± 0.07 n.d. 

Methylthiol 2MeSZR n.d. n.d. n.d. 4.49 ± 0.67 

2MeSZ n.d. n.d. n.d. 9.75 ± 2.67 

 

Table S2.2. The cytokinin profile of freebase, riboside, nucleotide, glucoside and methylthiol cytokinins in leaves of FB1xFB2 

infected seedlings (pathogenic) during a time course spanning 14 days post infection (dpi). The cytokinin levels were measured in 

pmol/g (fresh weight) and the mean ± standard error is provided over 4 biological replicates (n = 4). n.d. indicate analytes that were 

not detected. 

    5 dpi 7 dpi 10 dpi 14 dpi 

Freebase DZ n.d. n.d. n.d. n.d. 

tZ n.d. n.d. n.d. n.d. 

cZ 194.19 ± 31.11 126.77 ± 11.03 71.51 ± 11.10 101.88 ± 17.87 

iP n.d. n.d. n.d. n.d. 

Riboside DZR n.d. n.d. 0.28 ± 0.07 0.18 ± 0.03 

tZR n.d. n.d. n.d. n.d. 

cZR 35.48 ± 8.30 52.62 ± 7.08 28.61 ± 5.32 44.59 ± 12.69 

iPR 19.83 ± 8.46 26.90 ± 6.75 34.96 ± 7.64 20.99 ± 6.44 

Nucleotide DZRP n.d. n.d. 1.31 ± 0.34 0.18 ± 0.05 

tZRP 3.68 ± 1.43 8.01 ± 0.48 3.88 ± 0.84 7.55 ± 1.01 

cZRP 102.72 ± 10.37 31.44 ± 9.81 12.64 ± 2.03 23.34 ± 3.02 

iPRP 555.62 ± 162.03 1500.10 ± 445.43 670.48 ± 38.55 306.44 ± 50.51 
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Glucoside cZROG 14.18 ± 3.49 9.43 ± 0.94 5.40 ± 0.65 2.31 ± 0.51 

cZOG 3.14 ± 0.60 10.05 ± 0.44 7.26 ± 0.88 3.11 ± 0.68 

tZ9G n.d. n.d. n.d. n.d. 

cZ9G 0.15 ± 0.03 n.d. n.d. n.d. 

Methylthiol 2MeSZR n.d. n.d. n.d. 5.57 ± 2.17 

2MeSZ n.d. n.d. n.d. 11.18 ± 4.46 

 

Table S2.3. The cytokinin profile of freebase, riboside, nucleotide, glucoside and methylthiol cytokinins in leaves of SG200 infected 

seedlings (pathogenic) during a time course spanning 14 days post infection (dpi). The cytokinin levels were measured in pmol/g 

(fresh weight) and the mean ± standard error is provided over 4 biological replicates (n = 4). n.d. indicate analytes that were not 

detected. 

    5 dpi 7 dpi 10 dpi 14 dpi 

Freebase DZ 0.21 ± 0.01 n.d. n.d. n.d. 

tZ n.d. n.d. 41.24 ± 16.16 n.d. 

cZ 20.63 ± 0.69 14.63 ± 3.43 16.80 ± 2.59 19.37 ± 3.37 

iP n.d. n.d. n.d. n.d. 

Riboside DZR n.d. n.d. n.d. n.d. 

tZR n.d. n.d. n.d. n.d. 

cZR 3.51 ± 0.27 4.88 ± 1.13 1.10 ± 0.22 1.45 ± 0.29 

iPR 1.36 ± 0.28 3.24 ± 1.64 n.d. n.d. 

Nucleotide DZRP n.d. n.d. n.d. n.d. 

tZRP n.d. n.d. n.d. n.d. 
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cZRP n.d. n.d. n.d. n.d. 

iPRP n.d. n.d. n.d. n.d. 

Glucoside cZROG 2.19 ± 0.68 n.d. n.d. n.d. 

cZOG 306.53 ± 86.84 438.84 ± 125.29 144.76 ± 14.61  250.91 ± 50.98 

Methylthiol 2MeSZR n.d. 4.69 ± 0.11 4.07 ± 1.50 9.52 ± 4.87 

2MeSZ 19.74 ± 5.66 15.60 ± 6.36 7.84 ± 2.10 19.37 ± 3.37 

 

Table S2.4. The cytokinin profile of freebase, riboside, nucleotide, glucoside and methylthiol cytokinins in leaves of SG200Δipt 

infected seedlings (pathogenic) during a time course spanning 14 days post infection (dpi). The cytokinin levels were measured in 

pmol/g (fresh weight) and the mean ± standard error is provided over 4 biological replicates (n = 4). n.d. indicate analytes that were 

not detected. 

    5 dpi 7 dpi 10 dpi 14 dpi 

Freebase DZ n.d. n.d. 0.81 ± 0.25 n.d. 

tZ n.d. n.d. n.d. n.d. 

cZ 43.18 ± 12.67 30.46 ± 4.71 146.03 ± 20.41 37.45 ± 12.41 

iP n.d. n.d. n.d. n.d. 

Riboside DZR n.d. n.d. n.d. n.d. 

tZR n.d. n.d. n.d. n.d. 

cZR n.d. 0.44 ± 0.22 n.d. 1.51 ± 0.38 

iPR n.d. n.d. n.d. n.d. 

Nucleotide DZRP n.d. n.d. n.d. n.d. 

tZRP n.d. n.d. n.d. n.d. 



83 

 

cZRP n.d. n.d. n.d. n.d. 

iPRP n.d. n.d. n.d. n.d. 

Glucoside cZROG n.d. n.d. n.d. n.d. 

cZOG 2179.73 ± 601.22 626.27 ± 110.52 1725.61 ± 370.56 334.63 ± 199.34 

Methylthiol 2MeSZR 12.24 ± 8.07 7.49 ± 3.21 4.21 ± 1.42 19.23 ± 7.62 

2MeSZ 55.87 ± 23.02 17.57 ± 6.60 n.d. 297.42 ± 135.67 
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Table S2.5.  Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with FB1xFB2 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

zmipt1 

0.01 ± 0.00 1.84 ± 0.21 1.01 ± 0.14 2.10 ± 0.62 

zmipt10 

1.35 ± 0.38 0.38 ± 0.24 0.67 ± 0.41 0.34 ± 0.29 

zm5nt1 

0.39 ± 0.15 0.53 ± 0.00 0.63 ± 0.33 0.43 ± 0.25 

zm5nt2 

0.64 ± 0.18 0.81 ± 0.04 1.08 ± 0.23 0.98 ± 0.14 

zmadk1 

1.43 ± 0.28 1.69 ± 0.49 0.83 ± 0.43 1.57 ± 0.07 

zmadk2 

26.68 ± 5.64 26.10 ± 16.03 2.19 ± 0.64 2.79 ± 0.86 

zmadk3 

2.55 ± 0.48 1.70 ± 0.09 1.49 ± 0.22 1.87 ± 0.38 

zmglu 

71.93 ± 1.09 2.29 ± 0.87 63.44 ± 16.05 72.03 ± 13.01 

zmciszog1 

0.97 ± 0.17 1.54 ± 0.34 1.80 ± 0.05 1.45 ± 0.23 

zmciszog2 

0.53 ± 0.07 0.76 ± 0.00 0.77 ± 0.19 0.89 ± 0.22 
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Table S2.6.  Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with SG200 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

zmipt1 5.75 ± 2.83 

 

2.42 ± 0.24 

 

0.24 ± 0.06 0.40 ± 0.19 

zmipt10 12.29 ± 3.01 6.09 ± 1.60 1.36 ± 0.15 0.68 ± 0.63 

zm5nt1 1.06 ± 0.13 1.34 ± 0.42 0.45 ± 0.04 0.08 ± 0.00 

zm5nt2 1.45 ± 0.59 1.97 ± 0.16 0.71 ± 0.25 0.38 ± 0.25 

zmadk1 0.88 ± 0.02 0.84 ± 0.60 0.21 ± 0.02 0.22 ± 0.21 

zmadk2 4.21 ± 2.11 5.94 ± 1.78 1.22 ± 0.85 0.96 ± 0.85 

zmadk3 1.85 ± 0.20 1.64 ± 0.09 0.98 ± 0.03 1.06 ± 0.91 

zmglu 14.45 ± 0.17 3.24 ± 1.17 1.65 ± 0.13 1.37 ± 0.54 

zmciszog1 1.06 ± 0.37 1.29 ± 0.32 0.95 ± 0.00 0.84 ± 0.55 

zmciszog2 1.04 ± 0.08 1.24 ± 0.65 0.80 ± 0.04 1.11 ± 0.85 
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Table S2.7.  Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with SG200Δipt over a time course of 

14 days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

zmipt1 0.99 ± 0.80 0.45 ± 0.39 0.18 ± 0.12 0.96 ± 0.68 

zmipt10 0.50 ± 0.26 0.89 ± 0.84 0.85 ± 0.39 1.24 ± 0.54 

zm5nt1 0.61 ± 0.04 0.47 ± 0.23 0.35 ± 0.09 0.28 ± 0.08 

zm5nt2 0.93 ± 0.36 0.98 ± 0.75 0.38 ± 0.15 0.35 ± 0.04 

zmadk1 0.78 ± 0.03 0.57 ± 0.06 0.25 ± 0.05 0.28 ± 0.02 

zmadk2 1.22 ± 0.55 1.03 ± 0.03 0.50 ± 0.04 0.44 ± 0.05 

zmadk3 0.43 ± 0.09 0.41 ± 0.09 0.31 ± 0.08 0.36 ± 0.01 

zmglu 0.56 ± 0.49 0.23 ± 0.17 0.41 ± 0.17 0.76 ± 0.24 

zmciszog1 0.49 ± 0.21 0.48 ± 0.04 0.41 ± 0.01 0.58 ± 0.26 

zmciszog2 0.26 ± 0.22 0.26 ± 0.20 0.21 ± 0.16 0.19 ± 0.15 
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Table S2.8.  U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with FB1xFB2 over a time course of 

14 days post infection (dpi). Transcript levels are normalized to actin and relative to filamentous growth (no host). < 0.5-fold changes 

= decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard deviation 

over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

umipt 

0.58 ± 0.22 0.54 ± 0.28 0.85 ± 0.17 2.22 ± 0.39 

um5nt 

3.08 ± 0.90 1.45 ± 0.72 1.97 ± 0.34 1.41 ± 0.83 

umadk 

0.55 ± 0.51 0.55 ± 0.48 0.79 ± 0.24 0.60 ± 0.41 

umglu1 

0.33 ± 0.18 0.80 ± 0.21 2.56 ± 0.85 0.31 ± 0.09 

umglu2 

0.10 ± 0.04 1.38 ± 0.27 1.14 ± 0.24 0.97 ± 0.29 

umglu3 

0.84 ± 0.52 0.31 ± 0.17 7.03 ± 2.43 1.62 ± 0.66 

umciszog 

0.20 ± 0.00 0.20 ± 0.18 0.47 ± 0.24 0.53 ± 0.01 
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Table S2.9.  U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with SG200 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to filamentous growth (no host). < 0.5-fold changes = 

decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard deviation 

over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

umipt 5.41 ± 1.00 3.04 ± 0.96 0.06 ± 0.01 0.08 ± 0.03 

um5nt 4.13 ± 0.96 2.81 ± 0.16 2.46 ± 0.33 1.34 ± 0.84 

 

Table S2.10.  U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with SG200Δipt over a time course 

of 14 days post infection (dpi). Transcript levels are normalized to actin and relative to filamentous growth (no host). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

umipt 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 

um5nt 0.76 ± 0.14 2.79 ± 0.45 2.75 ± 0.08 2.91 ± 0.86 
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Table S2.11.  List of Z. mays primers used for RT-PCR and amplicon sizes. Bolded size indicates the reference gene (actin) 

Primer name Sequence (5’-3’) Amplicon size (cDNA) Amplicon size (gDNA) 

GRMZM2G097258F TCGTCTCGTCCCACCCAAA 120 120 

GRMZM2G097258R CCTGCTTCTTCCGCTGCTAA 

GRMZM2G102915F CAGGAGAACACAGAGCAAATGA 132 132 

GRMZM2G102915R TGTGTTATTTGCGTCTTGATCTACT 

GRMZM2G122139F CGTCCGAGCGAAGATTACAT 103 103 

GRMZM2G122139R AGGCTATGGATCAATTACAACGA 

GRMZM2G044819F GCATCCGTTCGTCACAATCT 73 73 

GRMZM2G044819R CCATCGCAGCCATAATCACA 

GRMZM2G089767F CAGGTGATGCGTTCGTTGGT 97 97 

GRMZM2G089767R ACAACATTGGCGGCGTAACA 

GRMZM2G135132F TTGCTGAGGACGGGAAGGT 116 775 

GRMZM2G135132R GACCAGCCGAGAGAGAAAGC 

GRMZM2G540538F TTACCCGGAGAAGCCTGACT 149 149 

GRMZM2G540538R ATTGGCCGGATCAGAAGAGAAG 

GRMZM2G168474F AAGGTGATCGAGGAGGCAAT 144 144 

GRMZM2G168474R TGTGATGTAGCCAATGAAATCGT 

GRMZM2G110511F GCGGCTGGAACTCGATCAT 120 120 

GRMZM2G110511R GGAGCCCTGCCTTGAAGTAG 

GRMZM2G016890F CAAATACGGAAACCCACCTATCTAC 149 1192 

GRMZM2G016890R TTGATTCCTTAAGAGTAGCGATGTG 

GRMZM2G126010F CGATCGTATGAGCAAGGAGA 105 105 

GRMZM2G126010R ATAGAGCCACCGATCCAGAC 
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Table S2.12.  List of U. maydis primers used for RT-PCR and amplicon sizes. Bolded size indicates the reference gene (gapdh) 

Primer name Sequence (5’-3’) Amplicon size (cDNA) Amplicon size (gDNA) 

UMAG_10043F TTGTTTCTGTGATGACGACTGGTG 115 115 

UMAG_10043R GTCCAAGCCAACCAACTCTACAC 

UMAG_11668F GACTAGCGGCGAAACAAACG 98 98 

UMAG_11668R  CCTCTGCCACCACGAATCAA 

UMAG_00797F GATCTTGGGTGTCTCGTGAA 129 129 

UMAG_00797R ATCGCCGACTTTGATGCT 

UMAG_00446F GCGAGTGGGTCAACAAGTACAA 96 96 

UMAG_00446R GCAGCCATCGGTTCTTCTTGT 

UMAG_04032F GGTAACAAACAGCGGTGAAA 115 115 

UMAG_04032R GAATCCTCGCAGTGTCTTGA 

UMAG_06075F  ACGACCTTTGCGTTCTTGAT 115 115 

UMAG_06075R CGCAGCAACAGTTCAACATC 

UMAG_06467F CAACTCTTTGGCGTTCTTGGT 122 122 

UMAG_06467R GCTTCAATACAGCCGCCAAT 

UMAG_02491F ACACCATGTATTCTAGGTCAATGAAG 129 536 

UMAG_02491R CTCAGGTCAACATCGGTATCAAC 
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Figure S2.1. Experimental designs for FB1xFB2 and mock infection. A) FB1xFB2 filamentous growth assay (no host) over 72 hours 

on minimal media that contains no exogenous CKs B) Pathogenic growth assay over 14 days post infection (dpi) with FB1xFB2 C) 

Mock infection over 14 days post infection (dpi) with water.  
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Figure S2.2. Experimental designs for SG200 and SG200Δipt. A) SG200 (left) and SG200Δipt (right) filamentous growth assay (no 

host) over 72 hours on minimal media that contains no exogenous CKs B) Pathogenic growth assay over 14 days post infection (dpi) 

with SG200 C) Pathogenic growth assay over 14 days post infection (dpi) with SG200Δipt. 
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Figure S2.3. Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with FB1xFB2 over a time course of 14 

days post infection (dpi). Transcript levels were normalized to actin and relative to mock infection (non-pathogenesis). RT-PCR 

results for 35 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger 

Plus 100bp DNA Ladder were also included for each experiment. 
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Figure S2.4. Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with SG200 over a time course of 14 

days post infection (dpi). Transcript levels were normalized to actin and relative to mock infection (non-pathogenesis). RT-PCR 

results for 35 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger 

Plus 100bp DNA Ladder were also included for each experiment. 
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Figure S2.5. Z. mays transcript levels for putative CK biosynthesis genes during pathogenesis with SG200Δipt over a time course of 

14 days post infection (dpi). Transcript levels were normalized to actin and relative to mock infection (non-pathogenesis). RT-PCR 

results for 35 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger 

Plus 100bp DNA Ladder were also included for each experiment. 
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Figure S2.6. U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with FB1xFB2 over a time course of 

14 days post infection (dpi). Transcript levels were normalized to gapdh and relative to filamentous growth (no host). RT-PCR results 

for 40 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger Plus 

100bp DNA Ladder were also included for each experiment. 
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Figure S2.7. U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with SG200 over a time course of 14 

days post infection (dpi). Transcript levels were normalized to gapdh and relative to filamentous growth (no host). RT-PCR results for 

50 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger Plus 

100bp DNA Ladder were also included for each experiment. 
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Figure S2.8. U. maydis transcript levels for putative CK biosynthesis genes during pathogenesis with SG200Δipt over a time course 

of 14 days post infection (dpi). Transcript levels were normalized to gapdh and relative to filamentous growth (no host). RT-PCR 

results for 50 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger 

Plus 100bp DNA Ladder were also included for each experiment. 
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CHAPTER 3 

Cytokinin signaling during the formation of tumors 

in the Ustilago maydis-Zea mays pathosystem 

 

 

ABSTRACT 

 

During the Ustilago maydis infection of Zea mays, cytokinin (CK) levels are 

elevated. However, it is unclear as to whether the increased production of CKs contribute 

towards the formation of tumors. To determine this, the transcript levels of CK response 

regulators (RRs) in both organisms were measured within tumors during a time course of 

pathogenesis. The results showed increased expression of CK RRs in both organisms 

during pathogenesis (zmrr2, zmrr8, zmrr10, umrr1, umrr2 and umrr3). Reduced 

expression of CK RRs were observed during infection with a U. maydis mutant strain that 

is incapable of producing CKs (SG200Δipt). To determine the specific response of U. 

maydis to CKs, the transcript levels of CK RRs were also measured after treatment of U. 

maydis with exogenous CKs such as BAP and increased expression of CK RRs (umrr1, 

umrr2 and umrr3) were observed in the SG200Δipt strain (>110x fold-changes). Taken 

together, these suggest that both organisms can potentially respond to CKs and the 

increased signaling of CKs in the Ustilago maydis – Zea mays pathosystem can 

potentially promote the formation of tumors.  
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INTRODUCTION 

In the Ustilago maydis- Zea mays pathosystem, previous studies showed that the 

levels of CKs are elevated during pathogenesis (Morrison et al., 2017, 2015). We have 

determined that these CKs are being produced through the action of enzymes produced 

by both the fungus and plant host (discussed in Chapter 2 and Alimi et al., 2017). 

However, it is unclear as to whether or how this CK production contributes to the 

development of disease symptoms including tumor formation. Previous studies revealed 

that hyperplasia and hypertrophy (increased cell division and cell expansion, 

respectively) are the main mechanisms through which leaf tumors are formed (Redkar et 

al., 2017; Matei et al., 2018). Since CKs modulate plant cell division, they may contribute 

towards the formation of tumors (Werner et al., 2003).  To investigate this possibility, 

transcript levels of proteins involved in CK signal transduction were assessed during a 

time course of U. maydis infection of Z. mays.   

In plants such as Zea mays and Arabidopsis CK signal transduction typically 

occurs via a multistep phosphorelay system that includes four main steps (See Figure 

1.4.) CK sensing by histidine protein kinase (HKs) , 2) phosphorelay to histidine 

phosphotransfer proteins (HPs) , 3) transcriptional activation and positive regulation by 

type B response regulators (RRs) and 4) negative regulation of CK signaling by type A 

RRs (Hwang and Sheen, 2001; Romanov et al., 2018; Kieber and Schaller, 2018). Three 

genes coding for histidine kinase have been characterized in maize: ZmHK1, ZmHK2, 

ZmHK3. ZmHK3 has two alternatively spliced transcripts; ZmHK3a and ZmHK3b. Of 

these, ZmHK3a is the only isoform that encodes a CK responsive histidine kinase 

(Yonekura-Sakakibara, 2004). In addition to the three HKs, maize possesses three HP 
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genes: ZmHP1, ZmHP2 and ZmHP3 which have been biochemically characterized using 

in vitro phosphorylation (Sakakibara et al., 1999). Analysis of the amino acid sequence of 

ZmHP1 revealed a 65% and 89% similarity with ZmHP2 and ZmHP3 respectively. 

Consequently, ZmHP1 and ZmHP3 belong to the same clade (Sugawara et al., 2009). 

Once the histidine phosphotransfer proteins have been activated and translocated into the 

nucleus, they can interact with type B response regulators to induce CK signaling. Type 

B RRs primarily serve as transcriptional activators and are involved in the positive 

regulation of CK signaling by promoting the transcription of genes that are essential for 

plant processes that include cell division and proliferation (Romanov et al., 2018). Both 

type A and type B RRs possess a receiver domain at the N-terminal that allows the 

enzyme to be phosphorylated. However, they differ at the C-terminus. Arabidopsis type-

B ARRs have a long C-terminal domain that contain a DNA binding motif, nuclear 

localization motif, and a MYB transcription activator domain (Spíchal, 2012; Kieber and 

Schaller, 2018).  Type A RRs can be induced by transcriptional activators such as type B 

RRs. As a result, the expression of type A RRs are rapidly increased in the presence of 

CKs. Type A RRs are small, possess a short C-terminal that does not contain any domain 

or motif and are typically involved in the inhibition of CK signaling  (Spíchal, 2012; 

Kieber and Schaller, 2018). Since Type A RRs also possess a receiver domain, they can 

also interact with HPs and compete with Type B RRs for phosphorylation by HPs. This 

subsequently leads to the inhibition and negative regulation of CK signaling by Type A 

RRs because activation of Type B RRs is reduced (Romanov et al., 2018; Kieber and 

Schaller, 2018). Ten CK response regulators have been identified in Zea mays. Of these, 

three are type B response regulators: ZmRR8, ZmRR9 and ZmRR10. Yeast two hybrid 
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assays showed that the histidine phosphotransfer proteins ZmHP1 and ZmHP3 were able 

to interact with the type B ZmRRs suggesting they are activated by ZmHPs (Asakura et 

al., 2003). There are seven type A response regulators in maize. This includes ZmRR1 to 

ZmRR7 (Asakura et al., 2003). In vitro experiments indicate that the ZmHPs can function 

as a phosphate donor to ZmRR1 and ZmRR4. The characterized CK response in Z. mays 

in these studies has allowed identification of components belonging to the signal 

transduction pathway. The transcript levels of ZmRRs could be monitored during U. 

maydis pathogenesis because unlike HKs and HPs, the gene expression of RRs are more 

likely to change during CK signaling and their transcript levels are typically measured as 

an indicator of the plant responding to CK signaling (Hoth et al., 2003; Kieber and 

Schaller, 2018). 

Unlike Zea mays, there is very limited information on the existence of CK 

signaling in fungi such as U. maydis and it is uncertain as to whether a signal 

transduction pathway exists. CKs have historically been considered as only plant 

hormones; however, it is now clear that they are evolutionary conserved molecules that 

are present in several prokaryotes and eukaryotes including fungi (Spichal, 2012). Recent 

studies have shown that Ustilago maydis, is able to produce CKs (Bruce et al., 2011; 

Morrison et al., 2015, 2017). The CKs detected in cultures of this fungus are mainly cZ 

and iP types which can be produced via the tRNA degradation pathway (Sakakibara, 

2006; Morrison et al., 2017). The production of CKs is elevated within tumors after 

infection (Morrison et al., 2015). In addition, the deletion of the rate limiting enzyme in 

cis-zeatin biosynthesis, (tRNA-IPT) in U. maydis; reduces the levels of CKs during 

pathogenesis and leads to less in-vitro growth, pathogenesis, virulence and tumor 
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formation (Morrison et al., 2017). Together, these observations suggest that U. maydis-

produced CKs have a role in promoting the growth and development of the fungus as 

well as in the manifestation of disease phenotypes such as tumors. If these phenotypes are 

controlled by CKs then either or both the plant and the fungus may be responding to CKs 

during disease progression. Although little is known about CK signal transduction in U. 

maydis, studies in other fungi and plant-pathogen interactions suggest that fungi can 

respond to CKs (Chanclud and Morel, 2016; Hérivaux et al., 2017a; Lavín et al., 2010). 

However, the signal transduction pathway may differ from that of plants since the 

putative CK histidine kinases in U. maydis and other basidiomycetes lack the traditional 

CHASE (Cyclases/Histidine kinases Associated Sensory Extracellular) domain that is 

typically found in plant CK histidine kinases and required for CK sensing and binding 

(Lavín et al., 2010). Further research is required to determine if U. maydis can respond to 

CKs and if there is a CK signal transduction pathway existing in U. maydis which may 

influence its growth and pathogenic development. 

The main objective of this study was to investigate CK signaling in Ustilago 

maydis and Zea mays during pathogenesis as well as to examine the response of U. 

maydis to active CKs while growing in axenic culture. Since both organisms are capable 

of producing CKs, it is possible that an increased response to CKs will be observed in 

both organisms during pathogenesis and this could contribute towards the formation of 

tumors. To investigate this, we determined if the increased production of active CKs 

during pathogenesis is associated with increased response to CK in Z. mays and/or U. 

maydis. The responses to CK were assessed using semi-qRT-PCR to measure the changes 

in transcript levels of CK RR genes in Z. mays and U. maydis over the course of 
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pathogenesis. Unlike HKs and HPs, the transcript levels of RRs are more likely to change 

during CK signal transduction and their transcript levels are typically measured as an 

indicator of response to CKs. To determine if the production of CKs by U. maydis 

influences these responses, transcript levels of CK RRs were also assessed during time 

course of infection with U. maydis ipt gene deletion strain that is incapable of producing 

CKs. To determine U. maydis response to CKs, the transcript levels of CK RRs were 

measured during treatment with exogenous CKs such as BAP. Taken together, the 

information gained from this research will provide preliminary investigations into U. 

maydis response to CKs as well as the possible contributions of CKs towards the 

formation of tumors in Ustilago maydis- Zea mays pathosystem.  

 

MATERIALS AND METHODS 

Identification of U. maydis CK Signaling genes and primer design 

As previously described in Morrison et al., 2017, putative CK signaling genes 

were identified using non-redundant reciprocal best blastp analyses (Tables 3.2.). 

The sequence of query proteins and accession numbers were retrieved from the 

GenBank database (www.ncbi.nlm.nih.gov/genbank). The majority of query proteins 

(Tables 3.1.) used were from Zea mays since it is known to respond to cis-zeatins 

unlike Arabidopsis (Yonekura-Sakakibara, 2004). Non-redundant reciprocal best 

blastp analyses were performed against U. maydis (taxid: 5270) sequence database 

by using the NCBI blastp suite software 

(blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). The default parameters were 
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used. However, the EXPECT threshold was limited to an E value < 1E-4. Once the 

candidate protein was identified, the accession number was recorded and a blastx 

query search was performed against Munich Information centre for Protein 

Sequences (MIPS) Ustilago maydis  database (MUMDB) using the PEDANT 

interface (http://pedant.helmholtz-muenchen.de) to identify the corresponding U. 

maydis gene ID and UMAG #.  

Once the gene ID of the candidate gene was identified, primers were designed to 

amplify the sequence (Table S3.8. and S3.9). Using the annotated PEDANT 

interface, primers were designed to amplify the 3’ end of the exon for each U. 

maydis candidate gene. Primers were designed using Primer3web V.4.1.0 

(bioinfo.ut.ee/primer3/) as well as using the guidelines provided by Thornton and 

Basu, 2011 to create optimal semi-qPCR primers. The default parameters were 

adjusted as recommended by Thornton and Basu, 2011 and the most important 

changes include an optimal primer size of 20bps, optimal primer Tm of 64 degrees 

Celsius and an amplicon size less than 200bps. Once the primers were designed, they 

were screened for primer dimers and secondary structures by using the Beacon 

Designer Free Edition online software (www.premierbiosoft.com/qOligo/ 

Oligo.jsp?PID=1) and OligoEvaluator online software (www.oligoevaluator.com). 

Only primers without primer dimers or secondary structures were selected after 

screening. Once primers were screened, they were searched against the entire Zea 

mays (taxid: 4577) and U. maydis (taxid: 5270) sequence databases using the NCBI 

Primer BLAST tool (www.ncbi.nlm.nih.gov/tools/primer-blast) to ensure high 

specificity and high stringency. 
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Seedling pathogenesis time course 

The seedling pathogenic assay was carried out with modifications as described 

in Donaldson et al., 2013.  Briefly, maize ‘Golden Bantam’ seeds were planted (20 per 

20 cm pot) in Sunshine Professional Growing Mix and allowed to grow for 7 days 

prior to infection. The plants were grown in a Conviron CMP 4030 growth chamber (18 

h light, 70% RH, 30 C; 6 h dark, 70% RH, 25 C). Pots were covered in plastic wrap for 

three days and then watered for the remaining four days prior to infection. FB1 

(haploid non-pathogen), FB2 (haploid non-pathogen), SG200 (solopathogen) and 

SG200Δipt (ipt deletion strain) were streaked on YEPS (Yeast Extract (1%) Peptone 

(2%) Sucrose (2%)) plate for 2 to 3 days at 28 C and then single colonies were picked 

and inoculated into liquid YEPS medium and incubated overnight at 28 C and 250rpm.  

50 µL of the overnight culture was inoculated into 50 mL of YEPs and incubated 

overnight at 28 C and 250rpm.  Cultures were diluted to OD600 = 1 for FB1 and FB2 

and 1.5 for SG200 and SG200Δipt using sterile dH2O. Approximately 3 mL of each U. 

maydis strain was injected into the stem of 7-days old corn seedlings. A mock 

infection, water injected seedlings was also included as a control. The seedlings were 

watered with approximately 0.25g/L fertilizer (20-20-20 NPK) daily for 14 days post 

infection. At 5dpi, 7dpi, 10dpi and 14dpi, plant leaf tissues displaying symptoms of 

infection (i.e. leaf tumors, chlorosis, and anthocyanin) as described in Kämper et al. 

(2006) were excised and immediately frozen in liquid nitrogen and stored in -80 C. 

Approximately 10 grams of infected and mock infected leaf tissues were collected from 

each pot to be used for RNA extraction.  
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Filamentous growth  

Filamentous growth were carried out with modifications as previously 

described in (Donaldson et al., 2017; Morrison et al., 2017). Briefly, U. maydis haploid 

strains (FB1, FB2, SG200 and SG200Δipt) were streaked on YEPS and incubated for 

2-3 days at 28 C.  Single colonies were inoculated into liquid minimal medium (MM) 

(0.3% potassium nitrate, 62.5 mL L
-1 

salt solution, pH 7, 1% glucose), and incubated 

overnight at 28 C and 250 rpm. Afterwards, the cultures were diluted to a OD600 of 1 

and spotted onto MM agar plates + charcoal (0.1%) to induce filamentous growth as 

described in (Day and Anagnostakis, 1971). 10 μL aliquots were spotted onto the 

charcoal agar plates for SG200 and SG200Δipt.  For the dikaryon, FB1xFB2, 5 μL 

aliquots of FB1 and FB2 were spotted on top of each other to induce mating and 

filamentous growth. All charcoal plates were incubated at room temperature and stored 

in the dark.  After 3 days, the mycelium was harvested using a sterile scoopula and the 

fungal tissue was weighed, frozen in liquid nitrogen and stored at -80 C to be used for 

RNA extraction.  

 

Liquid growth  

U. maydis haploid strains (SG200 and SG200Δipt) were streaked on YEPs agar 

plates and incubated for 2-3 days at 28 C. Single colonies were inoculated into liquid 

MM and incubated overnight at 28 C shaking at 250 rpm. The cultures were then diluted 

to OD600 of 1. The diluted cultures were incubated in culture tubes containing 4 mL 

MM or MM + 100nM BAP or YEPs and the OD600 was recorded every 6 hours over 30 
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hours. Statistical analyses were performed using a multiple one-way ANOVA (Dunnett's 

test). Significant differences indicate to a p-value of <0.05. 

 

RNA extraction and DNase 1 treatment  

RNA isolation was carried out using a modified TRIzol-based protocol as 

described in Donaldson et al. (2017).  Briefly, approximately 10 g of frozen plant tissue 

or approximately 1 g of frozen fungal mycelia was ground using a mortar and pestle with 

the approximately 5mL of TRIzol Reagent (Ambion, Life Technologies). The samples 

were then transferred to Lysing Matrix C Tubes (MP Biomedicals) and homogenized at 

6.5 m/s for 45 seconds using a FastPrep-24 (MP Biomedicals). The samples were then 

placed on ice for 1 minute and incubated at room temperature for 5 minutes. Afterwards, 

the samples were centrifuged at 12200g for 10 minutes at 4 C. After centrifugation, the 

supernatant was removed and then transferred to Phasemaker Tubes (Invitrogen). 

Approximately 200 μL of chloroform was added to each Phasemaker Tube which were 

then inverted several times and incubated at room temperature for 3 minutes. Afterwards, 

the tubes were centrifuged at 12200g for 15 minutes at 4 C. The aqueous layer was then 

transferred to a new microcentrifuge tube. 250 μL of the RNA precipitation buffer (0.8 M 

disodium citrate and 1.2 M NaCl) and 250 μL of isopropanol were added to the tube for 

RNA precipitation. The solution was inverted several times, incubated at room 

temperature for 10 minutes, incubated at -20 C for 20 minutes and then centrifuged at 

12200g for 30 minutes at 4 C to collect the precipitate. After the supernatant was 

removed, the precipitate was washed with 1mL of 75% Ethanol and then centrifuged at 



112 

 

7500g for 5 minutes at 4 C. Afterwards, the supernatant was removed, and the precipitate 

was resuspended in 60 μL DEPC treated water (0.1% Diethyl pyrocarbonate (DEPC) and 

0.9% Ethanol). The solution was heated at 65 C for 5 minutes to dissolve the precipitate 

and then stored at -80 C  

 The extracted RNA was treated with DNase 1 to remove any DNA contamination. 

15 μL of DNase 1 enzyme mix (New England Biolabs) was added to 50 μg of extracted 

RNA and the mix was incubated at 37 C for 30 minutes. To stop the reaction, 3 μL of 

250mM EDTA was added and the solution was also heated at 75 C for 10 minutes. 15 μL 

of the RNA precipitation buffer and 30 μL of isopropanol was added to the tube for RNA 

precipitation to occur. The precipitate was then collected, washed, resuspended in DEPC 

treated water and the stored at -80 C as previously described. PCR was also performed on 

the DNase 1 treated RNA extract to screen for DNA contamination (Donaldson et al., 

2017).  

 

Semi-quantitative reverse transcription PCR (Semi-q-RTPCR) 

Semi-qRT-PCR was performed as previously described in Marone et al., (2001) 

with modifications. First strand synthesis was performed using a modified Taqman 

Reverse Transcription Reagent (Applied Biosystems) based protocol. Briefly, a 20 μL 

reaction was performed with 4 μL/5.5 μL RNA (100 ng/μL) and 16 μL/14.5 μL master 

mix consisting of: ddH20 (no water in the case of 5.5 μL RNA and 14.5 μL master mix), 

1x RT buffer, 5.5mM MgCl2, 837.5 μM dNTPs, 0.4 U/μL RNase inhibitor, 50 nM oligo 

dT and 1.25 U/μL reverse transcriptase (all given concentrations listed are final 
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concentrations). cDNA synthesis was performed under the following conditions: 70 C 5 

min, 4 C 5 min, 50 C 50 min, 85 C 5 min. Afterwards, the cDNA was screened using an 

Amplitaq Gold DNA Polymerase Reagent (Applied Biosystems) based protocol. A 25 μL 

reaction was performed with 2 μL cDNA (2 ng/μL or 4 ng/μL) and 23 μL master mix 

consisting of: ddH20, 1x Gold buffer, 3.0mM MgCl2, 200 μM dNTPs, 200 nM forward 

primer, 200 nM reverse primer and 0.625 U/μL Amplitaq Gold (all given concentrations 

listed are final concentrations). PCR was performed under the following conditions: 95 C 

10 min, (95 C 30 sec, 64 C 30 sec, 72 C 30 sec) x 35/40 cycles, 72 C 10 min. After 

amplification, 6X DNA loading dye was added to the reaction and the PCR products 

were visualized on a 4% agarose gel at 90 V for 60 min. Amplification of the gapdh gene 

was used as a housekeeping gene for U. maydis whereas for Z. mays actin was used as the 

housekeeping gene (Donaldson et al., 2013). Gapdh was also used as a positive control 

and to distinguish cDNA (129bp) from gDNA (536bp). A NTC (no template control) and 

HighRanger Plus 100bp DNA Ladder were also included for each experiment.  

Quantification of band intensities was performed using Image Studio Lite Ver. 5.2. (LI-

COR Biosciences) and the intensity measurements were normalized to gapdh (for U. 

maydis) or actin (for Z. mays) to determine the fold changes. Note only reaction carried 

out for the same number of cycles were compared to one another in assessing relative 

transcript level change. A threshold of > 2-fold change was considered to be a substantial 

increase in transcript level whereas a threshold of < 0.5-fold change was considered to be 

a substantial decrease. Two biological replicates were performed, and statistical analysis 

was performed using a one-way ANOVA to determine if the fold changes were 

statistically significant. Significant differences indicate P <0.05. 
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RESULTS 

Identification of CK signaling proteins and genes in Z. mays and U. maydis 

 A list of Z. mays proteins involved in cytokinin signaling is presented in Table 3.1 

along with the citations for the work in which the functions of these proteins were 

determined.  The predicted U. maydis cytokinin signaling proteins are listed in Table 3.2. 

Blastp analysis identified three putative histidine kinases in U. maydis: UmHK1, 

UmHK2 and UmHK3 and they all showed high similarity to ZmHK3a from Zea mays. A 

putative histidine phosphotransfer protein (umHP) was also identified and it showed 

significant similarity to ZmHP2. Three putative CK response regulators were identified in 

U. maydis and they all had significant similarity to ZmRR10, a type B response regulator 

in Zea mays. Out of the three, the E value for UmRR1 for comparison to ZmRR10 was 

lower than that of UmRR2 and UmRR3.  

 

Zea mays CK response regulator gene transcript levels during time courses of 

pathogenesis with dikaryon (FB1xFB2). 

 Table 3.3. shows the Z. mays gene transcript levels for CK response regulator 

genes during FB1xFB2 pathogenesis over a time course from 5 to 14 dpi. The overall 

results for zmrrs indicate low or unchanged transcript levels at 5 dpi and 7 dpi and higher 

or unchanged levels at 10 dpi and 14 dpi. The only exception to this was zmrr4 which 

was significantly reduced at 14 dpi (P = 0.0194). Increased levels of both type A and type 

B zmrrs were observed at 10 and 14 dpi. For type A, only zmrr2 was significantly 
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increased (P = 0.0250) at 10 dpi and 14 dpi whereas for the type B, zmrr8 and zmrr10 

were consistently increased at 10 dpi and 14 dpi respectively.  

 

Zea mays CK response regulator gene transcript levels during time courses of 

pathogenesis with solopathogen (SG200) 

 Table 3.4. summarizes the Z. mays transcript levels for CK response regulator 

genes during pathogenesis with SG200 over a time course of 14 dpi. In contrast to the 

dikaryon infection, zmrrs during infection with the solopathogen were increased or 

unchanged at 5 dpi and 7 dpi then decreased or unchanged at 10 dpi and 14 dpi. The only 

exception to this was zmrr6 which was significantly reduced at 7 dpi (P < 0.0001). 

Significantly increased levels of both type A and type B zmrrs were observed at 5 dpi and 

7 dpi. For type A, zmrr2, zmrr4, zmrr5 and zmrr7 were increased at 5 dpi and/or 7 dpi 

whereas for the type B, zmrr8 and zmrr10 were consistently increased at 5 dpi and 7 dpi.  

 

Zea mays CK response regulator gene transcript levels during time courses of 

pathogenesis with ipt deletion strain (SG200Δipt) 

 Table 3.5. shows the Z. mays transcript levels for CK response regulator genes 

during pathogenesis with SG200Δipt over a time course of 14 dpi. Unlike the expression 

profile of zmrr during the dikaryon and solopathogen infection, the overall results 

indicate significantly decreased or unchanged levels of zmrr over the entire time course 

of pathogenesis. This includes both type A and type B response regulators such as zmrr2 
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(P = 0.0091), zmrr4 (P = 0.0011), zmrr8 and zmrr10 which were significantly upregulated 

during infection with either the dikaryon or the solopathogen.  

 

U. maydis CK response regulator gene transcript levels during time courses of 

pathogenesis with dikaryon (FB1xFB2) 

 Table 3.6. summarizes the U. maydis transcript levels for putative CK response 

regulator genes during pathogenesis with FB1xFB2 over a time course of 14 dpi. The 

results indicate that the expression of umrr1 was low earlier in pathogenesis and 

significantly increased at 14 dpi (2.23x, P = 0.0009). Increased transcript levels of umrr2 

(4.79x, P = 0.0184) and umrr3 (4.18x, P = 0.0326) were detected at 5dpi. During 

infections with SG200 and SG200Δipt, U. maydis CK response regulator gene transcripts 

were not consistently detected and therefore not included in this study.  

 

Transcript levels of SG200 and SG200Δipt CK response regulator genes during 

liquid growth assay with BAP 

 Table 3.7. and Figure S3.5 indicates the transcript levels of SG200 and 

SG200Δipt putative CK response regulator genes during liquid growth assay with the 

addition of exogenous BAP. In the solopathogen, there was a consistent increase in the 

transcript levels of umrr1 by 2.48-fold changes upon addition of 100nM BAP. However, 

the levels of umrr2 and umrr3 were unchanged. In the ipt deletion strain, SG200Δipt, the 

expression of umrr1 was increased significantly to a larger extent by 110x fold changes 
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(P = 0.0446). The expression of umrr2 and umrr3 were also upregulated by 119x and 

135x fold changes respectively. 

 

SG200 and SG200Δipt liquid and filamentous growth with BAP 

 A liquid growth was performed on the SG200 and the SG200Δipt deletion strains 

to determine if CK addition influenced growth of U. maydis (Figures 3.1 and 3.2). The 

results from both SG200 and SG200Δipt indicate that there were no significant 

differences in the growth of the fungus when comparing growth on minimal media (no 

exogenous CKs) to growth on minimal media (MM) with 100nM BAP. However, a 

significant increase in the growth of both SG200 (P = 0.0010 at 18 hrs) and SG200Δipt 

(P = 0.0002 at 18 hrs) was observed when the fungus was grown in undefined nutrient 

rich media that contained exogenous CKs such as YEPS. A filamentous growth assay 

was also performed using the SG200 and the SG200Δipt (Figure 3.3). The results are 

consistent with the liquid growth assay and there were no significant differences in 

filamentous growth when comparing MM charcoal to MM charcoal + 100nM BAP. The 

filamentous growth of SG200Δipt was also less than the wildtype when growth on MM 

charcoal or MM charcoal + BAP. However, when grown on PDA charcoal, an undefined 

nutrient rich media that contains exogenous CKs, a substantial increased in the 

filamentous growth of SG200Δipt was observed and the ipt deletion strain was able to 

grow filamentously in a manner similar to the wildtype SG200.  
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DISCUSSION 

The objective of this research was to investigate the CK signal transduction in 

Ustilago maydis and Zea mays during the formation of tumors in the U. maydis – Z. mays 

pathosystem. It is possible that an increased response to CKs will be observed in both 

organisms during pathogenesis since both organisms are capable of CK biosynthesis. To 

determine this, the transcript levels of CK RRs were measured in both organism during a 

time course of pathogenesis. To determine if the production of CKs by U. maydis 

influences the formation of tumors, the transcript levels of CK RRs were also assessed 

during a time course of pathogenesis with the U. maydis ipt deletion strains that is 

incapable of producing CKs. In addition to this, the response of U. maydis to exogenous 

CKs such as BAP was investigated via in vitro growth assays to determine the specific 

response to CKs as well as the potential influence of CKs on the growth of the fungus.  

 

CK signaling in Zea mays during pathogenesis  

In order to determine the contribution of CK signal transduction in Zea mays 

towards the formation of tumors, the transcript levels of zmrrs were measured over a time 

course of pathogenesis. Low or unchanged levels of zmrrs were observed during 

pathogenesis with the dikaryon at 5 dpi and 7 dpi whereas later during pathogenesis at 10 

dpi and 14 dpi, increased or unchanged levels of zmrrs were observed (Table 3.3). The 

increased levels of zmrr at 10 dpi and 14 dpi suggests that there is an increase in CK 

signaling in the plant at this stage of pathogenesis. Previous research have shown that leaf 

tumors originate from the rapid cell growth and cell division of already differentiated leaf 
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cells (Redkar et al., 2017). Tumor formation in leaves is initiated around 4-5 dpi. The 

initiation of tumor formation is followed by rapid leaf cell expansion and cell division 

occurring via hypertrophy and hyperplasia (Banuett and Herskowitz, 1996). Current 

research has shown that differentiated bundle sheath cells are reprogramed by the fungal 

pathogen and the bundle sheath cells are induced by the fungus to undergo increased cell 

division via hyperplasia to generate new tumor cells whereas mesophyll cells undergo 

cell expansion to become hypertrophic tumor cells (Matei et al., 2018). Since increased 

CK signaling is observed over the course of pathogenesis most especially at 10 dpi and 

14 dpi when leaf tumors are larger, it is possible that the increased production of active 

CKs such as cZR during pathogenesis (discussed in Chapter 2) could potentially 

contribute towards hyperplasia and hypertrophy by stimulating more cell division to 

occur which will then leads to a strong sink signal that attracts the flow and translocation 

of nutrients and metabolites towards the site of infection which further contributes 

towards the formation of tumors. As observed in previous studies involving the rice blast 

fungus, M. oryzae, U. maydis can potentially take advantage of the increased transport of 

nutrients and metabolites towards the site of tumour formation and use this to facilitate its 

own growth and development (Chanclud and Morel, 2016). Although significantly higher 

levels of zmrrs were observed later on during pathogenesis at 10 dpi and 14 dpi, the 

levels of zmrrs were lower initially at 5 dpi and 7 dpi and this could be a defensive 

response produced by the maize to inhibit CK signaling despite the higher levels of active 

CKs. Eventually, these defensive responses and inhibition of CK signaling is ultimately 

suppressed/overpowered at 10 dpi and 14 dpi due to the high levels active cZR and 

perhaps through the secretion of leaf specific effectors such as See1 that specifically 
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target leaf cells (Matei et al., 2018). As a result of these, increased CK signaling is 

observed at 10 dpi and 14 dpi but not at 5 dpi and 7dpi.  

Similar to the dikaryon infection, increased levels of zmrrs are also observed 

during pathogenesis with the solopathogen. However, contrary to the expression profile 

of zmrr during the dikaryon infection, significantly increased or unchanged levels of 

zmrrs were observed earlier rather than later during pathogenesis at 5 dpi and 7 dpi 

whereas later during pathogenesis at 10 dpi and 14 dpi, reduced or unchanged levels of 

zmrrs were observed (Table 3.4). The most probable reason for this difference is due to 

variations in the CK profile during infection with SG200 and the dikaryon. Unlike the 

dikaryon infection in which increased level of cZR is observed throughout the entire 

infection time course, an increased biosynthesis of cZR during pathogenesis with the 

solopathogen is observed only at 5 dpi and 7 dpi which correlates with an increased 

transcript level of zmrrs at 5 dpi and 7 dpi but not at 10dpi and 14 dpi. Although 

increased CK signaling is observed in the solopathogen at 5dpi and 7 dpi, the fact that 

reduced CK signaling is observed later during pathogenesis with the solopathogen, 

suggest that the plant is able to maintain and establish a defensive response against the 

fungus by inhibiting CK signaling at these time points which were initially 

suppressed/overpowered by the fungus at 5 dpi and 7 dpi due to the combined effort of 

higher levels of active CKs and leaf specific effectors. This observation is also consistent 

with previous studies in the rice blast fungus, M. oryzae, which shows that the 

biosynthesis of fungal derived CKs contribute to the dampening of host defense response 

(Chanclud and Morel, 2016). This suggests that the solopathogen is unable to suppress 

the host defense response due to reduced biosynthesis of active CKs at 10 dpi and 14 dpi 
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when compared to 5 dpi and 7 dpi.  10 dpi and 14 dpi are also time points in which large 

tumors are typically observed during pathogenesis and is consistent with the observation 

of smaller leaf tumors and reduced virulence of the solopathogen when compared to the 

dikaryon infection (Figures S2.1 and S2.2). Consistent with this, infection with ipt 

deletion strain of the fungus shows symptoms of very few tumors (Figure S2.2) as well as 

reduced or unchanged levels of zmrr (Table 3.5) throughout the entire time course of 

infection most likely due to lower levels of active CKs and the ability of the plant to not 

only inhibit CK signaling but to also establish and maintain a defensive response against 

the fungus throughout the entire time course. Taken together, it is evident that the 

increased signaling of CKs observed in Zea mays during pathogenesis most likely 

contributes towards the formation of tumors.  

 

CK signaling in U. maydis during pathogenesis  

Unlike Zea mays, there is very limited information on the existence of CK signaling 

in U. maydis or whether a signal transduction pathway exists. Our results provide 

preliminary evidence that supports the existence of CK signaling in U. maydis and further 

investigations are required. Increased CK signaling was observed in U. maydis during 

infection with the dikaryon which suggests that CK signaling may play a role in the growth 

and development of the fungus. As shown in Table 3.6, the expression of umrr1 was low 

at the beginning of pathogenesis and increased significantly towards the end of 

pathogenesis at 14 dpi (2.23x, P = 0.0009). Likewise, increased expression of umrr2 

(4.79x, P = 0.0184) and umrr3 (4.18x, P = 0.0326) were observed but unlike umrr1 this 
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occurred at the beginning of pathogenesis at 5dpi. Previous research have shown that 

during the formation of the dikaryon and penetration of the leaf epidermis, the cell cycle is 

initially blocked and arrested (Tollot et al., 2016; Lanver et al., 2018). After penetration, 

the fungus forms a clamp-like structure as well as increases the expression of a nuclear 

localized protein, Clp1, which rescues the fungus from the cell cycle arrest and triggers 

mitotic divisions of the dikaryon filament (Scherer et al., 2006). Afterwards, the fungal 

hyphae branches and grows inside and along the leaf cells and induces tumor formation 

around 4-5 dpi (Matei et al., 2018; Lanver et al., 2018; Banuett and Herskowitz, 1996). It 

is possible that the increased expression of umrr2 and umrr3 observed only at 5 dpi may 

also play a significant role in rescuing the fungus from the cell cycle arrest as well as 

contribute towards the initial growth and mitosis of the fungus leading to the initiation of 

tumor formation around 4-5 dpi. In addition to umrr2 and umrr3, increased expression of 

umrr1 is also observed but only at 14 dpi which is typically when extensive cell growth, 

division and teliospore formation is observed by the fungus (Lanver et al., 2018; Banuett 

and Herskowitz, 1996) which suggests that umrr1 could also play a significant role at this 

developmental stage. The increased expression of umrr1, umrr2 and umrr3 at 5 or 14 dpi 

also correlate with increased level of active CKs such as cZR observed at these time points 

(discussed in Chapter 2). Taken together, the results suggest that the increased signaling of 

CKs observed in U. maydis during pathogenesis may contribute towards the growth and 

development of the fungus.  
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Ustilago maydis response to CK 

 It is possible that the putative CK RRs identified in U. maydis maybe responding 

to something else other than CKs during pathogenesis. As a result, in vitro growth assay 

experiments were carried to investigate the specific response to CKs as well as the 

potential influence on the growth of the fungus. In addition to the increased expression of 

umrr1, umrr2 and umrr3 during pathogenesis, increased expression of these putative CK 

response regulators were also observed using in vitro growth assays. As shown in Table 

3.7. and Figure S3.5., there was a consistent increase in the expression of umrr1 by 2.48-

fold changes upon addition of 100nM BAP during liquid growth of the fungus (SG200) 

in defined minimal media that does not contain any initial exogenous CKs. However, the 

levels of umrr2 and umrr3 were unchanged most likely due to the presence of 

endogenous CKs produced by the fungus (Morrison et al., 2017). In the ipt deletion 

strain, which is incapable of producing endogenous CKs, the increased expression of 

umrr1, umrr2 and umrr3 were observed upon addition of 100nM BAP during liquid 

growth in defined minimal media that does not contain any initial exogenous CKs. The 

expression of umrr1 was increased significantly by 110x fold changes (P = 0.0446). 

Likewise, the expression umrr2 and umrr3 were also upregulated by 119x and 135x fold 

changes respectively (Table 3.7. and Figure S3.5). Taken together, this suggests that U. 

maydis is capable of responding to CKs in a specific manner.  

The effects of exogenous CKs on the filamentous growth on the fungus were also 

investigated on the SG200 and the ipt deletion strain. As shown in Figure 3.3, the results 

from both SG200 and SG2000Δipt indicate that there were no significant differences in 

the filamentous growth of the fungus when comparing growth on minimal charcoal (no 
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exogenous CKs) to growth on minimal charcoal with 100nM BAP. However, a 

substantial increase in the filamentous growth of both SG200 and SG2000ΔiptI was 

observed when grown in undefined PDA charcoal that has been shown to contain 

exogenous CKs and increased nutrients (Morrison et al., 2017). Interestingly, 

SG2000Δipt mutant which showed reduced filamentous growth on minimal media was 

able to grow filamentously as much as the wildtype on PDA charcoal. Consistent with 

this, a liquid growth assay performed over a time course of 30 hours also revealed a 

significant increase (P = 0.0002 at 18 hrs) in the growth of the SG2000Δipt mutant in 

undefined YEPS media that contains exogenous CKs and a higher level of nutrients when 

compared to the minimal media and minimal media + BAP treatment (Figure 3.1). Taken 

together, these results suggest that U. maydis can respond to CKs. However, the presence 

and signaling of CKs alone is not sufficient to induce increased growth. The response to 

CKs is most likely a complex phenomenon dependent on the presence of other 

metabolites which is unknown at this point since PDA and YEPS are complex and 

undefined media and will require further investigations.  

 

SUMMARY AND CONCLUSION 

The objective of this study was to investigate CK signaling in U. maydis and Z. 

mays during pathogenesis as well as examine the in-vitro response of U. maydis to CKs. 

The transcript levels of CK RRs were measured in both organisms and this allowed us to 

test for the hypothesis that both organisms can potentially respond to CKs since they are 

both capable of CK biosynthesis. Our results suggest that increased CK signaling is 
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observed in both the maize and fungus over the course of pathogenesis in the Ustilago 

maydis – Zea mays pathosystem. The increased signaling of CKs in the plant could 

contribute towards the formation of tumors by inducing hypertrophy and hyperplasia. 

Although very limited information is known about CK signaling in U. maydis, the results 

from this research provide preliminary evidence that supports the existence of CK 

signaling in U. maydis and further investigations are required. In the fungus, increased 

CK signaling could potentially play a significant role in the initial growth and mitotic cell 

division of the dikaryon filament occurring after rescue from the cell cycle arrest. In 

addition to this, it could also be involved in promoting extensive cell growth, cell division 

and teliospore formation at later stages of pathogenesis. In addition to this, our results 

using in vitro growth assays also suggest that U. maydis can respond to CKs and the 

increased response to CKs could potentially contribute towards increased filamentous 

growth of the fungus in a manner that is currently unclear but potentially dependent on 

the presence of CKs as well as other metabolites. Taken together, these results suggest 

that CK signaling contributes towards the formation of tumors in Ustilago maydis – Zea 

mays pathosystem. In addition to this, CK signaling potentially exists in U. maydis and 

may also contribute towards the growth and development of the fungus. Further 

experimental investigations are required to make definite conclusions and a model 

summarizing our results and potential implications during the formation of tumors is 

depicted in Figures 3.4. to 3.7. To briefly describe these models, the increased level of 

active riboside CKs such as cZR is due to both the fungal and maize enzymes such as 

Um5NT and ZmGLU (discussed in chapter 2). The increased biosynthesis of cZR by the 

pathosystem can lead to an increase in CK signaling in both organisms and also 
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contribute towards the formation of tumors. In the dikaryon infection, the increase in 

zmrrs transcript levels is observed at 10 dpi and 14 dpi when large tumor formation is 

typically observed. In the solopathogen infection, the increase expression of zmrrs are 

observed earlier at 5 dpi and 7 dpi rather than at 10 dpi and 14 dpi when large tumors are 

usually formed. At 10 dpi and 14 dpi there is a decrease in the transcript levels of zmrrs 

during infection with the solopathogen and this can potentially lead to the formation of 

smaller tumors. Increased transcript levels of umrr is observed both at 5 dpi and 14 dpi 

and this can potentially promote the growth of the fungus at these time points. The 

increased biosynthesis and signaling of CKs during pathogenesis can also influence CK 

translocation in the pathosystem and this will be further explored in chapter 4.   
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TABLES 

Table 3.1.  List of Z. mays proteins and genes that are involved in cytokinin signaling. 

Protein Function Gramene Gene ID Accession # References 

Histidine kinase 

 

 

GRMZM2G151223 (ZmHK1) NP_001104859 (Yonekura-Sakakibara, 2004) 

GRMZM2G471529 (ZmHK2) NP_001104866 (Yonekura-Sakakibara, 2004) 

GRMZM2G158252 (ZmHK3a) NP_001104867 (Yonekura-Sakakibara, 2004) 

Histidine phosphotransfer protein GRMZM2G016439 (ZmHP1) NP_001105592 (Sakakibara et al., 1999) 

GRMZM2G014154 (ZmHP2) NP_001104850 (Sakakibara et al., 1999) 

GRMZM2G451604 (ZmHP3) NP_001105601 (Sakakibara et al., 1999) 

Type A response regulator 

 

 

 

 

GRMZM2G040736 (ZmRR1) NP_001147402 (Asakura et al., 2003) 

GRMZM2G392101 (ZmRR2) NP_001104849 (Asakura et al., 2003) 

GRMZM2G035688 (ZmRR3)  NP_001104854 (Asakura et al., 2003) 

GRMZM2G319187 (ZmRR4) NP_001146776 (Asakura et al., 2003) 

GRMZM6G980248 (ZmRR5) NP_001130159 (Asakura et al., 2003) 

GRMZM2G129954 (ZmRR6) NP_001104857 (Asakura et al., 2003) 

GRMZM2G096171 (ZmRR7) NP_001104858 (Asakura et al., 2003) 

Type B response regulator GRMZM2G099797 (ZmRR8) NP_001104861 (Asakura et al., 2003) 

GRMZM2G060485 (ZmRR9) NP_001104863 (Asakura et al., 2003) 

GRMZM2G126834 (ZmRR10) NP_001104864 (Asakura et al., 2003) 
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Table 3.2.  List of U. maydis proteins and genes that are potentially involved in cytokinin signaling. 

 

Predicted Protein Function Gene ID Accession # E-value (Accession # of query) 

Histidine kinase UMAG_02739 (UmHK1) XP_011389101 5E-52 (ZmHK3a) 

UMAG_11957 (UmHK2) XP_011389844 4E-43 (ZmHK3a) 

UMAG_04773 (UmHK3) XP_011391642 7E-19 (ZmHK3a) 

Histidine phosphotransfer protein UMAG_10726 (UmHP) XP_011391532 7E-7 (ZmHP2) 

Response regulators 

 

 

UMAG_03346 (UmRR1) XP_011389736 5E-13 (ZmRR10) 

UMAG_11179 (UmRR2) XP_011391946 7E-5 (ZmRR10) 

UMAG_04506 (UmRR3) XP_011390838 8E-06 (ZmRR10) 
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Table 3.3.  Z. mays transcript levels for CK response regulator genes during pathogenesis with FB1xFB2 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity 

also indicates greater fold changes. Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 

(One-way ANOVA). 

 

Z. mays CK response regulators 5dpi 7dpi 10dpi 14dpi 

zmrr1 (Type A) 0.25 0.52 0.91 1.27 

zmrr2 (Type A)* 0.86 1.17 3.63 7.27 

zmrr3 (Type A) 1.25 1.10 1.00 1.00 

zmrr4 (Type A)* 0.00 0.10 0.93 0.33 

zmrr5 (Type A) 0.90 1.15 1.94 1.37 

zmrr6 (Type A) 0.31 0.74 1.14 0.93 

zmrr7 (Type A) 0.51 0.95 1.63 1.24 

zmrr8 (Type B) 0.84 1.27 2.23 1.17 

zmrr9 (Type B) 0.68 0.82 1.06 1.81 

zmrr10 (Type B) 1.08 1.62 1.86 2.05 
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Table 3.4.  Z. mays transcript levels for CK response regulator genes during pathogenesis with SG200 over a time course of 14 days 

post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold changes = 

decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity also 

indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 (One-

way ANOVA). 

 

Z. mays CK response regulators 5dpi 7dpi 10dpi 14dpi 

zmrr1 (Type A) 1.23 0.84 0.43 0.33 

zmrr2 (Type A)* 6.87 2.70 1.46 0.45 

zmrr3 (Type A) 1.00 1.00 1.00 1.00 

zmrr4 (Type A)* 2.57 0.52 0.01 0.54 

zmrr5 (Type A) 2.51 1.16 1.09 0.76 

zmrr6 (Type A)* 1.16 0.06 0.25 0.01 

zmrr7 (Type A) 2.50 1.92 0.67 0.03 

zmrr8 (Type B) 2.15 2.32 0.28 0.28 

zmrr9 (Type B) 0.93 1.06 0.39 0.02 

zmrr10 (Type B) 2.12 2.12 0.89 1.23 
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Table 3.5.  Z. mays transcript levels for CK response regulator genes during pathogenesis with SG200Δipt over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color intensity 

also indicates greater fold changes. Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate P<0.05 

(One-way ANOVA). 

 

Z. mays CK response regulators 5dpi 7dpi 10dpi 14dpi 

zmrr1 (Type A) 0.48 0.37 0.31 0.51 

zmrr2 (Type A)* 1.63 0.95 0.35 0.48 

zmrr3 (Type A) 1.00 1.00 1.00 1.00 

zmrr4 (Type A)* 0.35 0.09 0.11 0.15 

zmrr5 (Type A) 1.50 0.79 0.65 1.03 

zmrr6 (Type A) 1.09 0.66 0.47 0.46 

zmrr7 (Type A) 1.51 0.59 0.54 0.53 

zmrr8 (Type B) 0.99 0.52 0.33 0.50 

zmrr9 (Type B) 0.67 0.77 0.33 0.69 

zmrr10 (Type B) 0.88 0.45 0.34 0.93 
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Table 3.6.  U. maydis transcript levels for putative CK response regulator genes during pathogenesis with FB1xFB2 over a time 

course of 14 days post infection (dpi). Transcript levels are normalized to gapdh and relative to filamentous growth (no host). < 0.5-

fold changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color 

intensity also indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate 

P<0.05 (One-way ANOVA). 

 

U. maydis putative CK response regulators 5dpi 7dpi 10dpi 14dpi 

umrr1 * 0.08 0.02 0.91 2.23 

umrr2 * 4.79 1.56 1.07 1.20 

umrr3* 4.18 0.25 0.58 1.90 
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Table 3.7. SG200 and SG200Δipt transcript levels for putative CK response regulator genes during liquid growth assay with BAP. 

Transcript levels are normalized to gapdh and relative to liquid growth on minimal media without BAP (no exogenous CKs). < 0.5-

fold changes = decrease (blue), 0.5 – 2.0-fold changes = unchanged (white), > 2.0-fold changes = increase (orange). Higher color 

intensity also indicates greater fold changes.  Fold changes represent the mean over 2 biological replicates (n = 2). Asterisks * indicate 

P<0.05 (t-test). 

 

U. maydis putative CK response regulators SG200 + BAP SG200Δipt + BAP 

umrr1 (Type B) 2.48  110.26* 

umrr2 (Type B) 0.81 119.78  

umrr3 (Type B) 0.86  135.65 
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FIGURES 
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Figure 3.1. SG200 liquid growth assay with BAP. Black graph (dot) indicate growth in minimal media, blue graph (square) indicate 

growth in minimal media + 100nM BAP and red graph (triangle) indicate growth in YEPs. OD600 measurements indicate the mean ± 

standard deviation over 2 biological replicates (n = 2). Asterisks indicate significant increase (P <0.05, Multiple One-way ANOVA 

(Dunnett's test)).   
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Figure 3.2. SG200Δipt liquid growth assay with BAP. Black graph (dot) indicate growth in minimal media, blue graph (square) 

indicate growth in minimal media + 100nM BAP and red graph (triangle) indicate growth in YEPs. OD600 measurements indicate the 

mean ± standard deviation over 2 biological replicates (n = 2). Asterisks indicate significant increase (P <0.05, Multiple One-way 

ANOVA (Dunnett's test)).   
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Figure 3.3. SG200 and SG200Δipt filamentous growth assay with BAP. For each plate, left of the dotted line indicate SG200 

filamentous whereas right of the dotted line indicate SG200Δipt filamentous growth.  
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Figure 3.4. Model for the signaling of CKs at 5 dpi and 7 dpi during the formation of tumors and pathogenesis with the dikaryon. 

Thin arrows indicate decreased transcript levels of enzymes, moderate arrows indicate unchanged transcript levels of enzymes and 

thick arrows indicate increased transcript levels of enzymes. Red boxes indicate active CKs and blue boxes indicates inactive CKs. 

Yellow star indicates signaling of active CKs produced by the pathosystem. Numbers indicate the signaling of CKs. 1) Histidine 

protein kinase (HKs), 2) Histidine phosphotransfer proteins (HPs), 3) Response regulators (RRs). Red numbers indicate CK signaling 

in maize whereas black numbers indicate CK signaling in U. maydis. ‘+’ sign indicate increased levels of CKs/RRs. ‘=’ sign indicate 

unchanged levels of CKs/RRs and ‘-’ sign indicate reduced levels of CKs/RRs. The size and number of boxes indicate relative size of 

tumors. The cylinder indicates the secretion and uptake of CKs from the extracytosolic.  
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Figure 3.5. Model for the signaling of CKs at 10 dpi and 14 dpi during the formation of tumors and pathogenesis with the dikaryon. 

Thin arrows indicate decreased transcript levels of enzymes, moderate arrows indicate unchanged transcript levels of enzymes and 

thick arrows indicate increased transcript levels of enzymes. Red boxes indicate active CKs and blue boxes indicates inactive CKs. 

Yellow star indicates signaling of active CKs produced by the pathosystem. Numbers indicate the signaling of CKs. 1) Histidine 

protein kinase (HKs), 2) Histidine phosphotransfer proteins (HPs), 3) Response regulators (RRs). Red numbers indicate CK signaling 

in maize whereas black numbers indicate CK signaling in U. maydis. ‘+’ sign indicate increased levels of CKs/RRs. ‘=’ sign indicate 

unchanged levels of CKs/RRs and ‘-’ sign indicate reduced levels of CKs/RRs. The size and number of boxes indicate relative size of 

tumors. The cylinder indicates the secretion and uptake of CKs from the extracytosolic. 
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Figure 3.6. Model for the signaling of CKs at 5 dpi and 7 dpi during the formation of tumors and pathogenesis with the solopathogen. 

Thin arrows indicate decreased transcript levels of enzymes, moderate arrows indicate unchanged transcript levels of enzymes and 

thick arrows indicate increased transcript levels of enzymes. Red boxes indicate active CKs and blue boxes indicates inactive CKs. 

Yellow star indicates signaling of active CKs produced by the pathosystem. Numbers indicate the signaling of CKs. 1) Histidine 

protein kinase (HKs), 2) Histidine phosphotransfer proteins (HPs), 3) Response regulators (RRs). Red numbers indicate CK signaling 

in maize whereas black numbers indicate CK signaling in U. maydis. ‘+’ sign indicate increased levels of CKs/RRs. ‘=’ sign indicate 

unchanged levels of CKs/RRs and ‘-’ sign indicate reduced levels of CKs/RRs. The size and number of boxes indicate relative size of 

tumors. The cylinder indicates the secretion and uptake of CKs from the extracytosolic. 
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Figure 3.7. Model for the signaling of CKs at 10 dpi and 14 dpi during the formation of tumors and pathogenesis with the 

solopathogen. Thin arrows indicate decreased transcript levels of enzymes, moderate arrows indicate unchanged transcript levels of 

enzymes and thick arrows indicate increased transcript levels of enzymes. Red boxes indicate active CKs and blue boxes indicates 

inactive CKs. Yellow star indicates signaling of active CKs produced by the pathosystem. Numbers indicate the signaling of CKs. 1) 

Histidine protein kinase (HKs), 2) Histidine phosphotransfer proteins (HPs), 3) Response regulators (RRs). Red numbers indicate CK 

signaling in maize whereas black numbers indicate CK signaling in U. maydis. ‘+’ sign indicate increased levels of CKs/RRs. ‘=’ sign 

indicate unchanged levels of CKs/RRs and ‘-’ sign indicate reduced levels of CKs/RRs. The size and number of boxes indicate 

relative size of tumors. The cylinder indicates the secretion and uptake of CKs from the extracytosolic. 
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SUPPLEMENTARY MATERIALS 

Table S3.1.  Z. mays transcript levels for CK response regulator genes during pathogenesis with FB1xFB2 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

 

zmrr1 0.25 ± 0.17 0.52 ± 0.15 0.91 ± 0.07 1.27 ± 0.07 

 

zmrr2 0.86 ± 0.42 1.17 ± 0.09 3.63 ± 1.34 7.27 ± 1.25 

 

zmrr3 1.25 ± 0.25 1.10 ± 0.10 1.00 ± 0.00 1.00 ± 0.00 

 

zmrr4 0.00 ± 0.00 0.10 ± 0.03 0.93 ± 0.19 0.33 ± 0.16 

 

zmrr5 0.90 ± 0.19 1.15 ± 0.32 1.94 ± 0.23 1.37 ± 0.61 

 

zmrr6 0.31 ± 0.15 0.74 ± 0.09 1.14 ± 0.25 0.93 ± 0.21 

 

zmrr7 0.51 ± 0.27 0.95 ± 0.25 1.63 ± 0.34 1.24 ± 0.18 

 

zmrr8 0.84 ± 0.23 1.27 ± 0.58 2.23 ± 1.00 1.17 ± 0.04 

 

zmrr9 0.68 ± 0.46 0.82 ± 0.09 1.06 ± 0.28 1.81 ± 0.14 

 

zmrr10 1.08 ± 0.09 1.62 ± 0.56 1.86 ± 0.02 2.05 ± 0.30 
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Table S3.2.  Z. mays transcript levels for CK response regulator genes during pathogenesis with SG200 over a time course of 14 days 

post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold changes = 

decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard deviation 

over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

zmrr1 1.23 ± 0.69 0.84 ± 0.29 0.43 ± 0.17 0.33 ± 0.27 

zmrr2 6.87 ± 1.80 2.70 ± 0.07 1.46 ± 0.55 0.45 ± 0.07 

zmrr3 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 

zmrr4 2.57 ± 0.51 0.52 ± 0.14 0.01 ± 0.01 0.54 ± 0.53 

zmrr5 2.51 ± 1.40 1.16 ± 0.46 1.09 ± 0.25 0.76 ± 0.39 

zmrr6 1.16 ± 0.06 0.06 ± 0.04 0.25 ± 0.00 0.01 ± 0.01 

zmrr7 2.50 ± 0.21 1.92 ± 1.23 0.67 ± 0.01 0.03 ± 0.03 

zmrr8 2.15 ± 0.10 2.32 ± 1.74 0.28 ± 0.27 0.28 ± 0.08 

zmrr9 0.93 ± 0.15 1.06 ± 0.62 0.39 ± 0.08 0.02 ± 0.01 

zmrr10 2.12 ± 0.09 2.12 ± 1.35 0.89 ± 0.06 1.23 ± 0.65 
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Table S3.3.  Z. mays transcript levels for CK response regulator genes during pathogenesis with SG200Δipt over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

zmrr1 0.48 ± 0.17 0.37 ± 0.05 0.31 ± 0.07 0.51 ± 0.03 

zmrr2 1.63 ± 0.16 0.95 ± 0.18 0.35 ± 0.03 0.48 ± 0.13 

zmrr3 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 

zmrr4 0.35 ± 0.02 0.09 ± 0.01 0.11 ± 0.01 0.15 ± 0.02 

zmrr5 1.50 ± 0.30 0.79 ± 0.02 0.65 ± 0.23 1.03 ± 0.10 

zmrr6 1.09 ± 0.51 0.66 ± 0.13 0.47 ± 0.06 0.46 ± 0.13 

zmrr7 1.51 ± 0.33 0.59 ± 0.02 0.54 ± 0.10 0.53 ± 0.19 

zmrr8 0.99 ± 0.25 0.52 ± 0.12 0.33 ± 0.10 0.50 ± 0.12 

zmrr9 0.67 ± 0.23 0.77 ± 0.26 0.33 ± 0.04 0.69 ± 0.36 

zmrr10 0.88 ± 0.16 0.45 ± 0.01 0.34 ± 0.08 0.93 ± 0.58 
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Table S3.4.  U. maydis transcript levels for putative CK response regulator genes during pathogenesis with FB1xFB2 over a time 

course of 14 days post infection (dpi). Transcript levels are normalized to actin and relative to filamentous growth (no host). < 0.5-fold 

changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± standard 

deviation over 2 biological replicates (n = 2). 

 

Genes 

  

5 dpi 7 dpi 10 dpi 14 dpi 

 

umrr1 0.08 ± 0.02 0.02 ± 0.01 0.91 ± 0.09 2.23 ± 0.25 

 

umrr2 4.79 ± 0.14 1.56 ± 0.94 1.07 ± 0.17 1.20 ± 0.34 

 

umrr3 4.18 ± 1.21 0.25 ± 0.14 0.58 ± 0.08 1.90 ± 0.05 
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Table S3.5.  SG200 and SG200Δipt transcript levels for putative CK response regulator genes during liquid growth assay with BAP. 

Transcript levels are normalized to gapdh and relative to liquid growth on minimal media without BAP (no exogenous CKs). < 0.5-

fold changes = decrease, 0.5 – 2.0-fold changes = unchanged, > 2.0-fold changes = increase. Fold changes represent the mean ± 

standard deviation over 2 biological replicates (n = 2). 

 

Genes 

  

SG200 + 100nM BAP SG200Δipt + 100nM BAP 

 

umrr1 2.48 ± 1.25 110.26 ± 28.09 

 

umrr2 0.81 ± 0.10 119.78 ± 60.25 

 

umrr3 0.86 ± 0.21 135.65 ± 60.65 
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Table S3.6.  SG200 liquid growth assay with BAP. OD600 measurements indicate the mean ± standard deviation over 2 biological 

replicates (n = 2).  

 

Time (hours) 

  

SG200 SG200 + 100nM BAP SG200 + YEPs 

 

0 

 

0.08 ± 0.01 

 

0.06 ± 0.01 

 

0.09 ± 0.01 

 

6 

 

0.32 ± 0.07 

 

0.33 ± 0.03 

 

0.58 ± 0.04 

 

12 

 

0.63 ± 0.06 

 

0.61 ± 0.10 

 

0.97 ± 0.07 

 

18 

 

0.88 ± 0.02 

 

0.92 ± 0.02 

 

1.24 ± 0.03 

 

24 

 

1.05 ± 0.03 

 

0.94 ± 0.10 

 

1.80 ± 0.07 

 

30 

 

1.15 ± 0.04 

 

1.06 ± 0.09 

 

2.18 ± 0.07 
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Table S3.7.  SG200Δipt liquid growth assay with BAP. OD600 measurements indicate the mean ± standard deviation over 2 

biological replicates (n = 2).  

 

Time (hours) 

  

SG200Δipt SG200Δipt + 100nM BAP SG200Δipt + YEPs 

 

0 

 

0.08 ± 0.01 

 

0.08 ± 0.01 

 

0.07 ± 0.01 

 

6 

 

0.69 ± 0.05 

 

0.68 ± 0.03 

 

0.67 ± 0.02 

 

12 

 

0.74 ± 0.06 

 

0.64 ± 0.00 

 

1.08 ± 0.15 

 

18 

 

0.87 ± 0.03 

 

0.85 ± 0.03 

 

1.60 ± 0.03 

 

24 

 

0.78 ± 0.02 

 

0.74 ± 0.02 

 

1.61 ± 0.03 

 

30 

 

0.67 ± 0.01 

 

0.59 ± 0.02 

 

1.64 ± 0.02 
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Table S3.8.  List of Z. mays primers used for RT-PCR and amplicon sizes. Bolded size indicates the reference gene (actin) 

Primer name Sequence (5’-3’) Amplicon size (cDNA) Amplicon size (gDNA) 

ZmRR1F GCGTGTGGTGCTATGTTAGG 117 117 

ZmRR1R CCCAAATGTTAGCTCCTTGTTTG 

ZmRR2F CTGCCGTCGACTGAAACAAG 104 104 

ZmRR2R ACGAAGAAGAACATCCGTGAATG 

ZmRR3F GGATGCATGGTGGTAGCTGTAG 134 134 

ZmRR3R GGTTCCGCGAGCACACTATAG 

ZmRR4F GGAAGCAGCCCAACCAGAAG 144 144 

ZmRR4R CCGCTGCCTTCCTCTTGTTG 

ZmRR5F GGTTACGGGCTCTAAGTGAAGAAC 93 93 

ZmRR5R TCCATGACCACGAGCACAAC 

ZmRR6F TGCAGGCACCGAAGAAATC 146 146 

ZmRR6R TGCAAATCCAGGGCTAACATC 

ZmRR7F ACTTCCAGTTCCTCCTCAAGTTC 94 94 

ZmRR7R GAGAGGACGGAGCCATTGG 

ZmRR8F ACCAAGGACGAGGGAGGAATC 77 77 

ZmRR8R AACCTCATCCACCGCAAAGC 

ZmRR9F TCAGGCGTCAACTCTACATTGC 128 128 

ZmRR9R TGGTGATCAATCCTGCCATCTTG 

ZmRR10F GACCAAGGACGAGGGAGAAATC 79 79 

ZmRR10R CAACCTCATCCACTGCAAAGC 

ACTINF CGATCGTATGAGCAAGGAGA 105 105 

ACTINR ATAGAGCCACCGATCCAGAC 
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Table S3.9.  List of U. maydis primers used for RT-PCR and amplicon sizes. Bolded size indicates the reference gene (gapdh) 

Primer name Sequence (5’-3’) Amplicon size (cDNA) Amplicon size (gDNA) 

UmRR1F CCACTTGGCTCGTCAAACC 98 98 

UmRR1R GTAAATCCCATTCCCGCTAGTG 

UmRR2F CGGCTGATCGAGACTTTGAC 80 80 

UmRR2R CAGCACGCTAGGTCGAATTG 

UmRR3F TCCTCGGACCACACAACTTC 92 92 

UmRR3R CCAGACGACGGGCTAGTAG 

GAPDHF ACACCATGTATTCTAGGTCAATGAAG 129 536 

GAPDHR CTCAGGTCAACATCGGTATCAAC 
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Figure S3.1. Z. mays transcript levels for CK response regulator genes during pathogenesis with FB1xFB2 over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). RT-PCR results 

for 35 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger Plus 

100bp DNA Ladder were also included for each experiment. 
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Figure S3.2. Z. mays transcript levels for CK response regulator genes during pathogenesis with SG200 over a time course of 14 days 

post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). RT-PCR results for 35 

cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger Plus 100bp 

DNA Ladder were also included for each experiment. 
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Figure S3.3. Z. mays transcript levels for CK response regulator genes during pathogenesis with SG200Δipt over a time course of 14 

days post infection (dpi). Transcript levels are normalized to actin and relative to mock infection (non-pathogenesis). RT-PCR results 

for 35 cycles in only one biological replicate are shown. Note that a NTC (no template control), gDNA control and HighRanger Plus 

100bp DNA Ladder were also included for each experiment. 
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