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SUMMARY

The ability of biotrophic fungi to metabolically adapt to the host
environment is a critical factor in fungal diseases of crop plants. In
this study, we analysed the transcriptome of maize tumours
induced by Ustilago maydis to identify key features underlying met-
abolic shifts during disease. Among other metabolic changes, this
analysis highlighted modifications during infection in the transcrip-
tional regulation of carbohydrate allocation and starch metabolism.
We confirmed the relevance of these changes by establishing that
symptom development was altered in an id7 (indeterminatel)
mutant that showed increased accumulation of sucrose as well as
being defective in the vegetative to reproductive transition. We fur-
ther established the relevance of specific metabolic functions
related to carbohydrate allocation by assaying disease in suf
(sugary) mutant plants with altered starch metabolism and in
plants treated with glucose, sucrose and silver nitrate during infec-
tion. We propose that specific regulatory and metabolic changes
influence the balance between susceptibility and resistance by
altering carbon allocation to promote fungal growth or to influence
plant defence. Taken together, these studies reveal key aspects of
metabolism that are critical for biotrophic adaptation during the
maize—U. maydis interaction.

Keywords: maize, RNA-Seq, smut, starch, transcription factor,
Zea mays.

INTRODUCTION

Maize (Zea mays) is a staple crop that sustains the human
population, either directly as a source of starch and lipids, or
indirectly as feed for livestock. Furthermore, maize is a major
source of industrial products, including starch and high-fructose
corn syrup and, more recently, biofuels (Henry, 2009). Maize is
threatened by a number of pathogens that cause losses to
biomass and seed production. Biotrophic pathogens depend on
a living host for successful nutrient acquisition, and possess
sophisticated mechanisms to infect the host, suppress plant
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defence and access nutrients. The fungus Ustilago maydis is a
biotrophic basidiomycete pathogen capable of infecting all
above-ground parts of maize and teosinte. Infection is initiated
by the fusion of two haploid yeast-like cells of opposite mating
type to form an infectious, filamentous dikaryon (Brefort et al.,
2009; Kamper et al., 2006; Koeck et al, 2011; Kronstad and
Leong, 1990; Mueller et al, 2008). The dikaryon forms an
appressorium to penetrate the plant surface and the fungus
grows into and between plant cells. After infection, the first
obvious symptom is the formation of anthocyanins, leading to
red coloration of plant tissues. Large tumours filled with fungal
biomass are formed during the later stages of colonization, and
these can lead to stunted plant growth. Fungal development in
tumour tissue gives rise to teliospores that are eventually
released to disperse the pathogen. Ustilago maydis is known to
secrete an array of effectors and to adapt its infection strategy
in an organ-specific manner (Djamei et al., 2011; Hemetsberger
et al., 2012; Kamper et al., 2006; van der Linde et al., 2012;
Mueller et al., 2008, 2013; Redkar et al., 2015; Schilling et al.,
2014; Skibbe et al., 2010; Tanaka et al., 2014).

Several studies have investigated maize gene expression
during infection by U. maydis (Basse, 2005; Doehlemann et al.,
2008; Gao et al, 2013; Horst et al, 2010a,b; Skibbe et al,
2010; Voll et al.,, 2011). An early differential display approach
revealed changes in the differentiation state of host tissue
during infection, as well as altered expression of genes for sec-
ondary metabolism and defence (Basse, 2005). A subsequent
analysis by Doehlemann et al. (2008) examined the transcrip-
tome during disease progression at 12 h post-inoculation (hpi),
24 hpi, 2 days post-inoculation (dpi), 4 dpi and 8 dpi using an
Affymetrix maize genome array containing 13 339 genes.
Increasing numbers of differentially regulated genes were
observed as infection progressed. The early time point of 12
hpi revealed differential expression for genes involved in the
stress response, redox regulation and defence. Subsequent
times revealed expression changes for additional functions for
secondary metabolism, cell wall metabolism, protein metabo-
lism, primary carbon metabolism, transcription and RNA proc-
essing, and transport. Notable processes influenced by U.
maydis infection included a down-regulation of the defence
and cell death responses, as well as up-regulation of hormone
signalling functions (i.e. jasmonic acid and auxin biosynthesis/
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response). In addition, changes in the expression of genes for
secondary metabolite synthesis were observed, including the
induction of genes in the shikimate pathway for the synthesis
of phenylalanine and tyrosine, the substrates for phenylalanine
ammonia lyase (PAL). PAL expression was also induced in
tumour tissue and this enzyme produces hydroxycinnamic acid
derivatives leading to lignin and flavonoids, including antho-
cyanins, which are known to accumulate in infected tissue at
early stages. For primary metabolism, it was observed that
glycolysis, the tricarboxylic acid (TCA) cycle and lipid metabo-
lism were induced in tumours and that the expression of
genes for photosynthesis were reduced.

Skibbe et al. (2010) also performed transcriptome studies of
infected adult tissue and identified a requirement for active cell
proliferation for tumour formation, as well as transcriptional
changes that reflected organ-specific gene expression. The fungus
appears to reprogram vegetative and reproductive development
during tumour induction. Experimental infection of maize mutants
with defects in hormone signalling revealed that gibberellin sig-
nalling is not needed for tumour formation on seedlings, but is
needed for tumours on adult tissues. Disruption of gibberellin reg-
ulation in the knotted? (kn1) mutant also resulted in normal
tumours on seedlings and more abundant and larger tumours on
adult leaves. A mutant defective in the auxin response also
allowed normal tumour formation on vegetative tissue, but not on
floral tissue. A detailed study by Gao et al. (2013) of anther infec-
tion also concluded that U. maydis employs specific functions to
cause disease in different host organs. Interestingly, this study
also identified transcription factors (TFs) as a prominent gene
ontology (GO) term for maize genes that were up-regulated dur-
ing infection.

Finally, Voll et al. (2011) examined metabolome and tran-
scriptome data to compare changes during infections by three
biotrophic fungal pathogens: U. maydis, Blumeria graminis f.
sp. hordei and Colletotrichum graminicola (a hemibiotroph).
Notably, early stages of infection by all three pathogens
involved strong regulation of the TCA cycle, nucleotide energy
status and amino acid metabolism. In addition, general features
of early interactions included the biosynthesis of asparagine
and glutamine, together with defence-associated branched
chain and aromatic amino acids, a reduction in the Calvin cycle
and/or starch metabolism with increased glycolysis and TCA
cycle activity, and elevated photorespiration with reduced
sucrose biosynthesis. These changes may be part of a common
cereal response (Voll et al.,, 2011).

In general, previous transcriptome studies of U. maydis infec-
tion were limited by the sets of genes on the microarrays (i.e.
15%-30% of the transcripts for the maize genome). Furthermore,
an engineered solo-pathogenic strain was mainly used for these
studies, and this strain shows reduced virulence compared with
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infection with compatible haploid strains (Leuthner et al, 2005).
In this study, we employed RNA-sequencing (RNA-Seq) on seed-
ling tissue infected with compatible haploid strains to expand the
available data on the global changes in maize gene expression
during tumour formation. Our goal was to test the functional
significance of the transcriptional changes in the context of
U. maydis adaptation to the changing metabolic landscape of the
host during disease. We used information on transcriptional
changes during tumour formation to generate testable hypotheses
regarding the importance of altered transcriptional regulation and
functions for carbohydrate allocation. We linked these functions
with the success of U. maydis during disease by inoculating maize
mutants impaired in these functions, as well as plants treated
with sugars and silver nitrate. These studies provide insights into
the role of metabolic changes related to carbohydrate availability
in the plant—fungus interaction. We also examined the influence
of chloroplast-associated metabolic functions in an accompanying
paper (Kretschmer et al. 2016).

RESULTS

Tumour induction by U. maydis results in extensive
remodelling of the maize transcriptome

We analysed differential gene expression during U. maydis induc-
tion of tumours by performing RNA-Seq on uninfected and
infected seedling samples at 10 days post-inoculation (dpi). This
time point was selected on the basis of the published time course
analyses of the transcriptome using microarrays. For example,
Doehlemann et al. (2008) performed a detailed time course analy-
sis of infected versus non-infected tissue with sampling at 0.5, 1,
2, 4 and 8 days. The number of differentially expressed genes con-
tinued to increase throughout the time course [see fig. 8 in Doeh-
lemann et al. (2008)], and we therefore focused on a later time
point when tumours were well developed under our growth condi-
tions. At this relatively late stage, we expected to see extensive
differences in gene expression that reflected the formation of
physiologically and structurally novel tumour tissue relative to
uninfected tissue. High-quality reads were obtained for all libraries
as summarized in the Experimental Procedures, as well as in
Fig. STA and Text S1 (see Supporting Information). The reads
that mapped to the U. maydis genome were removed from the
analysis and the remaining reads were aligned to the maize ref-
erence genome of the inbred line B73 (version 2), and expres-
sion values were calculated. No expression was detected for 45
973 of the known 108 894 maize transcripts, and transcripts for
5653 and 4150 genes were specific to the libraries from
infected and uninfected tissue, respectively. In addition, 4086
genes were significantly up-regulated and 5237 genes were sig-
nificantly down-regulated during tumour formation (P <0.05;
Table S1, see Supporting Information). It should be noted that
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Fig. 1 Zea mays gene expression in seedlings, tassels and ears in tumours induced by Ustilago maydis. The id1, whyT and suT genes (in the box outlined with a
solid line) showed constant gene expression in tumours, but with developmental expression changes. The bd7 gene (in the box outlined with the dotted line) showed
unchanged expression independent of the developmental stage of the plant or infection status. The gn7, ra2, g3 and bad1 genes (in the box outlined with the
broken line) showed differential gene expression dependent on developmental state and infection state. The data were derived from three independent replicates.

Standard error is shown. *P<0.05; **P<0.01; ns, not significant.

we employed the Z. mays variety Golden Bantam for infection
and identified 6978 transcripts that mapped to the B73 refer-
ence genome, but not to any annotated genes; 311 of these
transcripts were only expressed during infection, whereas 315
were only expressed in uninfected tissue (Table S2, see Sup-
porting Information). We also validated the changes in tran-
script levels by quantitative polymerase chain reaction (qPCR)
analysis on independent RNA samples prepared from seedling
tumours (Fig. 1; Table S3, see Supporting Information). The trends
in differential expression for eight genes selected to represent a
range of fold changes were confirmed by gPCR, although the fold
changes for ra2 (ramosa2, lateral organ boundaries protein) and
bad1 (branch angle defectivel, encoding a TF) were lower than
detected by RNA-Seq (Table S3).

We extended the qPCR analysis to evaluate the impact of
tumour formation on transcript levels in tumour tissue from
tassels and ears. A previous report by Skibbe et al (2010)
documented organ-specific gene expression during U. maydis

infection. Our analysis identified three patterns of gene expression
for the eight genes selected for quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) validation. The first pattern
included three genes whose transcript levels were influenced by
infection, but not in all tissues (Fig. 1). For example, id1 (indeter-
minate1, encoding a TF) was down-regulated during tumour for-
mation in seedlings (33.3-fold) and ears (14.3-fold), but slightly
up-regulated during tassel infection, although the latter
expression level was quite low and may not have had biological
significance. Similarly, why? (whirly1, encoding a chloroplast
single-stranded nucleic acid-binding protein) transcript levels were
lower only in seedling tumours, and su? (sugary!, encoding an
isoamylase-type starch-debranching enzyme) transcripts were
higher in seedling tumours and lower in ear tumours. The second
pattern was represented by one gene, bd1, for which transcript
levels were not influenced during infection in any tissue (Fig. 1).
The third pattern included the four genes ra2, lg3 (liguleless3,
encoding a TF), gnT (gnarley1, encoding a TF) and bad1, whose
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transcript levels were influenced by tumour formation in all three
tissues (Fig. 1). Taken together, the RNA-Seq data, together with
validation by gPCR, provide a robust view of the transcriptional
response of maize during tumour formation.

Classification of differentially expressed genes
highlights changes in metabolic functions,
transposable elements (TEs) and TFs

We initially performed GO term enrichment analysis for the signifi-
cantly up- or down-regulated genes identified with the reference
B73 genome (Table S4, see Supporting Information). GO term con-
nections/networks of the enriched terms based on their P values
were also visualized with REVIGO (Supek et al., 2011) (Figs 2 and
3). Enriched biological function GO terms for the down-regulated
genes included metabolism and biosynthesis (e.g. amino acid,
organic acids and lipid metabolism), secondary metabolism (e.qg.
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carboxyj¢iacid metabolism
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phenylpropanoid and lignin metabolism and photosynthesis),
translation, RNA modification, DNA repair, cell stress and cellular
homeostasis, including defence reactions (Fig. 2; Table S4). GO
terms for up-regulated genes included carbohydrate metabolism,
cell wall modifications, lipid metabolism and cell cycle functions
(Figs 3 and S2, see Supporting Information). Signalling functions,
especially protein phosphorylation, were also enriched, as were
functions for the response to biotic/abiotic stimuli related to cell
death and the export of toxins, which may be linked to plant
defence. Finally, terms for the export of amino acids and
glutamine metabolism were over-represented during infection. In
general, the patterns of the observed transcript changes were in
agreement with previous studies using microarrays (Doehlemann
etal., 2008).

We also carried out a focused analysis of the approximately
1100 most differentially regulated genes with annotations in the
B73 genome database and by performing siaste searches to identify
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additional potential functions. Approximately 50% of the transcripts
showed no similarities to proteins with known functions, and the
remaining transcripts were classified in the categories shown in
Fig. 4A,B and Table S1. This analysis revealed changes in transcripts
encoding TFs, signalling functions and plant defence proteins linked
with secondary metabolism (e.g. phytoalexin production and
terpene synthase expression). Further expression changes during
tumour formation were observed for cell death and cell wall genes,
as well as functions for general metabolism, nitrogen metabolism
and transport. As noted above, metabolic functions with differential
expression were related to carbohydrate, lipid and amino acid
metabolism and transport. Changes in the expression of genes
encoding hormone production and sensitivity were also observed.
Interestingly, there were several functions only represented by
down-regulated genes during infection. The most prominent were
genes encoding photosynthesis- and cell cycle-related function,
together with some central metabolic functions in the Calvin cycle,
glycolysis and gluconeogenesis.

We also examined the 6978 transcripts for Z. mays variety
Golden Bantam that mapped to the genome locations of the B73
reference genome shown in Table S2, but not to annotated genes,
and employed siastx searches to identify potential functions for

the top 150 up- and down-regulated sequences among this group.
Approximately 75% showed no sequence similarity to proteins
with known function (Fig. 4C,D; Table S2). For those with similar-
ities to known proteins, it was striking that 26 transcripts encoded
by TEs were elevated during infection, whereas 19 others showed
reduced expression. A re-examination of the expression of the
known TE transcripts for B73 also identified four TEs that were
up-regulated and two that were down-regulated during infection.
In general, these results suggest that elevated stress during
tumour formation may interfere with genomic defence.

Our global analysis also included an examination of the
expression of the approximately 575 classical genes/proteins which
have been well studied by the maize community (Schnable and
Freeling, 2011). These functions are interesting because of their
economic implications for yield and quality. Amongst the strongly
up-regulated transcripts, the most interesting encoded functions for
plant growth-regulating factors, plant defence and sugar/starch
metabolism (Fig. 4EF; Tables S5 and S6, see Supporting
Information). Other genes encoded both up- and down-regulated
transcripts for secondary and fatty acid metabolism that indicate
shifts in specific pathways. Notably, down-regulated transcripts
encoded functions related to photosynthesis, the cytoskeleton and
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Fig. 4 Categorization of the most up- and down-regulated host genes in Ustilago maydis-induced tumours at 10 days post-inoculation (dpi). (A, C, E) Up-regulated
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the cell wall. In general, the observed changes in the expression of
genes in the classical gene list reflected the changes seen in the
GO term analysis as noted above. Overall, our classification of dif-
ferentially expressed transcripts and previous studies (Doehlemann
et al, 2008; Horst et al, 2008, 2010a,b) revealed complex meta-
bolic and cellular changes during tumour formation.

We classified these transcripts within the context of the major
metabolic pathways defined in the genome analysis for maize
(accessed April 2015), with a particular focus on carbohydrate
metabolism, as described below (Monaco et al, 2013) (Fig. S2,
Tables S1 and S5).

Finally, our analysis revealed that one notable group of dif-
ferentially expressed genes encoded TFs. Specifically, we iden-
tified 114 TFs among the top regulated transcripts and
classified them according to their developmental expression
profiles (Tables 1 and S1). We observed that the majority of
TFs with regulation during infection were expressed in two cat-
egories: leaf and coleoptile, and reproductive organs. Those

expressed in the leaf and coleoptile were 21.7% and 50.0%
up- and down-regulated, respectively, whereas the TFs that
were normally up-regulated in reproductive organs (i.e. ears,
tassels, silks, kernels) were 46.6% and 27.3% up- and down-
regulated during infection, respectively (Table 1). Lower per-
centages of TFs were identified in the categories of factors
that had similar expression in all maize tissues or were prefer-
entially expressed in roots. In general, these data suggest a
reprogramming of TF expression, such that more prominent
down-regulation occurs for vegetative/photosynthetic leaf
functions and up-regulation occurs for functions expressed in
reproductive/photosynthetic inactive tissue. Consistent with a
shift in the expression of vegetative and reproductive functions
during infection, a more detailed evaluation of the 114 TFs
plus the classical gene list revealed that the expression of
many genes known to regulate meristem size, organization,
initiation and determinacy was changed in tumours (Table 2)
(Bortiri and Hake, 2007; Eveland et al, 2014; Pautler et al.,
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Table 1 Classification of Zea mays transcription factors regulated during Ustilago maydis infection in relation to the highest expression during normal maize

development.

Highest expression during

maize development

Up-regulated during
infection (%; n=60)

Down-regulated during
infection (%; n=54)

Roots

Leaves

Germinating seeds
Reproductive organs

(ear, tassel, silks, kernel, husks)

Similar in all tissues
Unknown

1.7
217

33
433

18.3
1.7

1.1
50.0

0.0
273

93
1.9

2013; Tanaka et al., 2013). These included the four genes td1
(thick tassel dwarf1, encoding a CLAVATA1 leucine-rich repeat
receptor-like kinase), wus? (wuschell, encoding a TF), br2
(brachytic2, encoding an ABC transporter) and id1, which were
significantly down-regulated in tumours, and 11 that were up-
regulated (P < 0.05).

The ID1 transcriptional regulator of the vegetative to
reproductive transition and carbohydrate allocation
influences symptom development

To investigate the relevance of differential expression observed
from our RNA-Seq analysis, we focused on changes in functions
related to carbohydrate metabolism. In particular, we were
intrigued by the known role of the id7 gene in regulating both the
transition to flowering and carbohydrate allocation in maize
(Coneva et al, 2012). Specifically, mutations in id7 delay the

vegetative to reproductive transition and prolong vegetative
growth in ears and tassels (Wong and Colasanti, 2007). The gene
is also expressed only in young leaves and is conserved in differ-
ent plant species (Colasanti et al, 1998, 2006; Coneva et al,
2012). Importantly for our focus on the metabolic changes during
disease, the transcriptome analyses of Coneva et al. (2007, 2012)
revealed an influence of the id7 mutation on GO terms for the bio-
logical ‘carbohydrate metabolic process’, and specific regulation
of genes for sucrose and starch metabolism was identified.

To directly test the role of ID1 in susceptibility to U. maydis,
we obtained seeds segregating for the id7 mutation from a cross
in the B73 background. We infected seedlings with U. maydis,
and the plants were scored for disease symptoms after 2 weeks
(Fig. 5). We also compared the wild-type (wt) versus mutant geno-
type for id7 in each plant by PCR. The homozygous wt plants
were highly susceptible to infection, with a disease index (DI) of
4.5, whereas the heterozygous plants and the homozygous

Table 2 Expression of genes for meristem regulation in maize stem tumours induced by Ustilago maydis.

Gene Name Long name Fold change P value
GRMZM2G139073 sit silky1 167.61 0.00
AC233943.1_FG002 ra2 ramosa2 42.96 (2.3 qPCR) 0.01
GRMZM2G005624 gt1 grassy tillers1 19.90 0.01
GRMZM2G052890 zagl zea agamous homolog 1 18.18 0.00
GRMZM2G014729 ra3 ramosa3 5.62 0.01
GRMZM2G700665 rap2* rap2.7 3.88 0.00
GRMZM2G176175 sid1 sister of indeterminate spikelet1 2.21 0.05
GRMZM2G104843 ts1 tassel seed1 1.94 0.04
GRMZM2G098643 pin' PIN-formed protein1 1.65 0.03
GRMZM2G040762 fzt1 fuzzy tassell 1.65 0.04
GRMZM2G315375 br2 brachytic2 0.59 0.00
GRMZM2G300133 td1 thick tassel dwarf1 0.57 0.05
GRMZM2G010929 wus 1" wuschel 1 0.18 0.00
GRMZM2G011357 id1 indeterminate growth1 0.05 0.00

Fold change: infected divided by uninfected, e.g. 2 and 0.5 equal up-regulated two-fold and down-regulated two-fold, respectively. Significant expression

changes according to P value.

Note that one gene, zea floricaula/leafy1 (zflT: GRMZM2G098813), showed expression only in infected tissue and thus the fold change could not be

determined.
*Salvi et al. (2007).
"Salvo et al. (2014).
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Fig. 5 The transcription factor ID1 is important for the infection success of
Ustilago maydis. The id1 homozygous (id1/id1) and heterozygous (/d1/id1)
mutant lines and the corresponding wild-type (wt) (/d7/1d1) line were infected
with U. maydis. The infection progression was scored at 14 days post-
inoculation (dpi) and the data of three biological replicates are shown. Red
pigment formation was observed in severely infected wt plants, which showed
stem tumours or were dead (inset shows a close up view of the plant from the
left photograph), compared with green homozygous id1/id 7 mutant plants of
the same infection class (inset shows a close up view of the plant from the
right photograph). Standard deviations are shown and asterisk indicates a
significant difference at P< 0.05 for the disease index (DI). DI was calculated
for each biological replicate based on the following scoring scheme for
symptoms: 0, healthy plants/no symptoms; 1, anthocyanin formation; 2, leaf
tumours; 3, small stem tumours; 4, big stem tumours; 5, plant death. The
overall percentages of plants of the three repeats in each category are
indicated in the bar graphs and correlate with DI.

mutants of id7 were less susceptible with DIs of 3.7 and 3.4,
respectively (Fig. 5). The difference in Dls between the wt and het-
erozygous plants was not statistically significant (P = 0.084) com-
pared with that of the wt and homozygous plants (P= 0.049).
However, the disease symptoms for the heterozygous plants
appeared to be intermediate in severity compared with those of
the wt and homozygous plants. This was particularly true for the
percentage of dead plants for each infection (wt, 60.0%; heterozy-
gous plants, 41.7%; homozygous plants, 17.2%). We also
observed a striking difference in the pigmentation of severely
infected plants (i.e. those with stem tumours) (Fig. 5). The wt and
heterozygous plants had dark red pigment formation in the stem
and basal portions of the leaves (95.8 = 7.2% and 100 = 0.0%
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Fig. 6 Sucrose and glucose supplementation increases the virulence of
Ustilago maydis. Seedlings (14 days old) were infected with U. maydis and
daily injections with water, sucrose or glucose were applied after the infection
was established (see Experimental Procedures for details). (A) The plants were
scored for disease symptoms (DI, disease index) after 14 days of infection and
treatment as described in Fig. 5. (B) The glucose-treated control plants
(70.2%) showed signs of chlorosis near the injection sites, as shown in the
photograph on the right. **Significant difference at P< 0.01. Standard
deviations are shown.

pigmentation, respectively), whereas only 8.5=*7.6% of the
homozygous mutant plants had traces of a brownish red pigment.
We speculate that this pigment is anthocyanin, because this
product of secondary metabolism is routinely observed on
U. maydis infection (Basse and Steinberg, 2004). In general, these
results indicate that haploid insufficiency may affect some traits
(e.g. susceptibility), but not others (e.g. anthocyanin), in the heter-
ozygous line. Taken together, these observations prompted us to
hypothesize that changes in carbohydrate metabolism in id1/id1
plants may contribute to altered susceptibility, and we investi-
gated this possibility as described below.

Carbohydrate metabolism plays an important role
during tumour formation

In agreement with the discovery that ID1 influences the expres-
sion of genes for carbohydrate metabolism, Coneva et al. (2012)
also performed a metabolite analysis which revealed higher
sucrose and starch levels in id1/id1 mutant plants. This observa-
tion prompted us to test whether sucrose or glucose availability
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Fig. 7 Silver treatment induces anthocyanin production and reduces disease
progression in maize. (A) Untreated control plants showed unimpaired growth
with little anthocyanin formation in the stem area. (B) Plants treated with
0.412 g AgNOs per litre of soil showed reduced growth and increased
anthocyanin production in the stems and basal parts of the leaves. Note that
the plants were photographed at the same magpnification in (A) and (B). (C)
Disease symptoms and disease rating (D, disease index) of untreated, but
infected, control plants after 14 days. (D) Disease symptoms and disease
rating of infected and AgNO3 (0.412 g/L soil)-treated plants after 14 days.
Plants were infected as 7-day-old seedlings with a mating-compatible culture
of wt strains at 5 X 10° cells/mL. AQNO; was added to the soil at the
beginning of the experiment. The experiment was repeated three times and
with a range of additional silver concentrations (Fig. S3). Standard deviations
are shown. **Statistically significant differences at P< 0.01. The plant
symptoms were scored as described in Fig. 5.

influenced disease outcome by injecting infected seedlings daily
with solutions of glucose, sucrose or water over 14 days. We
found that injections of sucrose and, more notably, of glucose into
the infection site stimulated the virulence of U. maydis and led to
a higher DI compared with the water control (Fig. 6A). These
results suggest that an increased supply of carbon at the infection
site improves pathogen growth, although there may also be a det-
rimental impact on host defence given the link between sucrose
and plant immunity (Fig. 6B; Bolouri-Moghaddam and Van den
Ende, 2013; Roitsch et al,, 2003).

We also investigated the role of sucrose metabolism in disease
by treating plants with silver, because this metal is known to
interfere with the ethylene-dependent regulation of sugar signal-
ling and anthocycanin production in Arabidopsis, potato, carnation
and maize (Cournac et al, 1991; Hoeberichts et al, 2007; Jeong
et al, 2010; Kwon et al, 2011; Rengel and Kordan, 1987).
For example, Jeong et al. (2010) characterized a connection
between sucrose, light, ethylene and anthocyanin production in
Arabidopsis. In this case, ethylene was found to inhibit the expres-
sion of the regulators of anthocynanin production, which are
induced by light and sucrose. Silver ions are also well-known
inhibitors of bacterial, fungal and plant invertases and some
sucrose synthases in vitro (Duan et al, 1993; Ishimoto and
Nakamura, 1997; Liu et al,, 2006; Nishizawa et al., 1980; Pressey
and Avants, 1980; Sung and Su, 1977; Warchol et al., 2002). For
example, silver nitrate (4 ) inhibits wheat invertase activity
(Krishnan et al., 1985). We found that the addition of silver nitrate
to the soil in increasing concentrations led to reduced plant
growth and increased anthocyanin production in the basal portion
of the plant stem, as reported previously for maize and Arabidop-
sis (Figs 7A,B and S3, see Supporting Information). Maize plants
that were treated with silver and infected with U. maydis showed
reduced disease symptoms and delayed infection progression in a
concentration-dependent manner (Figs 7C,D and S3). Specifically,
1 g and 2.5 g of silver nitrate per tray of plants reduced the DI by
1.1 and 1.3 units, respectively. The DI was reduced by 2 units at
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Fig. 8 Carbohydrate metabolism of the
host is changed during infection and is
implicated in disease progression. (A)
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Fig. 5.

the higher concentration of 5 g (see Experimental Procedures for
detailed information about silver concentrations in the soil). The
reduced virulence correlated with increased plant survival (Figs 7
and S3). We also found that watering plants every 2-3 days with
50 mm silver nitrate during the infection period caused a slight
reduction in virulence (<0.5 DI; data not shown). In general, these
findings are consistent with the idea that disease progression is
influenced by carbon availability and ethylene/sucrose signalling
in infected tissue.

We next examined starch metabolism during tumour formation
because this aspect of U. maydis disease has not been thoroughly
investigated and the published results for leaf tumours are some-
what contradictory (Doehlemann et al,, 2008; Horst et al., 2008).
In addition, Coneva et al. (2012) found that ID1 influenced the
ratio of starch to sucrose, and this change in metabolism could
potentially contribute to the reduced susceptibility of the id1/id1
mutant. We initially quantified starch content by staining tumour
and uninfected stem tissue with Lugol’s solution (Text S1). As
shown in Fig. 8A, only tumour tissue showed strong staining. To
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verify that the staining was caused by starch, we quantified starch
grains in tissue extracts and found 3.0 = 1.5 per field of view in
infected tissue versus 0.11 = 0.33 in uninfected tissue (Fig. 8A).
Furthermore, the amount of starch determined as reducing sugars
per gram of plant material was 2.4 times higher in infected tissue
relative to uninfected stems (Fig. 8B). We next obtained a maize
mutant defective in starch metabolism and tested the susceptibil-
ity to U. maydis. Specifically, we used the sugaryl mutant suf
which shows altered starch production and is important for sweet-
corn production (James et al, 1995). We noted that su7 tran-
scripts were up-regulated only 1.7-fold during infection (2.1-fold
by qPCR), but that transcripts for other starch-producing enzymes
were also up-regulated, consistent with an impact of tumour for-
mation on starch metabolism. The other regulated genes included
ael (amylose extenderl, encoding a starch branching enzyme;
14.0-fold), wxT1 (waxy1, encoding a starch synthase; 8.0-fold), du?
(dull endosperm1, encoding a starch synthase; 2.8-fold) and sbef
(starch branching enzyme1, encoding a starch branching enzyme;
2.5-fold) (Table S1; Fig. S2). We compared disease development
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in the sul mutant versus the corresponding wt W64A line and
found dramatically increased resistance in the mutant (Fig. 8C).
Tumours were rarely observed on mutant plants in three replicates
of the assay and plant death was never observed (Fig. 8C).
Together, these experiments are consistent with altered sucrose
and starch metabolism during infection and an impact of these
changes on susceptibility.

It is possible that U. maydis enzymatic activity influences
starch production during infection directly via effectors or secreted
enzymes. For example, some fungi possess secreted amylases to
degrade external starch, and a search of the genome indicated
that U. maydis had two candidate amylases («-amylase,
um02300; ~v-amylase, um04064). The expression of the «-
amylase was unchanged during infection, whereas the y-amylase
was up-regulated 117-fold (M. Kretschmer and J. W. Kronstad,
unpublished results). Although neither protein is predicted to be
secreted, we tested whether a haploid wt strain and the solo-
pathogenic strain SG200 could grow with 1% starch in minimal
medium (MM) as a sole carbon source. Minimal growth was
observed for either strain after 5 days of incubation and, impor-
tantly, the addition of 1% «-amylase to the cultures with starch
stimulated fungal growth (Fig. S4, see Supporting Information).
Taken together, these results reveal that U. maydis infection
influences  carbohydrate  metabolism/signalling and  starch
accumulation during tumour formation, but that the fungus is
unable to use starch as a sole carbon source, at least in vitro.

DISCUSSION

Transcriptome profiling of host—pathogen interactions generates
testable hypotheses to determine whether the observed changes
reflect adaptations that benefit the pathogen or the host. RNA-
Seq analysis provided a comprehensive view of the transcriptional
changes in maize stem tumours, and we observed a differential
expression of functions that was in general agreement with previ-
ous studies (Basse, 2005; Doehlemann et al, 2008; Gao et al,
2013; Horst et al,, 2008, 2010a,b; Skibbe et al,, 2010; Voll et al.,
2011). In addition, we identified a novel impact of disease on mer-
istem regulators, established a greater appreciation of the influ-
ence of infection on TFs, as noted by Gao et al (2013), and
identified the regulation of transcript levels for TEs. TE expression
has been linked previously to the activation of plant defence
(Grandbastien et al, 1997). For example, a TE in oats is highly
expressed on wounding, exposure to UV light, jasmonic acid and
salicylic acid, and infection with Puccinia coronata (Kimura et al,
2001). As discussed below, we also generated testable hypothe-
ses regarding the significance of transcript changes in virulence
assays with maize mutants (id7 and su7) and plants treated with
sugars and silver nitrate. These approaches confirmed the influ-
ence of metabolic changes on fungal proliferation and symptom
development, and distinguished between changes that benefit the

pathogen versus the host. An overview of the metabolic functions
in maize impacted by the interaction with U. maydis is presented
in Fig. S5 (see Supporting Information).

Ustilago maydis is known to infect actively growing vegetative
and reproductive tissue on all aerial parts of maize, and to target
meristematic tissue with dividing cells for tumour formation (Gao
et al, 2013; Walbot and Skibbe, 2010; Wenzler and Meins, 1987).
Meristematic tissues and U. maydis-induced tumours represent sink
organs for the import of carbon and nitrogen from source tissues
(Horst et al, 2010a,b). Our analysis suggests that U. maydis dis-
turbs functions in meristem maintenance and determinacy, leading
to uncontrolled proliferation. We tested the importance of the vege-
tative to reproductive transition and carbohydrate allocation by
examining symptom development in the id7/id1 mutant, which
lacks a key regulator of floral induction (Coneva et al,, 2007, 2012).
We found that id7/id7 mutant plants were less susceptible to U.
maydis, indicating that ID1 function normally contributes to symp-
tom development on inoculation of stem tissue in 7-day-old plants.
These results are consistent with the findings of Colasanti et al.
(1998, 2006) that idT is expressed primarily in the whorl of unex-
panded leaves in the stem at similar time points. Interestingly, we
also observed that heterozygous /d1/id7 plants had a susceptibility
that was intermediate between wt (/d7/ld7) and homozygous
mutant plants (id7/id7). This observation is consistent with gene
expression studies which showed a relatively small number (55) of
differentially expressed genes between the heterozygous (/d1/id1)
and homozygous (id1/id1) lines compared with a larger number
(460) between the wt (ld1/ld1) and homozygous (id1/id1) lines
(Coneva et al, 2007, 2012). At the later stage of infection, when
tumours have developed, our RNA-Seq analysis revealed that the
id1 transcript level was reduced relative to uninfected stem tissue.
Thus, the subsequent dramatic reprogramming that results in
tumour formation later in infection also impacts id7 expression,
although transcript levels for the gene may not be reduced in other
non-tumour parts of the plant. We also observed that infected id7/
id1 plants were not pigmented compared with the intensely purple
phenotype of infected wt plants. ID1 may therefore influence sec-
ondary metabolism leading to anthocyanin production, and we
note that a chalcone synthase (encoded by ¢2) is up-regulated in
id1/id1 plants (Coneva et al, 2007). Ustilago maydis is known to
induce anthocyanin production by delivery of the fungal effector
Tin2, perhaps as a mechanism to divert metabolites away from
defence processes, such as lignin formation (Tanaka et al, 2014).
Indeed, a maize mutant with altered lignin biosynthesis shows
enhanced susceptibility to U. maydis (Tanaka et al,, 2014). ID1 may
contribute to the regulation of anthocyanin production, perhaps in
conjunction with the maize kinase TTK1 which is targeted by Tin2
and activates genes for anthocyanin biosynthesis.

The influence of ID1 on susceptibility to U. maydis may also be
caused in part by the altered carbohydrate metabolism and
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allocation, and this would be consistent with our observations on
starch accumulation and sucrose metabolism in tumour tissue, as
well as metabolite studies by other groups, as discussed below
(Horst et al, 2010a,b; Voll et al, 2011). A comparison of gene
expression in id1/id1 versus wt (/d1/Id1) plants revealed that
source leaves from id1/id1 plants show altered expression of
genes for starch and sucrose metabolism (Coneva et al., 2012).
For example, the sut! gene encodes a transporter for phloem
loading of sucrose in source leaves for export to sink tissues, and
sut1 transcript levels were lower in id1/id1 leaves (Coneva et al.,
2012; Ludewig and Fliigge, 2013; Slewinski, 2012; Slewinski
et al,, 2009). However, the role of SUT1 in sucrose accumulation
in sink stem tissue is not yet clear (Bihmidine et al,, 2013). A com-
parison of metabolite levels indicated that id1/id1 mutant leaves
also show higher levels of starch and sucrose than wt plants, and
that the mutants show a decreased transitory starch to sucrose
ratio. These observations led Coneva et al. (2012) to speculate
that carbohydrate allocation in leaves is an important cue for the
floral transition in maize. In particular, carbohydrate delivery to
sink tissues is essential for floral induction because sucrose sup-
ports inflorescence growth. Therefore, the susceptibility of an id1/
id1 mutant may reflect a broader impact of the mutation at the
interface between metabolism and the floral transition.

A role for carbohydrate metabolism, as reflected by changes
in starch and sucrose levels, is also supported by the impact of
the su? mutation and sugar and silver nitrate treatment on the
U. maydis—maize interaction. SU1 is an isoamylase-type starch-
debranching enzyme believed to participate in starch biosynthe-
sis, and the sul/sul mutation results in increased sucrose in
maize kernels (resulting in commercially important sweetcorn). It
is also known that sul/suf plants are delayed in germination
and have higher soluble sugars in stem tissue. Furthermore, the
sul mutation reduces amylopectin and increases phytoglycogen
concentrations (James et al, 1995). Our observation of greatly
reduced tumour formation on sul/sul plants is consistent with
perturbed starch formation and turnover (and altered sucrose
levels), which may interfere with fungal proliferation. Starch and
sucrose metabolism in infected tissue have been examined in
some detail, although a clear picture has yet to emerge. For
example, Horst et al. (2008) reported low levels of transient
starch in infected leaves at an early stage of tumour formation (6
dpi). However, a chase experiment with radioactively labelled
CO, at 6 dpi in infected leaves indicated a slight accumulation of
radioactively labelled carbon in the insoluble carbohydrate frac-
tion (Horst et al., 2010b). In a metabolite analysis, no differences
for starch accumulation at 8 dpi in leaf tumours were seen (Horst
et al., 2010a). However, Doehlemann et al. (2008) observed the
regulation of carbohydrate genes related to sucrose and starch
metabolism in a transcriptome analysis, but did not report
changes in starch accumulation at later stages (8 dpi) of leaf

The transcriptome of tumours induced by U. maydis 1233

tumour formation. Voll et al. (2011) found that sucrose is ele-
vated in infected maize tissue and noted from transcriptome
analysis that a sucrose synthase gene was induced six-fold in
tumours. Horst et al. (2010b) also concluded that sucrose
imported from systemic leaves was important for cell wall bio-
synthesis in tumour cells, the generation of hexoses to contribute
osmotic pressure for tumour cell expansion and as a carbon
source for U. maydis. In addition, Doehlemann et al. (2008)
reported an increase of 30% at 8 dpi (see table 1 in Doehlemann
et al., 2008). Sucrose is clearly important as a carbon source for
U. maydis, as demonstrated by the role of the pathogen sucrose
transporter Srt1 in virulence (Wahl et al,, 2010).

Overall, a role for sucrose in the maize—U. maydis interac-
tion is consistent with the emerging function of the sugar as a
signal molecule in plants (reviewed by Tognetti et al., 2013). In
particular, sucrose influences a number of metabolic processes
relevant to disease, including anthocyanin synthesis, carbon
and nitrogen assimilation/transport, photosynthesis, chlorophyll
synthesis, amino acid biosynthesis and copper homeostasis. It
also influences flowering, plant size, morphology, the circadian
clock and senescence (Bolouri-Moghaddam and Van den Ende,
2013; Roitsch et al., 2003; Roycewicz and Malamy, 2012; Tsai
and Gazzarrini, 2014; Wingler and Roitsch, 2008). We noted
that silver nitrate also interferes with sucrose and ethylene
signalling, and anthocyanin production, in a light-dependent
manner in plants (Cournac et al, 1991; Jeong et al., 2010).
Consistent with the observed transcriptional changes, silver
nitrate treatment reduced the susceptibility to U. maydis,
although additional experiments are needed to determine the
mechanism, especially given the potential pleiotropic influence
of silver. The impact of silver treatment on anthocyanin produc-
tion and sucrose metabolism is consistent with known factors
relevant to disease (Tanaka et al., 2014; Wahl et al, 2010).
However, ethylene has numerous effects, including the promo-
tion of the degradation of starch to single sugars and sucrose
during fruit ripening (Thammawong and Arakawa, 2010). We
also noted that transcripts for ethylene-related functions were
up-regulated in tumours. For example, the ethylene synthase
acs2 (GRMZM2G164405) transcript was up-regulated 8.1-fold,
together with the ethylene-responsive TFs (eil4, 17.9-fold; eil6,
11.0-fold) (Table S1).

Given our incomplete understanding of carbohydrate metabo-
lism in maize and the complexities of connections with signalling
and defence, it is clear that additional work is needed to fit the
transcriptional changes observed in tumours into a metabolic
model of the interaction. Key future experiments would include
virulence assays with additional maize mutants perturbed in car-
bohydrate metabolism and ethylene signalling. For example, it
would be particularly informative to examine mutants defective in
sucrose transporters [e.g. sucrose transporter! (sut)], sucrose
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synthases [e.g. sucrose synthasel (sus1) and sucrose synthase2
(sus2)], the ethylene synthase acs2 and the ethylene responsive
TFs (eil4 and eil6). Subsequent studies could examine the poten-
tial targeting of these processes by U. maydis effectors, and the
location and biochemical activities of the key functions revealed
by virulence assays with maize mutants.

EXPERIMENTAL PROCEDURES

Plant and fungal growth conditions

Maize seeds were planted in 340-cm? pots and grown in standard soil in
a glasshouse with long-day conditions. All experiments, except infection
studies of Z. mays mutants, were conducted with the Golden Bantam vari-
ety. Other maize lines and mutants used in this study were su? (W64a)
and id? (B73), and their respective wt lines. The maize lines were
obtained from Drs Alan Myers and Joseph Colasanti and, in the case of
the id7 mutants, the genotypes of each plant were confirmed by PCR. Pri-
mers for idl were IdF (GAGCTCTGGGGGACTTGACTG), IdR4
(CTAGGTTTTCTCTCGATCCGTCCG) and  DsR  (GCTTTCTTGCATGG-
GATGGGCCTC). The sul mutant line was the reference inbred line in the
W64a background. The haploid U. maydis strains 001 (a2b2) and 002
(a7b7) were employed. Fungal strains were grown on potato dextrose
agar (PDA) plates or in liquid cultures of potato dextrose broth (PDB) or
MM at 30°C and 200 rpm.

RNA-Seq analysis

Seven-day-old seedlings were infected with a mixture of 001 and 002
fungal cells. Ustilago cells were grown overnight in 5 ml of PDB and
washed three times in distilled H,0. The cell number was determined
with a haemocytometer and 5 X 10° cells/mL of each strain were
mixed to achieve the mating culture of 1 X 107 cells/mL in distilled
H,0. Golden Bantam seedlings were infected 7 days after planting at
the VE (one to two leaf tips) stage by injecting mating culture into the
crown area (0.5-1.0 cm above the soil level) into the centre of the
seedling shoot. At day 17 (V3) after planting (i.e. 10 dpi), tumours
which formed at the crown area between the soil and the first collar
(i.e. up to 5 cm above the crown area in the seedling stem) were har-
vested from multiple plants (three plants per replicate). Corresponding
tissue of uninfected plants was harvested. Infected plants showed
slightly stunted growth compared with uninfected plants (~33%
reduced). Tumours started to form with the initial sign being the
appearance of chlorosis. Three uninfected and infected biological repli-
cates were used. The plant material was frozen in liquid nitrogen and
ground to a fine powder in a liquid nitrogen-cooled mortar with a pes-
tle. The frozen powder of infected and uninfected corn plants was
transferred to 1 mL of extraction buffer and RNA was extracted accord-
ing to the manufacturer's recommendations (RNAeasy kit, Qiagen,
Toronto, ON, Canada). An on-column DNAse | treatment was con-
ducted. RNA concentrations were determined with a Nanodrop spec-
trophotometer (Fisher Scientific, Ottawa, ON, Canada) and the
integrity of the RNA was checked on a denaturing RNA gel.

The RNA quality control, library preparation, sequencing and part
of the bioinformatic analysis for the six samples (three infected and

three uninfected) was conducted by GENEWIZ with a 1 X 50 configura-
tion on an Illumina HighSeq (Genewiz, South Plainfield, NJ, USA) plat-
form according to the manufacturer's recommended protocols. Raw
reads were quality trimmed using Trimmomatic v. 0.32 employing the
following settings (Bolger et al, 2014): ‘ILLUMINACLIP:TruSeq3-
PE.fa:2:30:10 LEADING:10 TRAILING:10 SLIDINGWINDOW:5:10 MIN-
LEN:50". Filtered RNA-Seq reads were aligned to the Z. mays B73
genome at http://www.maizegdb.org/version 2 using TopHat v. 2.0.13.
Transcript assembly based on aligned reads was performed using Cuf-
flinks 2.1.1 (Trapnell et al., 2009, 2010). Read counts per gene were
normalized amongst libraries by calculating the reads per kilobase of
exon per million mapped reads (RPKM; Mortazavi et al., 2008). RPKM,
differential expression fold changes and significance thresholds were
calculated using the R package cummeRbund version 0.1.3 using the
method of Trapnell et al, 2009, 2010 (Method 1). Additional data
analyses were conducted by GENEWIZ (Method 2) and in house with a
differential expression analysis as described previously (Method 3;
Anders and Huber, 2010). In addition to reference genome-guided dif-
ferential expression analyses, transcripts were assembled de novo
directly from filtered RNA-Seq reads. For this, Trinity version 2.1.0 was
used in default settings to generate contigs of individual transcripts
(Method 1; Grabherr et al., 2011).

The results from all three analyses were combined to determine the final
expression values, fold changes and P values for the top regulated maize
genes and the classical gene list. Furthermore, g-values were also deter-
mined for analyses 1 and 3. In general, expression changes of the three
uninfected samples compared with the three infected samples were consid-
ered to be significantly different if the Pvalue was below 0.05. More specifi-
cally, several conditions were used for the categorization of the genes into
the highest up- and down-requlated categories. First, a gene was only
included in the analysis if it was expressed in all three biological replicates
of a given condition (e.g., infected or uninfected). Second, a gene had to
have an average RPKM of ~1 (10 times the detection limit, as determined
by gPCR). Third, a gene had to have the same trend in all three biological
replicates; it was excluded if it was only highly expressed in one replicate of
the condition, but the other replicates were similar to the three replicates of
the second condition. Genes that showed different expression between the
different analysis methods were also excluded, as they indicate gene anno-
tation problems between the different analysis methods. The expression val-
ues of all known maize transcripts are shown in Table S1 (parts 1 and 2).
Expression changes were calculated with infected divided by uninfected val-
ues: 2 and 0.5 equal up-regulated two-fold and down-regulated two-fold,
respectively. Additional information on the bioinformatics analysis of the
RNA-Seq data is given in Text S1. The data have been deposited in the
National Center for Biotechnology Information (NCBI) Short Read Archive
under accession numbers SRR3203312 to SRR3203318.

Validation of RNA-Seq data

RNA was extracted from seedlings at 10 dpi, tassels at 15 dpi and ears at
14 dpi to validate the RNA-Seq data and to check the expression of the
chosen genes in other infected organs (tassel and ear). Tassels and emerg-
ing ears were infected as described previously (Gao et al., 2013; Walbot
and Skibbe, 2010). RNA was extracted with a citrate—sodium dodecylsul-
phate (SDS)-based buffer system, as described previously (Kretschmer
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et al, 2014). RNA was DNAse | treated with the Ambion DNAse free turbo
kit and 1 pg of total RNA was transcribed into cDNA with the verso cDNA
kit (Fisher Scientific, Ottawa, ON, Canada). Relative quantification of gene
expression was performed with elongation-factor 1 and actin-
depolymerization-factor alpha as control genes. Expression changes were
determined with the AACT method for the genes in Table S7 (see Sup-
porting Information).

Infection of Z. mays mutants to determine
susceptibility to U. maydis

One-week-old seedlings of the different mutants and corresponding wt
plants were infected with 50 L of mating culture, prepared as described
above for the RNASeq analysis, except that the final cell concentration
was 5 X 10° cells/mL to generate a wider range of symptoms. This
approach allows the scoring of increased and decreased symptoms of the
infected plants. The infections were scored after 14 days, as described
previously (Kretschmer et al,, 2012). The su? mutant showed delayed ger-
mination. Thus, seedlings of the mutant and the control wt line were
infected at 10 days after planting.

Glucose and sucrose treatment during infection

Fourteen-day-old seedlings were injected with a mixture of 001 and 002
wt cells at 5 x 10° cells/mL using a 26-gauge needle. The infection was
allowed to progress for 60 h before the different treatments were started.
Fifty microlitres of water at pH 7.0 and containing 0.438 m sucrose or 1 m
glucose were injected at the site of infection with a 30-gauge needle at
each time point (Peng et al, 2013). The treatments were conducted in
two 5-day blocks with a 1-day break. Controls included uninfected and
untreated plants, and uninfected plants that were treated with the differ-
ent solutions (water pH 7.0, 0.438 m sucrose or 1 m glucose). Infected
plants included the untreated but infected control and infected plants
treated with the solutions. Weak and small plants were eliminated at the
beginning of the treatments. Secondary infections were also eliminated.
Control plants and infected plants were evaluated at 14 dpi.

Silver nitrate treatment

Silver nitrate was added to the soil before planting the seeds at 0 g, 1 g
(0.165 g/L soil), 2.5 g (0.412 g/L soil) and 5 g (0.823 g/L soil) per tray.
Seeds were planted directly in the soil and the pots were transferred to
trays and hand watered during the treatment. Ustilago maydis strains
were grown and used for infection as described above in the section on
Plant and fungal growth conditions. Control plants and infected plants
were evaluated at 14 dpi.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s website:

Fig. S1 RNA-sequencing (RNA-Seq) read quality control, P
value distribution and top 50 up- and down-regulated genes
shown in a heat map. (A) g-value distribution of the three
uninfected and three infected libraries. (B) Distribution of
P values of expressed genes of the three uninfected relative to
three infected libraries. P values below 0.05 are considered to
be significantly different. (C) Heat map of the top 50 up- and
down-regulated host genes during tumour formation.

Fig. S2 Expression of key carbohydrate metabolism genes dur-
ing tumour formation. Blue arrows indicate significant down-
regulation of genes or entire gene families at the indicated
steps by at least two-fold. Red arrows indicate significant up-
regulation of genes or entire gene families at the indicated
steps by at least two-fold. Red (up-regulation) or blue (down-
regulation) text highlights the changes in key aspects of the
pathways. Leaf or flower indicates the preferred expression of
the genes in different maize tissues.

Fig. S3 Silver nitrate treatment in the soil reduces fungal viru-
lence. Zero grams, 1 g (0.165 g/L soil), 2.5 g (0.412 g/L soil) or
5 g (0.823 g/L soil) of AgNO3 per tray were added to the soil
before planting the maize seed. The small seedlings were
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infected 7 days after planting. After 14 days, the disease symp-
toms were scored (DI, disease index) (A). Control plants
showed a silver dose-dependent reduction in growth and
increased anthocyanin formation in the stem (B). Increasing sil-
ver concentrations reduced the disease symptoms (C). Infection
studies were repeated three times with different concentra-
tions. Significance levels: *P < 0.05; **P<0.01. Standard devi-
ations are shown.

Fig. S4 Starch as single carbon source does not support fungal
growth. The growth of Ustilago maydis was supported with 1%
glucose or 1% starch with 1% «-amylase as single carbon source
in minimal medium (MM). 1% starch alone did not support the
growth of the haploid strain or the solo-pathogenic strain. 1% o-
amylase alone led to minor fungal growth, most likely because of
carbon sources in the enzyme storage buffer (e.g. glycerol).

Fig. S5 Summary of the major metabolic changes predicted by
transcriptome analysis of maize genes during tumour formation
by Ustilago maydis. Functions in red were up-regulated,
whereas those in blue were down-regulated.

Table S1 Expression of all B73 transcripts, highest up- and
down-regulated genes, regulation of transcription factors and
regulation of pathway genes during tumour formation. The fold
changes reflect the level in infected tissue divided by that in
uninfected tissue, e.g. 2 and 0.5 equal up-regulated two-fold
and down-regulated two-fold, respectively.

Table S2 Expression of Golden Bantam-specific transcripts and
highest up- and down-regulated genes. The fold changes reflect
the level in infected tissue divided by that in uninfected tissue,
e.g. 2 and 0.5 equal up-regulated two-fold and down-regulated
two-fold, respectively.

Table S3 Confirmation of the RNA-sequencing (RNA-Seq) expres-
sion changes for selected genes in seedling stems and in tumours
in tassels and ears. The fold changes reflect the level in infected
tissue divided by that in uninfected tissue, e.g. 2 and 0.5 equal
up-regulated two-fold and down-regulated two-fold, respectively.
Table S4 Gene ontology (GO) term enrichment analysis of up-
and down-regulated functions during tumour formation.

Table S5 Regulation of genes from the classical gene list of
Zea mays during tumour formation induced by Ustilago maydis
in seedling stems at 10 days post-inoculation (dpi). The fold
changes reflect the level in infected tissue divided by that in
uninfected tissue, e.g. 2 and 0.5 equal up-regulated two-fold
and down-regulated two-fold, respectively.

Table S6 Categorization of genes from the classical gene list into
functional groups and their regulation during tumour formation.
Table S7 Primers used in this study.

Text S1 Supporting experimental procedures, and results and
discussion.
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