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Abstract

Background: Phakopsora pachyrhizi, the causal agent responsible for soybean rust, is among the top hundred most
virulent plant pathogens and can cause soybean yield losses of up to 80% when appropriate conditions are met.
We used mRNA-Seq by Illumina to analyze pathogen transcript abundance at 15 seconds (s), 7 hours (h), 48 h, and
10 days (d) after inoculation (ai) of susceptible soybean leaves with P. pachyrhizi to gain new insights into transcript
abundance in soybean and the pathogen at specific time-points during the infection including the uredinial stage.

Results: Over three million five hundred thousand sequences were obtained for each time-point. Energy,
nucleotide metabolism, and protein synthesis are major priorities for the fungus during infection and development
as indicated by our transcript abundance studies. At all time-points, energy production is a necessity for P. pachyrhizi,
as indicated by expression of many transcripts encoding enzymes involved in oxidative phosphorylation and
carbohydrate metabolism (glycolysis, glyoxylate and dicarboxylate, pentose phosphate, pyruvate). However, at 15 sai,
transcripts encoding enzymes involved in ATP production were highly abundant in order to provide enough energy
for the spore to germinate, as observed by the expression of many transcripts encoding proteins involved in electron
transport. At this early time-point, transcripts encoding proteins involved in RNA synthesis were also highly
abundant, more so than transcripts encoding genes involved in DNA and protein synthesis. At 7 hai, shortly after
germination during tube elongation and penetration, transcripts encoding enzymes involved in deoxyribonucleotide
and DNA synthesis were highly abundant. At 48 hai, transcripts encoding enzymes involved in amino acid
metabolism were highly abundant to provide for increased protein synthesis during haustoria maturation. During
sporulation at 10 dai, the fungus still required carbohydrate metabolism, but there also was increased expression of
transcripts encoding enzymes involved in fatty acid metabolism.

Conclusion: This information provides insight into molecular events and their timing throughout the life cycle of
the P. pachyrhizi, and it may be useful in the development of new methods of broadening resistance of soybean to
soybean rust.
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Background

Phakopsora pachyrhizi, the causal agent of soybean rust
(SR), is among the top hundred most virulent plant
pathogens. P. pachyrhizi can infect at least 89 different
plants from bean to lupine. In the United States, soybean
(Glycine max) is the only crop for which a yield effect
has been reported from P. pachyrhizi infection. Infection
has been reported on other crops in the U.S., but these
infections are of limited scope with no apparent economic
impact. These crops include scarlet runner bean, lima
bean, and kidney bean. Kudzu and beggarweed have also
been identified in the U.S. as non-crop host plants [1-4].

In Asia, where the pathogen originated, soybean yield
losses range from 20% to 80% following P. pachyrhizi
infection [5,6]. Soybean in South America is also highly
affected by SR. Since 2001, when the disease was first
observed in Paraguay [7], soybean yield losses of 10% to
50% have been quite common [8]. The SR disease moni-
toring program established in the U.S. allows farmers to
respond quickly to outbreaks of SR infection by apply-
ing fungicides when and where SR disease develops to
avoid yield losses. Although fungicide application de-
creases P. pachyrhizi development on soybean crops,
the spread of the disease throughout the US has still in-
creased over the past several years. In 2009, Mississippi
recorded for the first time a yield reduction associated
with SR disease, of between 8% and 25% [9]. Since 2010,
the precarious state of funding of the U.S. monitoring
program has provided impetus to researchers to under-
stand the interaction between P. pachyrhizi and its soy-
bean host and to identify new forms of resistance to this
pathogen in soybean. Most of the efforts to develop new
resistance in commercial soybean cultivars have been
concentrated on the identification of soybean genes from
six major loci (Rpp1-Rpp6 and Rpp?) conferring resistance
to P. pachyrhizi [10-13]. The specific gene responsible for
SR resistance mediated by the Rpp4 locus was identified
by Meyer et al. [14] as encoding a gene belonging to the
CC-NBS-LRR family of disease resistance genes showing
greatest similarity to the RGC2 family of disease resistance
genes from lettuce.

P. pachyrhizi is an obligate biotroph which makes it
hard to study as a unique entity. Fungal spores are spread
by air currents and once they land on a leaf surface and
optimal growth conditions are reached, they begin to
germinate and form appressoria. This first stage of rust
infection, named the pre-penetration stage, happens within
24 h of a spore landing on the leaf. This is the only in-
fection stage occurring outside the host. The germin-
ation step can be reproduced in water. Posada-Buitrago
and Frederick [15] and Stone et al. [16] isolated mRNA
from germinating P. pachyrhizi urediniospores and appres-
soria, constructed cDNA libraries, and sequenced 488
and 1,029 unique expressed sequence tags (ESTs) respectively
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available at NCBL Since then more P. pachyrhizi ESTs
from this specific physiological stage have been added to
the NCBI database as well as ESTs from germinating
spores of other plant pathogenic fungi such as Puccinia
striiformis f. sp. tritici [17], P. triticina [18], Ustilago maydis
[19] and Fusarium oxysporum [20]. Following the pre-
penetration stage up to 48 hours after a spore lands, in-
fection hyphae form that allow direct penetration inside
the host and subsequent formation of primary haustoria
mother cells (HMCs). This second step in infection is
named the penetration stage.

From the formation of HMCs to eight days after spore
landing, fungal intercellular hyphae grow between host
palisade and mesophyll cells, more haustoria cells are
produced, and uredinia arise as a result of hyphae aggre-
gation. During this colonization stage, haustorial cells
can be isolated using a protocol established by Hahn
and Mendgen [21]. Loehrer and Schaffrath [22] isolated
P. pachyrhizi haustoria, extracted RNA, constructed a
c¢DNA library, and sequenced the whole haustorial
transcriptome, resulting in 111,440 de-novo assembled
contigs. Transcript abundance in haustorial cells has
also been studied in few other rusts including P.
striiformis f. sp. tritici, Uromyces appendiculatus, U.
fabae, and Melampsora lini [23-26].

Fewer studies have been conducted on transcript abun-
dance within hyphae since they are hard to isolate from
plant material. However, more transcript abundance stud-
ies have been done on ¢cDNA libraries constructed from
mRNA extracted from whole infected leaves at different
time-points along the infection process. There are 5,981
ESTs from soybean cultivar Williams 82 at 6 to 8 days
after inoculation (dai) with urediniospores of P. pachyrhizi
isolate Taiwan 72-1 (TW72-1) and 6,390 ESTs from
soybean cultivar Williams 82 at 13 to 15 dai with ure-
diniospores of P. pachyrhizi isolate TW72-1 deposited in
the NCBI database (Posada-Buitrago et al., 2006; unpub-
lished data). Although the majority of these ESTs corres-
pond to soybean genes, some correspond to P. pachyrhizi
genes.

Between nine and ten days after urediniospores land
on the leaf surface, new urediniospores are produced
inside the uredinium. This represents the sporulation
stage. Urediniospore production can extend up to three
weeks from the generation of the first uredinium, but
secondary uredinia can maintain sporulation for up to
15 weeks [27]. During the sporulation stage, the plant
cuticle is ruptured and urediniospores are released into
the environment. Transcript abundance analyses were
performed on urediniospores of P. pachyrhizi collected
on soybean infected leaves by Posada-Buitrago et al. in
2006 (unpublished), resulting in 2,122 ESTSs being deposited
in the NCBI database. Similar analyses were performed on
spores of P. striifromis f. sp. tritici [28].
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Although obligate biotrophic organisms are difficult to
study during the infection process, laser capture micro-
dissection (LCM) can help to circumvent this difficulty
by enabling the dissection of infected tissue precisely
enough to isolate the organism within the host. Our re-
search team used LCM to isolate uredinia of P. pachyrhizi
formed 10 dai on leaves of the susceptible soybean cultivar
Williams 82, and we analyzed transcript abundance at
this specific stage of P. pachyrhizi development [28].
Sanger sequencing of our library allowed us to generate
a limited number of ESTs. More recently, Hacquard et al.
[29] used LCM to isolate uredinial sites corresponding
to spores and sporogenous hyphae, fungal infection tis-
sues in spongy mesophyll, and fungal infection tissues
in palisade mesophyll from poplar leaves 4 and 7 dai
with Melamspora larici-populina. RNA was extracted
and amplified from the cells isolated by LCM and the
RNA was hybridized to whole-genome exon oligoarrays
of M. larici-populina. Even though array technology pro-
vides the means to study the expression of many genes,
it does not allow the discovery of new genes. Based on
these limitations, we deep-sequenced cDNA libraries of
soybean cultivar Williams 82 inoculated with P. pachyrhizi
along a time-course of infection using the Illumina plat-
form to generate a more in-depth transcript abundance
profile of the genes expressed by soybean and P. pachyrhizi
simultaneously. One objective of this study was to iden-
tify P. pachyrhizi abundant transcripts present at differ-
ent times during an infection process, build a model of
what is happening during the infection process based on
transcript abundance and, choose target genes for silen-
cing or overexpression in order to produce a resistant
plant. This information will help us to better understand
the infection process of P. pachyrhizi on soybean plants
and provide new ways to engineer soybean plants to
fight the pathogen attack. This manuscript described
transcript abundance profile of genes expressed by
P. pachyrhizi and provides insights into the uredinial
stage and infection process of P. pachyrhizi at the mo-
lecular level. We show that genes encoding enzymes
involved in specific biochemical pathways are expressed
at specific time points to help meet the requirements of
P. pachyrhizi to successfully parasitize soybean and pro-
duce urediniospores.

Results and discussion

mRNA sequencing of soybean infected with
Phakopsora pachyrhizi

Four time-points were chosen for this study, namely
fifteen seconds after inoculation (15 sai), seven hours
after inoculation (7 hai), 48 hai, and 10 days after inocula-
tion (dai) representing pre-penetration, colonization, and
sporulation stages. Since we are interested in identifying
P. pachyrhizi transcripts abundant during the infection
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process to engineer a strategy of host resistance, knowing
which genes are expressed as the earliest infection stage
may be key. For this reason, we chose 15 sai and 7 hai
when urediniospores get in contact with their soybean
host and begin to germinate. Stopping these steps by si-
lencing a gene highly expressed or over-expressing a
down-regulated gene during this specific stage may be a
good strategy. Haustoria are infection structures playing
many important roles during the infection process. Thus,
knowing which genes are expressed at 48 hai correspond-
ing to the colonization stage where haustoria develop is
crucial to understanding the process of pathogen infec-
tion. Even though the sporulation stage occurs late in the
infection process (10 dai), it is still important, because
slowing down or preventing urediniospores formation will
reduce secondary infection on plants and spread to other
fields. For all these reasons, 15 sai, 7 hai, 48 hai and 10 dai
were chosen, RNA was isolated from soybean trifoliate
leaves inoculated with P. pachyrhizi at these specific time-
points, and cDNA was sequenced. Between 3,510,311 and
9,082,363 reads per lane was obtained. Table 1 described
reads information associated with each time-point.

Reads not aligning to the soybean genome were
separated from reads aligning to the soybean genome and
analyzed as potential P. pachyrhizi sequences. Between 23
and 55 percent of the total reads per lane were considered
as potential P. pachyrhizi sequences; sequences which
were then assembled to build de-novo transcripts (Table 1).
Even though our analysis has been focused on contigs of
75 bp and longer, some additional contigs shorter than
75 bp have been included based on their importance in
different metabolic pathways and developmental pro-
cesses. Table 2 listed some examples of these contigs.

As previously mentioned, sequence information from
P. pachyrhizi is limited and mostly derived from ¢cDNA
libraries constructed from mRNA extracted from uredin-
iospores and germinated urediniospores as well as from
whole infected soybean leaves from 6 to 15 dai. By using a
deep sequencing strategy, we sequenced and generated
27,715 contigs from four time-points which represent a
little more than half of what is available at NCBI for
P. pachyrhizi (49,596 ESTs). By using mRNA-Seq, we also
obtained sequences from additional infection stages in-
cluding 15 sai, 7 hai and 48 hai which were not yet cov-
ered at NCBI public databases. From the present data
set only 8,673 contigs shared similarity to P. pachyrhizi
ESTs previously identified. Thus, more than 19,000 contigs,
more than two-thirds of the total number of contigs,
represent newly identified P. pachyrhizi transcripts.
Using genomic, transcriptomic, proteomic, and metab-
olomic information available from other rusts and patho-
genic fungi, we interpreted our deep sequencing data in
relation to the needs and requirements of P. pachyrhizi
during infection of susceptible soybean leaves.
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Table 1 Summary of sequenced reads throughout a soybean-P. pachyrhizi infection study

Time-points SRA accession # Raw reads # QA/QC? reads after all filtering # De-novo transcripts
15 sai SRR445529 4,467,871 1,220,368 6531

7 hai SRR610280 7,543,421 2,997,508 4627

48 hai SRR610284 9,082,363 2,124,743 4273

10 dai SRR445528 3,510,311 1,947,057 12284

®Quality Assurance/Quality Control.

Genes encoding enzymes involved in energy production
and carbohydrate metabolism were abundant at all
time-points
The number of DNA sequence reads building each contig
was used to determine amount of expression of each gene.
This was used to compare transcript abundance among
all time-points. There was an increase in the number of
different transcripts identified from 15 sai to 10 dai,
suggesting that as the fungus grows, spreads, and ma-
tures, it expresses more genes to complete its infection.
At 48 hai and 10 dai, approximately 70% and 90% of the
transcripts encoding proteins sharing similarity to known
proteins identified in different databases were up-regulated
while at 7 hai only approximately 30% of the transcripts
encoding proteins sharing similarity to known proteins
identified in different databases were up-regulated.
Forty transcripts encoding proteins sharing similarity
to known proteins identified in different databases were
common to all time-points. The expression of approxi-
mately half of these transcripts encoding proteins de-
clined at 7 hai compared to 15 sai, followed by an

impressive increase at 48 hai of the expression levels of
all except three of these transcripts encoding proteins.
At 10 dai, the expression of approximately two thirds of
these transcripts decreased while the expression of one
third still increased. For example, the expression of genes
encoding certain enzymes in gluconeogenesis suggests
that the pathway direction where [-D-glucose 1,6-
bisphosphate is converted in B-D-glucose 1,6-phosphate
by fructose-1,6-phosphatase I (3.1.3.11) changed at 15 sai,
either for energy storage or for providing glucose-6-phos-
phate for the pentose phosphate pathway for NADH pro-
duction. However, the expression of these genes encoding
enzymes involved in this pathway was down-regulated at
7 hai in favor of genes encoding proteins involved in
pyruvate production (Figure 1A). Changes in transcript
abundance were also observed in other metabolic pro-
cesses between 15 sai and 7 hai such as fructose and man-
nose metabolism, pentose phosphate pathway and
nitrogen metabolism. Further investigations are needed to
understand why these changes occur between induction
of germination and 7 hai.

Table 2 Contigs of importance, shorter than 75 bp, taking into account in our analysis

Contig length Similarity search results E.C. number  k-mer coverage = Normalized coverage
70 bp NADH dehydrogenase subunit f 1653 1.54 2450
62 bp Fructose-1,6-bisphosphatase 31311 1.62 2.790
72 bp Pectin methylesterase 1 N.AZ 1.58 2473
69 bp Penicillin amidase 35111 1.71 2.744
64 bp Polyphosphate kinase 2.74.1 1.26 2122
59 bp Xanthine dehydrogenase 11714 1.35 2414
50 bp Gamma-glutamyl phosphate reductase N.A. 1.78 3.708
55 bp Methylenetetrahydrofolate reductase N.A. 1.72 3.262
73 bp Pyrophosphate-dependent phosphofructokinase 27.1.11 1.56 2423
52 bp Urease 3515 1.09 2.180
68 bp Glucokinase 2712 147 2.380
58 bp Malate dehydrogenase 1.1.1.37 1.96 3.553
59 bp Phosphoribosylformylglycinamidine cyclo-ligase 6.33.1 1.52 2718
54 bp Phosphoribosylaminoimidazole carboxylase 4.1.1.21 2.14 4127
56 bp Pyruvate dehydrogenase (acetyl-transferring) 1.24.1 1.57 2931
51 bp 2,3-bisphosphoglycerate-independent phosphoglycerate mutase 5421 1.1 2264
65 bp NAD-specific glutamate dehydrogenase 1412 1.81 3017

?Not applicable since no E.C. number has been allocated to these proteins.
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Figure 1 Representation of the glycolysis pathway in which regulation status of transcripts encoding enzymes identified at (A) 7 hai,
compared to 15 sai, (B) 48 hai, compared to 7 hai, and (C) 10 dai, compared to 48 hai, is annotated. Boxes colored in red represent
enzymes encoded by down-regulated transcripts; boxes colored in green represent enzymes encoded by up-regulated transcripts; while boxes
colored in yellow represent enzymes encoded by transcripts with varied regulatory status. Boxes colored in black represent enzymes encoded by
transcripts identified at the experimental time-point but not at the previous time point.

Energy, nucleotide metabolism, and protein synthesis
are major priorities for the fungus during infection and
development. At all-time points, energy production is a
necessity for P. pachyrhizi, as indicated by expression of
many transcripts encoding enzymes involved in energy
production such as the expression of genes encoding
enzymes of the oxidative phosphorylation pathway,
glycolysis, glyoxylate and dicarboxylate metabolism, the
pentose phosphate pathway, and pyruvate metabolism.
Figure 1 illustrates expression of genes encoding enzymes
involved in gluconeogenesis. Fructose-1, 6-bisphosphatase I
(E.C. 3.1.3.11) is responsible of the conversion of the
beta-D-fructose 1,6-bisphosphate in beta-D-fructose 6-
phosphate (Figure 1A). At 15 sai, the transcript level of this
gene was high. However, its expression decreased at 7 hai
as well as at 48 hai and 10 dai while other enzymes were
up-regulated, including those responsible for NADH and
ATP synthesis and many more important precursor meta-
bolites throughout the pathway, such as glyceraldehyde-
3-phosphate dehydrogenase (E.C. 1.2.1.12) and phospho-
glycerate kinase (E.C. 2.7.2.3; Figure 1C). Figure 2 illustrates
expression of genes encoding enzymes involved in the oxi-
dative phosphorylation pathway important for energy pro-
duction. At 15 sai, our transcript abundance data suggest
that the major source of energy was coming from reduction
of NADH through via complex V of the oxidative phos-
phorylation pathway, as indicated by high abundance of
transcripts encoding ATP synthase (E.C. 3.6.3.14), involved

in ATP production through ATP synthase (Figure 2A).
However at 7 hai, energy is produced by complex I and IV
according to the increased expression level of different
NADH dehydrogenases (E.C. 1.6.5.3) and cytochrome -c
oxidase (E.C. 1.9.3.1.) (Figure 2A). In comparison, at 48 hai
protons were principally produced through complex IV
(Figure 2B), according to the abundance of transcripts en-
coding cytochrome-c oxidase (E.C. 1.9.3.1). Later still, at 10
dai, protons were produced through complexes II, IV and
V of the oxidative phosphorylation pathway, according to
the abundance of transcripts encoding succinate dehydro-
genase (E.C. 1.3.99.1 and 1.3.5.1), cytochrome-c oxidase
(EC. 193.1), F-type H+ -transporting ATPase (E.C.
3.6.3.14), and H + —transporting ATPase (E.C. 3.6.3.6)
(Figure 2C). Figure 3 depicts the expression of genes encod-
ing enzymes involved in arginine and proline metabolism.
The transcripts encoding enzymes important to this path-
way, for example glutamine synthetase (E.C. 6.3.1.2), were
down-regulated at 7 hai (Figure 3A) and were up-regulated
later at 48 hai and 10 dai (Figure 3B-C). Relative expres-
sion levels of genes encoding enzymes involved in these
three metabolic pathways (Figures 1, 2 and 3) are color
coded as explained in the figure legend.

Genes encoding enzymes of energy production are
abundant in urediniospores

Of the 6,531 contigs identified at 15 sai, 1,054 contigs
displayed similarities to DNA sequences in different
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Figure 2 Representation of the oxidative phosphorylation pathway in which regulation status of transcripts encoding enzymes identified
at (A) 7 hai, compared to 15 sai, (B) 48 hai, compared to 7 hai, and (C) 10 dai, compared to 48 hai, is annotated. Color coding as in Figure 1.
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Figure 3 Representation of arginine and proline metabolism in which regulation status of transcripts encoding enzymes identified at (A) 7 hai,
compared to 15 sai, (B) 48 hai, compared to 7 hai, and (C) 10 dai, compared to 48 hai, is annotated. Color coding as in Figure 1.
.
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P. pachyrhizi EST libraries. From these, only about 30%
shared significant similarity to known proteins.

Of the remaining 5,477 contigs without similarity to
publicly available P. pachyrhizi ESTs, our blastx ana-
lysis found that only 15% displayed significant similar-
ities to genes encoding proteins listed in the various
databases. Figure 4A illustrates the percentage of all
identified transcripts sharing similarity to genes enco-
ding fungal proteins belonging to various functional
categories.

Even though we collected soybean leaves as early as 15
sai, the urediniospores were not in a quiescent state since
they were manipulated during inoculum preparation and
plant inoculation. Many fungal transcripts were present.
Indeed, many transcripts sharing similarity to genes encod-
ing enzymes involved in energy production were identified,
including several encoding electron transport proteins such
as the ATP synthase beta subunit (E.C. 3.6.3.14), ferre-
doxin, NADH dehydrogenase (E.C. 1.6.5.3) subunit 4 and
subunit f, cytochrome monohaem, electron carrier oxido-
reductase, and fructose-1,6-bisphosphatase (E.C. 3.1.3.11).
Transcriptome analysis followed by proteome analysis on
dormant Trychophyton rubrum conidia indicated that
many genes and proteins belonging to glycolysis, the
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pyruvate dehydrogenase complex, and the oxidative phos-
phorylation machinery were transcribed [30,31]. These re-
sults indicate that transcription and translation of genes
involved in energy production and carbohydrate metabol-
ism also occurs earlier than 15 sai. In addition, early stud-
ies demonstrated that spore germination was dependent
on the function of the standard, cytochrome-mediated
electron transport system in Botryodiplodia theobromae
[32] and Neurospora crassa [33], wherein all of the en-
zyme components in this standard pathway, such as
cytochrome-c oxidase and F1FO-type ATP synthase,
appeared to be assembled and preserved. These results are
consistent with what we observed at 15 sai where tran-
scripts encoding for these enzymes were abundant.

On the other hand, we also identified transcripts at
15 sai that shared similarity to genes encoding proteins
involved in transcription, specifically RNA polymerases.
Active RNA polymerases have been found previously in
ungerminated Rhizopus stolonifer spores [34] as well as
some other fungi [35] meaning that their presence at
15 sai is not surprising.

Figure 5A is a schematic representation of events oc-
curring into a susceptible soybean leaf about 15 sai with
P. pachyrhizi. There was abundance of transcripts

A B

transcripts found in each category is represented.

Figure 4 Functional categorization of potential new Phakopsora pachyrhizi transcripts identified at (A) 15 sai, (B) 7 hai, (C) 48 hai, and
(D) 10 dai following protein and conserved domain similarity searches against various databases. The percentage of potential new
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encoding complexes I, IV, and V involved in oxidative
phosphorylation that would be able to produce energy
for RNA transcription. Energy may also be produced by
other metabolic pathways as indicated by the abundance
of transcripts encoding enzymes involved in glycolysis
(not shown on the schema). This energy is used by the
RNA polymerases to transcribe all genes necessary for
the subsequent step of fungal growth.

Genes encoding enzymes involved in nucleotide metabolism
are abundant during urediniospore germination

Of the 4,627 contigs identified at 7 hai representing
abundant transcripts during urediniospore germination,
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624 contigs displayed similarities to DNA sequences in
P. pachyrhizi EST libraries. Of the remaining 4,003 contigs
without similarity to publicly available P. pachyrhizi ESTs,
our blastx analysis found that only 15% displayed signifi-
cant similarities to genes encoding proteins listed in the
various databases. Figure 4B illustrates the percentage
of all identified transcripts sharing similarity to genes
encoding fungal proteins belonging to various functional
categories.

A high number of transcripts at 7 hai shared similarity
to genes encoding enzymes involved in nucleotide me-
tabolism, such as genes encoding cytosine deaminase,
phosphoribosylaminoimidazole carboxylase (E.C. 4.1.1.21),

A

Amino acid

X

)09 e] 00
NI

OO

=

!
_<-— Glucose-6-phosphate

Glycogenolysis >
Gluconeogenesis _

Acetyl CoA

Figure 5 Schematic representation of events occurring in the pathogen during the infection process; A) 15 sai; B) 7 hai, C) 48 hai, and
D) 10 dai of a susceptible soybean leaf with Phakopsora pachyrhizi. Drawing in black represents a cross-section of a soybean leaf where
zone 1 represents the upper cuticle, zone 2 the upper epidermis cell layer, zone 3 the palisade mesophyll cell layer, zone 4 the spongy mesophyll
cell layer, zone 5 the lower epidermis cell layer, and zone 6 the lower cuticle. Drawing in brown represents P. pachyrhizi structures on and inside
the soybean leaf showing spore (S), mitochondrion (M), germ tube (GT), appressorium (A), primary hypha (PH), infectious hyphae (IH), haustorium (H),
and uredinium (U). Metabolic pathways, proteins, E. C. numbers, products, and substrates colored in blue are activated or expressed; those colored in
green are up-regulated compared to the previous time-point; and those colored in red are down-regulated compared to the previous time-point;
while boxes colored in yellow represent enzymes encoded by transcripts with varied regulatory status. Metabolic pathways, proteins, EC. numbers,
products, and substrates colored in black were not activated or expressed in the present data set.
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xanthine dehydrogenase (E.C. 1.17.1.4), phosphoribosyl-
formylglycinamidine cyclo-ligase (E. C. 6.3.3.1), and ribo-
nucleoside triphosphate reductase (E.C. 1.17.4.2). Many
of these enzymes are directly involved in deoxyribonu-
cleotide and DNA synthesis, while others are involved
in aminoimidazole ribotide (AIR) synthesis, which is a
precursor of thiamine. Three major classes of macro-
molecules synthesized rapidly once fungal germination
takes place are DNA, RNA and proteins. Interestingly, a
pool of transcripts ready to be translated is not always
present in ungerminated fungal spores. Indeed, dormant
ascospores and conidia of Neurospora crassa lack
mRNA [36], as do ungerminated conidia of Fusarium
solani [37], ungerminated basidiospores of Schizophyllum
commune [38], ungerminated spores of Dictylostelium
purpureum [39], and dormant conidia of Penicillium
chrysogenum [40]. The low number of transcripts identi-
fied at 15 sai compared to other time-points in the
present data set suggests that there is no latent pool of
mRNAs present in P. pachyrhizi urediniospores as well.
Even though the levels of adenosine triphosphate,
guanosine triphosphate, cytidine triphosphate, and uridine
triphosphate in P. pachyrhizi urediniospores are unknown,
in other fungi such as dormant spores of Dictyostelium
discoidenum, the relative levels of these nucleotides is
greater than or equal to their levels observed in germi-
nated spores [41]. All together, this suggests that RNA
synthesis can occur rapidly after P. pachyrhizi uredin-
iospores are deposited on the soybean leaf and even be-
fore that point which is consistent with the high level
of RNA polymerase expression 15 sai exposed in the
previous section. This also occurs during germination
of Rhizopus stolonifer sporangiospores, where synthesis
of all classes of RNA occurred within a few minutes after
the sporangiospores were placed on germination medium
[42]. Interestingly, the abundance of transcripts encoding
enzymes involved in RNA synthesis decreased at 7 hai
whereas there was an increase in transcript abundance
sharing similarity to genes encoding enzymes involved in
DNA synthesis. Proteins encoded by transcripts abun-
dant at 7 hai involved in purine metabolism are exposed
in supplementary data (Additional file 1: Figure S1).
Along with DNA synthesis, transcripts encoding pro-
teins involved in protein synthesis were lower in abun-
dance at 7 hai, but were expressed, suggesting that
protein synthesis also occurred during germination.
Figure 5B is a schematic representation of events oc-
curring into a susceptible soybean leaf at 7 hai with
P. pachyrhizi. Expression of P. pachyrhizi genes encoding
F-type H + —transporting ATPase and H + —transporting
ATPase (complex V), involved in electron transport is
down-regulated compared to their expression at 15 sai
while transcript encoding proteins building complexes I
and IV are up-regulated. Other metabolic pathways
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also involved in energy production are similarly down-
regulated (data not shown). However, transcription of
RNA and synthesis of DNA and protein are active at
7 hai. Transcripts encoding enzymes involved in nucleo-
tide metabolism are abundant at the time DNA synthesis
is required by the fungus.

Genes encoding enzymes involved in amino acid
metabolism and protein synthesis are abundant during
haustorium formation

Of the 4,273 contigs identified at 48 hai representing
abundant transcripts during haustoria formation, 1,130
contigs displayed similarities to DNA sequences in SR
EST libraries. As for the two previous time-points, only
about 15% of the remaining sequences displayed signifi-
cant similarities to genes encoding proteins listed in
various databases. Figure 4C illustrates the percentage
of all transcripts sharing similarity to genes encoding fun-
gal proteins belonging to various functional categories.

Haustoria are important structures for nutrient ab-
sorption for many fungi. Evidence of the involvement
of haustoria in nutrient uptake from the host cells in-
clude increased plasma membrane H'-ATPase activity
in haustorial membranes as compared to that of mem-
branes from other infection structures [43-45]; preferen-
tial expression of genes encoding secondary transporters
for amino acids in haustoria [24,46]; and preferential
localization of hexose transporter at the tip of differenti-
ating haustoria [47]. However, transcripts sharing simi-
larity to genes encoding membrane transporters and
plasma membrane ATPases were not present in our data
at 48 hai, which represents the haustoria-formation stage.
However, more recent evidences showed that haustoria
function not only in nutrient absorption, but also in the
suppression of host defense responses, the redirection or
reprogramming of the host’s metabolic flow, and in bio-
synthesis of organic compounds [48].

There is no doubt that fungal pathogens can directly
or indirectly reprogram host metabolism, but there is
still no proof that this is linked to the function of hau-
storia. Our data set at 48 hai identified many transcripts
sharing similarity to genes encoding proteins involved
in amino acid metabolism and protein synthesis, includ-
ing 5'-methylthioadenosine nucleosidase (E.C. 3.2.2.16),
glutamine synthetase, gamma-glutamyl phosphate reductase,
cysteine synthase (E.C. 2.5.1.47), methylenetetrahydrofolate
reductase and ribosomal proteins. This suggests that pro-
tein synthesis occurs during this fungal growth stage in
addition to nutrient transport. Proteins encoded by
transcripts abundant at 7 hai involved in cysteine and
methionine metabolism are exposed in supplementary
data (Additional file 2: Figure S2).

Our data from the haustorial stage (48 hai) and that
from P. triticina haustoria [18] show a limited number
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of transcripts common to both studies. Of 416 ESTs
sharing similarity to genes encoding known proteins
identified by Xu et al. [18], only 40% shared similarity to
genes encoding fungal proteins and from these, about
fifteen transcripts in the present data set at 48 hai shared
similarity to genes encoding the same fungal proteins.
Eleven additional transcripts shared similarity to genes
that were also identified by Yin et al. [26] from a cDNA
library from P. striiformis f. sp. tritici haustoria. They
identified approximately 170 ESTs sharing similarity to
genes encoding known fungal proteins. Our dataset at
48 hai did not share a lot of commonality with that of
Xu et al. [18] and Yin et al. [26] examining haustorial
libraries from other fungal species, since they were work-
ing on haustoria extracted from plant tissue between 4
and 8 dai. We did not isolate haustoria, but harvested a
mix of fungal structures including hyphae and maturing
haustoria.

Hyphal walls are mostly made of polysaccharides (60-
90%) and some proteins and lipids [49,50]. In contrast,
Chong et al. [51] reported that rust haustorial cell walls
were made principally of proteins in complexes with
polysaccharides and lipids. The high abundance of tran-
scripts sharing similarity to genes encoding enzymes in-
volved in amino acid, lipid, and carbohydrate metabolisms
at 48 hai may be related to the synthesis and expansion of
hyphal and haustorial walls and membranes.

Not very much is known about the spectrum of biosyn-
thetic reactions occurring in haustoria. However, Hahn
and Mendgen [24] found that two of the most abundant
genes isolated from their haustorial cDNA library encoded
enzymes directly involved in thiamine metabolism. The
expression pattern of these genes showed no significant
accumulation of transcripts until 18 hours after germin-
ation (hag). The transcript abundance increased at 18
and 24 hag and finally accumulated to very high concen-
trations in haustoria and rust-infected leaves. Thus,
Uromyces fabae performs thiamine biosynthesis very
actively during parasitic growth, presumably because
this vitamin is growth limiting and not available from
the host plant [24]. In our data set, transcripts sharing
similarity to genes encoding a nucleoside triphosphatase
(E.C. 3.6.1.15) and a hydrolase from the gdsl-motif lipase
hydrolase family (E.C. 3.1.3.-) involved in thiamine metab-
olism were found at all time-points (Additional file 3:
Figure S3). However, their estimated expression was
moderate at 15 sai, declined at 7 hai, then increased at
48 hai and increased further by 10 dai. Their estimated
expression at 48 hai was not as high as their estimated
expression at 15 sai, and at 10 dai their expression was
much higher than 15 sai. Thiamine diphosphate coming
from pyruvate metabolism is converted to thiamine
monophosphate by a nucleoside triphosphatase in pres-
ence of water, while the hydrolase from the gdsl-motif
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lipase hydrolase family converted the thiamine monophos-
phate into thiamine. There may be another pathway of
thiamine production used. Transcripts sharing similarity
to genes encoding phosphoribosylformylglycinamidine
cyclo-ligase and phosphoribosylaminoimidazole carboxylase/
phosphoribosylaminoimidazole-succinocarboxamide syn-
thase were present. Both enzymes are able to convert their
respective substrate into aminoimidazole ribotide (AIR)
during thiamine metabolism. However, these transcripts
were identified only at 7 hai and 10 dai. In addition, no
transcript sharing similarity to genes encoding the en-
zymes responsible for the conversion of AIR into thiamine
monophosphate were identified at any time-point. Even
though transcripts sharing similarity to genes encoding
enzymes involved in pyruvate metabolism were identified,
transcripts sharing similarity to genes encoding the pyru-
vate dehydrogenase E1 component directly responsible for
the thiamine diphosphate production was not identified.
Unfortunately, there is no known physiological role asso-
ciated with thiamine monophosphate, but it seems to be
important early in P. pachyrhizi urediniospore germin-
ation and during haustoria maturation through to the end
of the infection process.

Figure 5C is a schematic representation of events oc-
curring into a susceptible soybean leaf at 48 hai with
P. pachyrhizi. There is high abundance of transcripts
encoding complexes I and V involved in oxidative phos-
phorylation that are important for producing energy
needed for protein synthesis. Also at 48 hai, transcripts
encoding enzymes involved in thiamine metabolism are
up-regulated.

Genes encoding enzymes involved in carbohydrate and
fatty acid metabolism are abundant during sporulation
Of the 12,163 contigs identified at 10 dai representing
transcripts abundant during urediniospore production,
5,865 contigs displayed similarities to DNA sequences in
SR EST libraries. Of the remaining contigs, a blastx ana-
lysis found that approximately 25% displayed significant
similarities to genes encoding proteins listed in various
databases. Figure 4D illustrates the percentage of all
transcripts sharing similarity to genes encoding fungal
proteins belonging to various functional categories.

At the late stage of infection (10 dai), a high abun-
dance of transcripts sharing similarity to genes encoding
enzymes involved in carbohydrate and lipid metabolism
was identified. These transcripts included genes encoding
almost all enzymes involved in glycolysis and the citrate
cycle except ADP-6-phosphofructokinase (E.C. 2.7.1.146).
Additional file 4: Figure S4 shows the glycolysis pathway,
which includes some enzymes encoded by transcripts that
had not been previously identified as abundant during the
biotrophic interaction between soybean and P. pachyrhizi.
Cing genes encoding enzymes involved in glycolysis are
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reported here for the first time as being expressed during
soybean-P. pachyrhizi interaction. They are genes encod-
ing glucose-6-phosphate isomerase, triosephosphate isom-
erase, phosphoglycerate kinase, pyruvate dehydrogenase
E1l component and, hexokinase. Some of these genes
that encode a hexokinase were found abundant only at
this specific time-point.

Fungal spore formation requires energy that can be
produced by metabolism of carbohydrates. Lipids as well
as carbohydrates are essential for fungal spore produc-
tion since they are part of the spore membranes and
they are also stored in fungal spores to serve as an energy
reserve and a reserve of structural material utilized by
the fungus during subsequent germination. Fourteen
transcripts involved in lipid metabolism were abundant
at 10 dai while not present in earlier time-points. A
more detailed description of transcript abundance in-
side the fungus at 10 dai has previously been described
by Tremblay et al. [52].

Figure 5D is a schematic representation of events occur-
ring in a susceptible soybean leaf at 10 dai with
P. pachyrhizi. There is high abundance of transcripts en-
coding complexes I, II, IV, and V involved in oxidative
phosphorylation to produce energy. Carbohydrate, lipid,
and thiamine metabolisms are all activated as indicated by
the large number of transcripts encoding enzymes in-
volved in these metabolic pathways at this late time-point.

Combining all time points, there were 3,331 contigs
representing P. pachyrhizi genes that share similarity to
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genes encoding known proteins that have not been
reported previously in a P. pachyrhizi.

Differential gene expression was confirmed by qPCR

qPCR was conducted using seven representative genes
showing a relatively wide range of expression in the
present deep mRNA-Seq contig list (Table 3). The ex-
pression level of P. pachyrhizi alpha-tubulin gene was
monitored to confirm that the fungus was developing
outside and inside the plant. Primers were designed to
amplify transcripts sharing similarity to the gene encod-
ing NADH dehydrogenase subunit f sequenced at 15 sai
and 7 hai. The expression level of this gene estimated by
deep sequencing showed that it was more highly abun-
dant at 15 sai than at 7 hai. qPCR results were in part
consistent with these results, showing that its expression
was higher at 15 sai than at 7 hai. However, a PCR prod-
uct representing transcripts of NADH dehydrogenase
subunit f was also detected at 48 hai and 10 dai, at which
time-point no transcript encoding the NADH dehydro-
genase subunit f was found in our deep-sequencing data.
Transcripts encoding a maturase-related protein were
found only at 48 hai in our deep-sequencing data. How-
ever, qPCR analysis detected transcripts at all time-
points and at a higher expression level at 15 sai, 7 hai
and 10 dai compared to 48 hai. These two examples
illustrate differences that can be found between Illumina
RNA-Seq and qPCR. Differences in the detection of tran-
scripts depending upon methodology suggests that not all

Table 3 Confirmation of gene expression base on mRNA-Seq assay using qPCR

Time-points
Gene description Technique 15 sai 7 hai 48 hai 10 dai
Alpha-tubulin gPCR? 11 30 34 1,848
MRNA-Seq® NA® NA NA 178
NADH dehydrogenase subunit f gPCR 293,119 214,031 225,034 548514
mMRNA-Seq 125 0.15 NA NA
Ribulose-1,5-bisphosphate carboxylase oxygenase large subunit gPCR 813,754 730477 708,526 1,794,680
mMRNA-Seq 0.21 NA NA 1.2
Pectin methylesterase gPCR 6,726 8,281 5,649 6,488
mMRNA-Seq NA 0.084 NA NA
Maturase-related gPCR 20,598 28,055 15,242 33,772
mMRNA-Seq NA NA 0.068 NA
Serine palmitoytransferase gPCR 0 3 6 609
mMRNA-Seq NA NA NA 0.034
60S ribosomal protein L18 qgPCR 0 0 11 1,238
mMRNA-Seq NA NA NA 2.87

#Values used to describe qPCR results are absolute number of specific transcript normalized against the absolute number of a-tubulin transcript in the

initial sample.

PValues used to describe mRNA-Seq results are normalized coverage explain in the Methods section.

“Not applicable since the transcript was not sequenced.
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transcripts are treated equally during sample preparation,
conversion into cDNA, amplification, and other steps. In
addition, systematic biases have been associated to deep
sequencing technology based on variation in the ability to
map sequences to the reference genome, because of
over-representation of GC-rich sequences compared to
AT-rich sequences, and other reasons as suggested by
Cheung et al. [53]. The qPCR expression values of all
other genes tested were high and correlated well with,
mRNA-Seq data. However, qPCR detected the expres-
sion of genes at time-points where mRNA-Seq did not,
but qPCR expression values were always lower than the
expression of these genes at the time-points where
mRNA-Seq confirmed gene expression.

Conclusions

This study identified many new P. pachyrhizi abundant
transcripts at various stages of fungal development. Even
though no information is available describing the func-
tion of many of these genes, identification of transcripts
specific to different fungal growth stages and their
similarity to genes of known function gives us a better
understanding of molecular processes occurring during
the interaction between P. pachyrhizi and soybean plants.
In summary our study showed that transcripts encoding
proteins sharing similarity to known proteins identified
in different databases were mostly (68.4%) down-regulated
at 7 hai compared to 15 sai while there was an impressive
up-regulation at 48 hai (69.7%) and 10 dai (91.4%). More
specifically, energy production is highly active in ure-
diniospores reflected by the abundance of transcripts
encoding complexes I, IV, and V involved in oxidative
phosphorylation and transcripts encoding proteins involved
in glycolysis such as phosphoglucomutase, fructose-1,6-
bisphosphatase and triosephosphate isomerase. The
energy produced by these metabolic pathways can be
used by RNA polymerases, which were also highly
abundant, to transcribe genes necessary for the sub-
sequent step of fungal growth. During urediniospores
germination, transcripts of genes encoding enzymes
involved in nucleotide metabolism was highly abun-
dant along with genes encoding proteins involved in
protein synthesis while genes encoding enzymes involved
in energy production tended to be down-regulated. At
48 hai, there was an abundance of genes encoding
enzymes involved in amino acid metabolism and pro-
tein synthesis supporting the recent hypothesis that
haustoria, produced during that time frame, play roles
in addition to nutrient uptake. There was also abundance
of transcripts sharing similarity to genes encoding
enzymes involved in lipid metabolism and carbohydrate
metabolism that may be associated with the synthesis
and expansion of hyphal and haustorial walls and
membranes. Finally, at the end of the infection process,
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transcripts of genes encoding enzymes involved in carbohy-
drate and fatty acid metabolism were the most highly
abundant. Some of these genes and their proteins may
potentially serve as targets for developing new modes of
plant resistance to fungi by impeding fungal development.
Transcripts sharing similarity to genes encoding proteins
involved in thiamine metabolism are good examples. These
transcripts are abundant 15 seconds after the inoculation
process. Their expression decreased at 7 hai but increased
at 48 hai and 10 dai when P. pachyrhizi is producing
haustoria and uredinia, respectively. Fungal thiamine
production in haustorium-forming fungi has previously
been described as important during haustoria develop-
ment and may be considered as a good target for
disrupting fungal growth and decrease P. pachyrhizi
infectivity on soybean plants.

Methods

Pathogen isolation and plant inoculation

The P. pachyrhizi isolate MS06-1 was obtained from
urediniospores harvested from field-collected kudzu leaves
in Jefferson County, Mississippi, in August 2006. Its iden-
tity was confirmed by microscopy, enzyme-linked im-
munosorbent assay (ELISA) and polymerase chain reaction
(PCR) as previously described [54]. Urediniospores were
increased on a susceptible soybean cultivar, Williams 82 in
the Stoneville Research Quarantine Facility in Mississippi.
The isolate was purified by picking a single uredinium
using a fine needle under an Olympus SZX12 dissecting
microscope and reinoculating it on leaves of Williams 82.
This inoculation-isolation cycle was repeated four times.
Urediniospores from this purified culture were harvested
using a Cyclone Surface Sampler (Burkard Manufacturing
Co. Ltd, UK) connected to a vacuum pump at 10 to 14 dai
and continuously thereafter at weekly intervals.

Inoculum was prepared using freshly collected uredin-
iospores from Williams 82. Spore suspensions were made
using sterile distilled water containing 0.01% Tween-20
(vol/vol) and then filtered through a 100-um cell strainer
(BD Biosciences, Bedford, MA) to remove any debris
and clumps of urediniospores. Urediniospores were
quantified using a hemocytometer and diluted to a final
concentration of 1.1 x 10° spores/mL. Three plants per
10 cm-pot were prepared in three replicates (pots). Primary
leaves of 3-weeks-old Williams 82 seedlings were inocu-
lated at a rate of one milliliter of spore suspension per plant
using a Preval sprayer (Yonkers, NY). The same solu-
tion minus spores was used for a mock inoculation on
three pots of plants as a control. After inoculation,
plants were placed in a dew chamber in the dark at 22°C
overnight (approximately 16 h) and then moved to a
Conviron growth chamber where temperatures were
maintained at 23°C during the day and 20°C at night under
a 16-h photoperiod with a light intensity of 280 yEm™s™.
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Leaves of soybean cultivar Williams 82 were collected at
15 sai, 7 hai, 48 hai and10 dai with P. pachyrhizi. Experi-
ments were repeated once.

RNA extraction and isolation

Trifoliate leaves from each time-point collected from dif-
ferent pots and replications were pooled in a 50 ml con-
ical tube, fixed in Farmer’s solution and stored at 4°C for
shipping from Mississippi to Maryland. One hundred
milligrams of leaf pieces from each 50 ml conical tube
for each time-point were ground in liquid nitrogen, and
RNA was extracted using 450 pl of buffer RLC (Qiagen).
RNA was isolated from the sample using an RNeasy
Plant Mini Kit (Qiagen) according to the manufacturer’s
instructions. RNA was treated on the column with 80 ul
of DNA™-free DNAse (Ambion) for 15 min at room
temperature. Five hundred nanograms of RNA were used
to evaluate its quality and integrity on a 2% agarose gel.

c¢DNA preparation

The mRNA was purified from ten micrograms of total
RNA using oligo(dT) Dynal magnetic beads (Invitrogen).
Two rounds of purification were performed and the
resulting mRNA was fragmented at 70°C for five min
using RNA fragmentation reagents from Ambion. The
fragmented mRNA was precipitated for 30 min at —-80°C
with 1/10th volume of 3 M NaOAc, 40 pg of glycogen and
3 volumes of 100% EtOH. The fragmented mRNA resus-
pend in eight microliters of water was used as template for
c¢DNA synthesis. One hundred nanograms of random
hexamer were used in concert with the first-strand synthe-
sis reagents from the Superscript III first-strand synthesis
system (Invitrogen) following the manufacturer’s instruc-
tions. Second-strand synthesis was performed using 1x
second-strand buffer (Invitrogen), 0.3 mM of ANTP mix,
2 units of RNaseH and 50 units of DNA polymerase I at
16°C for 2 h and 30 min. cDNA was then purified on a
Qiaquick PCR purification column (Qiagen) and eluted in
30 pl of EB buffer (Qiagen). Then, the genomic DNA
Sample Preparation Kit from Illumina [55] was used to re-
pair the ends of the cDNA, add a single adenine base, and
ligate the adaptor to the ¢cDNA molecules. A 200 +/-
25 bp band was excised from a 2% agarose gel after elec-
trophoresis in 1x TAE buffer for one h at 120 V. The
c¢DNA was purified from the gel using a Qiaquick gel ex-
traction kit (Qiagen) and eluted in 30 pl of EB buffer
(Qiagen). The resulting cDNA was PCR enriched using
[umina primers using these conditions: 98°C for 30 sec,
15 cycles of 98°C for 10 sec, 65°C for 30 sec, 72°C for
30 sec and a final step at 72°C for five min.

Sequencing and contig building
One hundred and twenty microliters of each cDNA li-
brary, at eight picomolar (pM), was used to generate
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clusters on four individual flow cell lanes. A fifth control
lane was hybridized with a PhiX Illumina-supplied
control.

All four libraries were sequenced using a single-end
recipe on the Illumina Genome Analyzer IIx (GAIIx). A
set of Cluster Intensity Files (CIF) were produced which
were subsequently analyzed using the Illumina Offline
Base-Caller (OLB) version 1.6. A break-down of total
reads per time-point is presented in Table 1.

CASAVA (Consensus Assessment of Sequence and
Variation) then mapped gseq data for all lanes against
the twenty soybean chromosomes. Reads aligning to the
genome were then mapped against homology-based
annotations using TASE (Tag counting and Analysis of
Solexa Experiments), producing read-frequencies per
annotation [56].

All reads across all four time-points not mapping to
the Glycine max genome were subsequently put through
two rounds of read-subtraction so as to remove contam-
inant reads be-it other plant or human/bacterial contam-
ination. This subtraction ensures resultant reads to have
the greatest likelihood of being potentially P. pachyrhizi.
For the first subtraction, all reads per time-point were
mapped against all available plant genomes from Phytozome
[57]. Following, the read-set was then mapped against
the JCVI Microbial Database [58] and the NCBI human
genome (Hgl9). The remaining reads were considered
as potential P. pachyrhizi (Table 1).

Once both plant-specific and contaminant human/
bacterial reads were subtracted from our four read-sets,
putative de-novo transcripts were assembled using Velvet
and QOases [59,60]. A k-mer hash of 27 and minimum
contig length of 75 bp was specified per time-point. As-
sembled contigs ranged in size from 75 bp to 1,991 bp,
composed of 2 to 3,911 reads for any given contig.

Based on the number of homologue reads building a
contig, transcript abundance can be estimated as read
count and should be relatively proportional to transcript
abundance [61,62]. However, read count is vulnerable
to sequencing bias since the preparation steps in many
of today’s sequencing technologies produce cDNA frag-
ments with positional bias [63]. On the other hand,
normalizing coverage, which reflects how many k-mers
(a window which yields sub-sequences of length K) map
to a specific feature given its full-length, provides a useful
numeric in understanding depth of sequencing per feature
in an unbiased manner. Given the read length L and
k-mer integer K, one can derive a normalized coverage
for a given contig:

Cnorm - (Ckmer)/(L_K + 1)

where C,,., represents coverage given the contig length
and K =25 (as used throughout this study).



Tremblay et al. BMC Genomics 2013, 14:614
http://www.biomedcentral.com/1471-2164/14/614

Similarity searches

The NCBI nucleotide collection (nr/nt) was downloaded
from NCBI [64]. Using BLASTN and the local ‘nr/nt’
database, DNA sequences of all generated contigs were
iteratively queried using the MATLAB Bioinformatics
Toolbox and an expect-value of 1e-20.

For contigs without similarity to DNA sequences in
the NCBI database, a second similarity search strategy
was adopted to obtain additional information for those
contigs where open reading frames (ORFs) were found.
Using the longest ORF for each contig, similarity searches
were conducted using translated peptide sequences of
contigs against the NCBI non-redundant proteins data-
base, the NCBI conserved domains database (CDD), and
the Consortium for the Functional Genomics of Microbial
Eukaryotes (COGEME) database (which is specific for
phytopathogenic fungi and oomycetes) at an expected-
value < 1e-05.

Confirmation of transcript abundance by quantitative
RT-PCR

Template for quantitative RT-PCR (qPCR) was synthe-
sized from RNA (one pg) isolated from a pool of 100 mg
of infected leaf tissue by converting it to ¢cDNA using
SuperScript First-Strand Synthesis System for RT-PCR
(Invitrogen) with an oligo(dT) as a primer according to
the manufacturer’s instructions. Ten ng of cDNA were
used in a 25 pl reaction containing 1x of Brilliant SYBR
Green qPCR master mix (Stratagene) and 0.15 uM of
primers. Primers amplifying the P. pachyrhizi a-tubulin
[65] as well as seven additional P. pachyrhizi transcripts
abundant at various fungal growth stages were used to
support deep sequencing results (Table 4). The cycling
conditions consisted of the following steps: an initial

Table 4 PCR primer pairs
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15 min denaturing step at 95°C; 50 cycles at 95°C for
10 sec, and 65°C for 2 min. A dissociation curve analysis
was performed for detection of non-specific products
if any.

All primer sets were designed from regions that flanked
an intron to make sure that expected size product was
amplified from ¢cDNA and not from genomic DNA. An
additional control tube containing no template was in-
cluded for each specific reaction using different primer
sets.

qPCRs using all primer sets were performed as three
technical replicates. Relative levels of gene expression
were determined using the Stratagene Mx3000P Real-
Time PCR system (Stratagene, La Jolla, CA) as de-
scribed by the manufacturer. DNA accumulation during
the reaction was measured with SYBR Green. The Ct
(cycle at which there is the first clearly detectable increase
in fluorescence) values were calculated using software
supplied with the Stratagene Mx3000P Real-Time PCR
system. The SYBR green dissociation curve of the amp-
lified products demonstrated the production of only
one product per reaction. Data analysis was performed
according to the sigmoidal model [66] to get absolute
quantification as described in Tremblay et al. [28].

Availability of supporting data

The data sets supporting the results of this article are
available in the Sequence Read Archive repository at
the National Center for Biotechnology Information,
SRR445529 (http://www.ncbi.nlm.nih.gov/sra/?term=
SRR445529), SRR610280 (http://www.ncbi.nlm.nih.gov/
sra/?term=SRR610280), SRR610284: (http://www.ncbi.nlm.
nih.gov/sra/?term=SRR6102804), SRR445528 (http://www.
ncbi.nlm.nih.gov/sra/?term=SRR445528).

Name Encoded protein Sequence Size (bp)

NADHf-7 NADH dehydrogenase subunit f Forward: TCCCAGACACGATTAGTTACAAATGCT 107
Reverse: TGGGAATTGGTTGGAATGTG

60SRPL18-10 60S ribosomal protein L18 Forward: GCCCTCAGACACCCTACCG 168
Reverse: ACCTCGCGATGCTCTTCTTC

RBCOIlu-0 ribulose-1,5-bisphosphate carboxylase / oxygenase large subunit Forward: CGGTATTTATTTCACTCAGGATTGGGT 104
Reverse: CAAAGATCTCGGTCAGAGCAGGC

PME-7 Pectin methylesterase Forward: CTCGTGGATGGTTGGAGTGGA 105
Reverse: CATTGAACCCGTTGGCCCAC

Mat-48 Maturase-related protein Forward: ACCAATTTACGATGTCTCCGTCGC 135
Reverse:CTATACAGATAGAGGCGCCTATCAAAAAG

SPT-10 Serine palmitoyltransferase Forward:GAGGAGTATGCGATTACTATGGAGTTG 68
Reverse: CTTTGTCAGAGTTCCCATCAAGAT

aTUB Alpha-tubulin Forward: CCAAGGCTTCTTCGTGTTTCA 65

Reverse: CAAGAGAAGAGCGCCAAACC
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Additional files

Additional file 1: Figure S1. Representation of purine metabolism
showing enzymes encoded by transcripts identified at 7 hai. Boxes
colored in orange represent enzymes encoded by only newly identified
transcripts at this specific time-point.

Additional file 2: Figure S2. Representation of cysteine and
methionine metabolism showing enzymes encoded by transcripts
identified at 48 hai. Boxes colored in orange represent enzymes encoded
by only newly identified transcripts.

Additional file 3: Figure S3. Representation of thiamine metabolism
over the time-course of infection: A) 15 sai, B) 7 hai, C) 48 hai, and D) 10 dai.
E.C. numbers colored in blue are activated or expressed; those colored in
green are up-regulated compared to the previous time-point; and those
colored in red are down-regulated compared to the previous time-point.
Metabolic pathways, proteins, E.C. numbers, products, and substrates
colored in black were not activated or expressed in the present data set.

Additional file 4: Figure S4. Representation of glycolysis showing
enzymes encoded by transcripts identified at 10 dai. Color coding as in
Additional file 1: Figure S1, with the addition of boxes colored in pink
representing enzymes encoded by both newly identified transcripts
specific to 10 dai and transcripts sharing similarity to previously identified
P. pachyrhizi ESTs and boxes colored in purple represent enzymes encoded
only by transcripts sharing similarity to previously identified P. pachyrhizi ESTs.
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