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Abstract Puccinia striiformis f. sp. tritici (Pst), the
causal agent of wheat stripe rust, is an obligate pathogen
that causes significant yield losses worldwide. In order
to profile the change of the proteome during uredospore
germination of Pst, proteins from uredospores and
germtubes (germlings) were isolated and quantified by
iTRAQ (isobaric tag for relative and absolute quantita-
tion) technology. Among the 1548 proteins identified,
there were 64 and 54 proteins up- and down-regulated
during uredospore germination respectively. Proteins
involved in catabolic process, energy production and
transport were found to be specially accumulated in
germlings, which was an indication of metabolic transi-
tion from dormancy to germination. While, proteins
involved in protein metabolic process were largely
down-regulated, suggesting fewer proteins were needed
for uredospore germination. Additionally, a number of
down-regulated proteins exhibited increasing mRNA
level during germination, suggesting relative less corre-
lation between proteins and mRNAs in dormant
uredospores.
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Introduction

Puccinia striiformis f. sp. tritici (Pst) is the causal agent
of wheat stripe rust, one of the most devastating fungal
diseases of wheat, and causes significant yield loss in
wheat production worldwide (Hovmoller et al. 2010;
Dean et al. 2012). Pst is a macrocyclic and heteroecious
rust fungus with five different spore stages and two
taxonomically unrelated host species, wheat and barber-
ry (Zhao et al. 2013).

The most common spore form of Pst is uredospore,
the asexual spore which infects wheat leaves and causes
disease epidemic. Uredospore germination is regarded as
the initial step of rust fungus life cycle. During germina-
tion, the uredospores break dormancy and transform to
the active state, germlings, which recognize and enter
into stomata. Several morphological and biological
changes, including spore swelling, adhesion, nuclear mi-
gration and dynamic of microfibrillar network, have been
reported to accompany the process of uredospore germi-
nation (Wang and McCallum 2009). Because of its rele-
vant role in the establishment of the fungal disease, the
germination process of uredospores has been widely
studied. Previous studies mainly focused on the effects
of environmental and host on the uredospore germina-
tion. These studies revealed that many factors, such as
temperature, light, leaf wetness, epicuticular wax, and
secondary metabolites, could affect the uredospore
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germination (Patto and Niks 2001; Bonde et al. 2007;
Wang and McCallum 2009; Buck et al. 2010; Johnson
and Cummings 2013; Angelotti et al. 2014; Dracatos
et al. 2014). While, the molecular basis of uredospore
germination of rust fungus is still far from clear. Recently,
extensive proteomic analysis of the conidia germination
for necrotrophic or hemi-biotrophic fungi has been per-
formed (Gonzalez-Rodriguez et al. 2015; Franck et al.
2013; Rabie El-Akhal et al. 2013; van Lecuwen et al.
2013). However, investigations of the proteome of obli-
gate biotrophic fungus remain still limited. Luster et al.
identified 117 predominantly soluble proteins abundant
in germlings from Asia soybean rust fungus uredospores
by 2-DE and LC-MS/MS (Luster et al. 2010). Since there
is no expression data for these proteins during other
developmental stages, their specific accumulations dur-
ing germination still remain unknown. The comparative
proteomic analysis of un-germinated and germinated
uredopores of bean rust fungus, Uromyces
appendiculatus, highlighted the role of proteins involved
in energy production and nucleic reorganization during
the uredospore germination (Cooper et al. 2006, 2007).
Moreover, in our previous study, we identified 1118
genes expressed in germlings using a cDNA library and
found three and seven genes up-regulated and down-
regulated respectively during Pst uredospores germina-
tion (Zhang et al. 2008; Huang et al. 2011). Recently, we
have achieved sequence and annotation of the whole
genome of Ps¢, which provides a powerful resource for
the proteomic study of the stripe rust fungus (Zheng
et al. 2013). In this study, we used quantitative proteo-
mic profiling to identify the participant proteins and
explore the biological processes during Pst uredospore
germination by iTRAQ (isobaric tag for relative and
absolute quantitation) technology. We also analyzed
the correlations between the translational and transcrip-
tional levels of the differentially expressed proteins dur-
ing uredospore germination. Our results provide prote-
omic changes of Pst during uredospore germination,
allowing the better understanding of Pst development
and the advancement of disease management strategies.

Materials and methods
Protein extraction and digestion

Uredospores of Chinese race CYR32 were collected
from infected wheat cultivar Mingxian 169. Germlings
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were obtained from germinated uredospores in artificial
conditions. In details, uredospores were dispersed and
suspended in sterile distilled water at 12 °C. After 12 h,
germinated uredospores or germlings (checked by mi-
croscope) were collected and dried by facial tissue.
100 mg un-germinated uredospores and germlings were
pulverized by crushing for 5 min in a mortar and pestle
under liquid nitrogen. Cells homogenized were resus-
pended in 400 pl of ice-cold lysis buffer (10 mM Hepes,
pH 7.5, 10 mm KCI, 0.1 mM EDTA, 0.1 mM EGTA,
10 mM DTT, I mM PMSF). After incubation on ice for
15 min, the samples were centrifuged at 4 °C and
18,000xg for 20 min. Supernatants were collected and
pellets were suspended in lysis buffer and purified twice
in the same way. All supernatants were combined and
mixed well with four volumes of ice-cold acetone and
precipitated at —20 °C overnight. Resulting samples
were then centrifuged at 4 °C and 5000xg for 5 min.
Protein pellet was resuspended in digestion buffer
(100 mM triethylammonium bicarbonate, 0.05 % w/v
sodium dodecyl sulfate, Sigma protease inhibitor cock-
tail) to a final concentration of 1 mg/ml (determined
with the Bradford assay using BSA as standard (Protein
Assay kit, Bio-Rad)). The protein samples were divided
into three parts for the subsequent three technical repli-
cates of iTRAQ annlysis.

Protein digestion and iTRAQ labeling

Equal aliquots (100 pg) from each protein sample were
then digested with trypsin (Promega Corporation, Mad-
ison, WI; 1:20, w/w) at 37 °C for 14 h and lyophilized.
Peptides derived from uredospores and germlings were
labeled with isobaric tags 118 and 121 respectively as
per manufacturer’s instructions (Applied Biosystems,
Foster City, CA). After 1 h incubation, labeled samples
were pooled and evaporated to dryness in a vacuum
centrifuge and reconstituted in 1 ml of loading buffer
(15 mm KH,PO, in 25 % acetonitrile, pH <3.0) prior to
strong cation exchange fractionation. The iTRAQ la-
beled peptides were fractionated using
PolySULFOETHYL ATM SCX column (200 x
4.6 mm, 5 pum particle size, 200 A pore size) by HPLC
system (Shimadzu, Japan) at flow rate 1.0 mlmin"'. The
50 min HPLC gradient consisted of 100 % buffer A
(10 mM KH,POy, 25 % acetonitrile, pH 2.85) for 5 min;
0-20 % buffer B (10 mM KH,PO4, 25 % ACN,
500 mM KCL, pH 3.0) for 15 min; 2040 % buffer B
for 10 min; 40-100 % buffer B for 5 min followed by
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100 % buffer A for 10 min. The chromatograms were
recorded at 218 nm. The collected fractions were
desalted with Sep-Pak® Vac C18 cartridges (Waters,
Milford, Massachusetts), concentrated to dryness using
vacuum centrifuge and reconstituted in 0.1 % formic
acid for LC-MS/MS analysis.

The labeled samples were then fractionated by means
of two dimensional liquid chromatography as previous-
ly described (Ruppen et al. 2010).

MALDI-TOF/TOF tandem MS analysis

The mass spectroscopy analysis was performed using an
AB SCIEX TripleTOF™ 5600 mass spectrometer (AB
SCIEX, Framingham, MA, USA), coupled with online
micro flow HPLC system (Shimadzu, JAPAN) as de-
scribed before (Qiao et al. 2012). The peptides were
separated using nanobored C18 column with a picofrit
nanospray tip (75 um IDx 15 cm, 5 um particles) (New
Objectives, Wubrun, MA). The separation was per-
formed at a constant flow rate of 20 pl min~', with a
splitter to get an effective flow rate of 0.2 l min~'. The
mass spectrometer data were acquired in the positive ion
mode, with a selected mass range of 300-2000 m/z.
Peptides with +2 to +4 charge states were selected for
MS/MS. The three most abundantly charged peptides
above a 5 count threshold were selected for MS/MS and
dynamically excluded for 30 s with £30 mDa mass
tolerance. Smart information-dependent acquisition
(IDA) was activated with automatic collision energy
and automatic MS/MS accumulation. The fragment in-
tensity multiplier was set to 20 and maximum accumu-
lation time was 2 s. The peak areas of the iTRAQ
reporter ions reflect the relative abundance of the pro-
teins in the samples. For peptide identification, The
Triple TOF 5600 mass spectrometer used in this study
has high mass accuracy (less than 2 ppm). Other iden-
tification parameters used included: fragment mass tol-
erance: #0.1 Da; mass values: monoisotopic; variable
modifications: Gln->pyro-Glu (N-term Q), oxidation
(M), iTRAQS8plex (Y); peptide mass tolerance:
0.05 Da; max missed cleavages: 1; fixed modifications:
carbamidomethyl (C), iTRAQS8plex (N-term),
iTRAQS8plex (K); other parameters: default.

Proteomic data analysis

The MS data were processed using Proteome Discover-
er software (Version 1.2.0.208, Thermo Scientific) with

default parameters for generating peak list. The data
acquisition was performed with Analyst QS 2.0 soft-
ware (Applied Biosystems/ MDS SCIEX). Protein iden-
tification and quantification were performed using Mas-
cot 2.3.02 (Matrix Science, London, United Kingdom)
(Charbonneau et al. 2007). Each MS/MS spectrum was
searched against the protein database derived from
whole genome database of Pst CYR32 obtained recent-
ly (Zheng et al. 2013).

For iTRAQ quantification, the peptide for quantifi-
cation was automatically selected by the algorithm to
calculate the reporter peak area (using default parame-
ters in Mascot Software package). The resulting data set
was auto bias-corrected to get rid of any variations
imparted due to the unequal mixing during combining
differently labeled samples. Proteins with 1.5 fold
change or above between germlings and uredospores
and p-value of statistical evaluation less than 0.05 were
determined as differentially expressed proteins. The
quantitation was performed at the peptide level by fol-
lowing procedures described in http://www.
matrixscience.com/help/quant_statistics _help.html.
The student’s ¢-test was performed using the Mascot 2.3.
02 software. The functional annotation of the all
proteins identified was initially assigned using the
Protein Center software. Three main types of
annotations were obtained from the gene ontology
consortium web site: www.geneontology.org. Proteins
up- and down-regulated during uredospore germination
were further categorized and mapped to KEGG pathway
by blast2GO software (version 3.0) (Conesa et al. 2005;
Gotz et al. 2008)

Relative quantification of mRNA

Total RNA was isolated from 100 mg un-germinated
uredospores or germlings produced as described above
using RNeasy kit (Qiagen, Doncaster, VIC, Australia)
according to the manufacturer’s instruction, and geno-
mic DNA contamination was removed by DNase |
treatment. First-strand cDNAs were synthesized from
2 pg of total RNA in a 20-pl reaction volume using the
RevertAid First-Strand cDNA Synthesis kit (Thermo
Scientific, Waltham, MA, USA) in accordance with
the manufacturer’s instructions. For gene mRNA level
analysis, SYBR green qRT-PCR assays were performed
and Pst [3-tubulin gene TUBB (Genbank accession No.
EG374306) was used as endogenous control according
to our previous results (Huang et al. 2012). Primers (see
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Supplementary Table 1) were designed to anneal specif-
ically to each of the selected genes and 7UBB.

Reactions were performed on a 7500 Real-Time PCR
System (Life Technologies, Grand Island, NY, USA)
and relative gene quantification was calculated by the
comparative 2 2" method (Livak and Schmittgen
2001) and normalized to the corresponding expression
level of the TUBB. The experiments were performed in
triplicate.

Results
Proteins identified by iTRAQ

To investigate proteomic changes during the germina-
tion of uredospores, we suspended freshly harvested
uredospores of Pst in sterile distilled water at 12 °C.
After incubating for 12 h, about 90 % of uredospores
germinated and produced long, unbranched germ tubes
(Fig. 1). Peptides derived from un-germinated uredo-
spores and germlings were labeled with iTRAQ tags 118
and 121, respectively. In our analysis of proteins extract-
ed from uredospores and germlings, we detected 42,728
peptides, which represented 1548 proteins with se-
quence coverages ranging from 4.2 to 80.5 % and at
95 % or better confidence level. Most of them (74.5 %)
were identified by more than one peptide. Complete list
and details of the proteins identified is available as
Supplementary Table 2.

Fig. 1 Germinated uredospores (germlings) of Puccinia
striiformis f. sp tritici (race CY32) after suspending in water at
12 °C for 12 h. Bar=100 um
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Proteins up- or down-regulated during uredospore
germination

Using a threshold of 1.5 fold, we identified 118 proteins
whose abundance was significantly changed during ure-
dospore germination. Among them, 54 proteins were
up-regulated (Table 1) and 64 proteins were down-
regulated (Table 2) during uredospore germination.

Except for hypothetical proteins,
striifformis_Gene9990, a 60S ribosomal protein has the
greatest fold change in abundance (decrease by 87.1-
fold during germination). An expl-like protein
(striiformis_Gene20207), which has been generally
considered as an architectural component of chromatin
that has a general role in regulating chromosomal func-
tions, showed a decrease by about 12-fold in abundance
during germination. Other proteins exhibiting signifi-
cantly decreased abundance included a blue light-
inducible protein, a Dnajc2-prov protein, a fasciclin
domain family protein, an elastinolytic metalloprotein-
ase, a small glutamine-rich tetratricopeptide repeat-
containing protein, and a glutamine synthetase, which
decreased by 10.6, 10.9, 8.4, 7.9, 7.9 and 6.5-folds,
respectively (Table 1).

On the other hand, proteins up-regulated exhibited
more apparent changes in abundance. Our analysis re-
vealed that seven proteins, including CaaX prenyl pro-
tease, dufl690 domain-containing protein, uracil
phosphoribosyltransferase, mitochondrial-processing
peptidase subunit alpha, C2 domain protein, and two
unknown proteins, were induced most distinctly during
germination with 87.9-fold change in abundance
(Table 2).

Functional classification of differentially expressed
proteins

The differentially expressed proteins were grouped by
GO Biological Process and the proportions were com-
pared for each group (Fig. 2; Supplementary Table 4).
The total amount of proteins involved in “biosynthetic

EEINT3 EEINT3

process”, “cellular metabolic process”, “cellular re-
sponse to stimulus”, “cytoskeleton organization”,
“metabolic process” and organic substance metabolic
process remained relatively static.

While, proteins involved in ATP metabolic process
were apparently induced during uredospore germination
(Fig. 2). All 5 proteins fell into this group were found to

be up-regulated (Supplementary Table 4). ATP is one of
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Table 1 Proteins down-regulated during uredospore germination
Accession Description %Cov® Peptides Fold Change PVal mRNA Quantification®
(95 %) (118:121)°  121:118
6h 12h 16 h

striiformis_Genel8651 Hypothetical protein PGTG 08936 1953 1 -90.4 0.031
striiformis_ Gene9990  60s ribosomal protein 17 516 1 —87.1 0.039
striiformis_Gene11578 Hypothetical protein 64.53 14 —-15.6 0.000

MELLADRAFT 72416
striiformis_Gene20207 Expl-like protein 2043 5 -11.8 0.004
striiformis_Gene7077  Blue light-inducible protein bli-3 2675 9 -10.9 0.000  0.50+0.12 0.27+0.08  0.04+0.02
striifformis_Gene9884  Dnajc2-prov protein 11.69 5 —-10.6 0.029  0.56+0.19 2.00+0.52  5.70+£0.93
striiformis_Gene24126  60S ribosomal protein L22 1526 4 -9.7 0.004  0.04£0.01 0.31+0.05  0.20+0.04
striiformis_Gene20437 Hypothetical protein PGTG 09769 80.46 -93 0.001
striiformis_Genel15022 60S ribosomal protein 123 837 4 -85 0.002
striiformis_Gene25444 Fasciclin domain family protein 8.35 -84 0.024  0.02+0.01 0.04+0.02  0.04+0.06
striiformis_Gene22407  Elastinolytic metalloproteinase 1253 11 =79 0.011 1.20+£0.20 2.90+£0.46  6.60+1.62
striifformis_Gene2030  Small glutamine-rich tetratricopeptide 2094 5 =79 0.026  0.10+£0.07 1.10+0.33  0.17£0.10

repeat-containing protein A
striiformis_Genel4471 GSI protein 1697 3 —6.5 0.034 027051 0.45+0.10  0.12+0.06
striiformis_Genel7556 Glycoside hydrolase family 26 protein 37.63 38 —6.3 0.010  1.30+0.27 1.00+0.36  0.00+0.04
striiformis_Gene16232 Beta-flanking protein 3854 9 =5.6 0.001
striiformis_Gene28241 60S acidic ribosomal protein L10 49.03 15 -52 0.001
striiformis_Gene24459 Cytoplasmic protein 816 7 -52 0.002  0.05+0.02 1.00+£0.24  0.20+0.10
striiformis_Gene11601 Class 3 protein 21.85 14 —44 0.017  8.90+2.13 49.40+18.32 15.90+3.21
striiformis_Gene16743 Hypothetical protein PGTG_17639 3.06 2 —4.1 0.022
striifformis_Gene9962  Septin 2322 9 -39 0.002
striiformis_Gene20458 60S ribosomal protein L32 2344 1 -39 0.028
striiformis_Gene19247  Glutathione-S-transferase 4854 14 =37 0.011 0.23+£0.09 0.38+0.10  0.18+0.04
striiformis_Gene23632  Stress response protein 39.41 26 -3.6 0.005  0.27+0.02 0.42+0.11 0.15+0.06
striiformis_Gene23635 Superoxide dismutase 60.67 9 -35 0.014  0.14+0.03 0.10+0.03 0.05+0.02
striifformis_Gene2646  40S ribosomal protein S7 1378 4 34 0.013
striiformis_Gene28444  Short chain dehydrogenase reductase 4343 11 -33 0.026  0.28+0.08 1.02+0.05  0.68+0.19
striiformis_ Gene24015 Translation initiation factor eIF4G 505 9 -33 0.032 1.51£0.52 2.70+0.84  3.62+0.74
striifformis_Gene8731  T-complex protein theta subunit 2022 15 =32 0.050
striifformis_Genel11415 Hypothetical protein PGTG_00837 1528 7 -3.1 0.024
striiformis_Gene25532  26S proteasome regulatory subunit 6A-B 2495 14 -3.1 0.032  1.35+0.29 1.46+0.13  543+2.11
striifformis_Gene25326 Cytochrome ¢ peroxidase 36.03 20 -29 0.006
striiformis_Genel15487 Aldehyde reductase 1 2747 8 2.8 0.008  0.46+0.22 4.02+1.05 2.68+0.80
striiformis_Genel1163 Hypothetical protein PGTG_06258 56.05 24 -2.8 0.041
striiformis_Gene29219  AGC/PKC protein kinase 9.08 10 -2.7 0.004  1.54+£0.20 4.74+126  20.64+8.32
striiformis_Gene22811 Translational activator 534 10 -2.7 0.006  0.24+0.13 0.374+0.09 1.13+0.43
striiformis_Gene25449  Glucosamine-fructose-6-phosphate 4489 29 =27 0.010  047+0.14 13.70+3.21 56.51£27.58

aminotransferase 2 (GFPT2)
striiformis_Genel5162 Threonyl-tRNA synthetase 13.10 7 —2.6 0012  0.84+0.22 1.584+0.30  3.25+1.18
striiformis_Gene23142  Vacuolar protease A 3140 17 —2.6 0.015  0.46+0.21 4.03+1.58 12.57+£2.74
striiformis_Genel6789  ATP-citrate synthase 3042 39 23 0.001 0.25+0.05 0.56+0.17  0.30+0.05
striiformis_Gene22070 Succinyl-CoA ligase beta-chain 20.72 8 23 0.004  0.69+0.09 1.25+039  327+1.12
striiformis_Genel5604 GMP synthase 1827 7 -23 0.024  0.52+0.14 2.45+023  4.63+0.97
striifformis_Gene4867  Ran GTPase-activating protein 1(RanGAP1) 1638 6 -23 0.008  0.42+0.06 4.17+1.10  10.09+4.87
striiformis_Gene19290 Transaldolase 11.76 13 22 0.002  0.33+0.04 0.54+0.04  0.21+0.03
striiformis_Gene26960 Chaperone protein dnakK 2225 17 -2.0 0.008 1.81+£0.52 1.79+0.23 0.45+0.15
striiformis_Genel7245 importin subunit beta-1 2451 14 2.0 0.037
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Table 1 (continued)

Accession Description %Cov" Peptides Fold Change PVal mRNA Quantification®
(95 %) (118121 121:118
6h 12h 16 h

striiformis_Gene12023  polyadenylate-binding protein 3092 24 -1.9 0.016
striiformis_Gene21276 FK506-binding protein 2B 22,11 2 -19 0.047
striiformis_Gene24044  5-methyltetrahydropteroyltriglutamate- 3494 31 -1.8 0.006

homocysteine methyltransferase
striiformis_Gene22409 vacuolar ATP synthase subunit C 898 3 -1.6 0.023
striiformis_Gene26213  pyridoxine biosynthesis protein PDX1 2770 7 -1.6 0.001
striiformis_Genel8693 CAMK/CAMKI protein kinase 8.60 6 -1.6 0.002
striiformis_Genel7873 kinesin heavy chain 11.19 15 -1.6 0.032
striiformis_Genel5017 mitochondrial-processing peptidase 3417 18 -1.6 0.006

subunit beta
striiformis_ Genel9100 enoyl-CoA hydratase 22,67 11 -1.6 0.042

 Proportion of the protein sequence coverage by the peptides identified

®Ratio of the relative abundance of the two iTRAQ tags used to label proteins extracted from germlings (TRAQ 118) and uredospores

(iTRAQ 121)

“Relative mRNA level 6 h, 12 h and 16 h post germination to uredospores

the main components of energy metabolism. Accumu-
lation of ATP metabolic related proteins implies activa-
tion of energy production. This was consistent with the
KEGG pathway analysis which revealed three up-
regulated proteins were mapped to oxidative phosphor-
ylation pathway (Supplementary Figure 1). Among
them, striiformis_Genel10701 (NADH-ubiquinone oxi-
doreductase subunit), striiformis Gene20539 (UcrQ
family protein) and striiformis_Gene27232 (ATP syn-
thase subunit beta) belonged to the oxidative phosphor-
ylation complex I, III and V separately.

Proteins related to “transport” were also accumulated
with the germination of uredospores. Among nine dif-
ferentially expressed proteins assigned to the class
“transport”, seven proteins were up-regulated while on-
ly two were down-regulated (Supplementary Table 4).
Additionally, up-regulated proteins were dominant in
some other biological processes such as biological reg-
ulation, catabolic process, cellular lipid metabolic pro-
cess, nitrogen compound metabolic process, nucleotide
metabolic process, organic substance catabolic process,
regulation of biological process and small molecule
metabolic process (Fig. 2).

However, abundance of most proteins involved in
protein and nucleic acid metabolic process decreased
during germination (Fig. 2). Take proteins attributed to
“translation” (GO: 0006412) as an example, nine pro-
teins, including striiformis_Gene24015 (eukaryotic initi-
ation factor 4f subunit), striiformis Genel2023
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(polyadenylate-binding protein), striiformis Genel5162
(threonyl-trna synthetase) and six ribosomal proteins
were down-regulated, versus three proteins were up-reg-
ulated. A large part of differentially expressed proteins
contributed to “protein folding” and “protein
modification” processes were also down-regulated. The
expression level of striiformis Gene9884, a ribosome
associated chaperone zuotin, decreased by 11-fold after
germination. Moreover, more proteolysis related proteins
were up-regulated, indicating protein degradation during
uredospore germination, the early stage of Pst infection.

Generally speaking, during the germination of ure-
dospores, protcome was obviously skewed toward
energy production and dissipation represented by cat-
abolic process and transport. This was also validated
by another GO analysis for the molecular functions
of these differentially expressed proteins. For exam-
ple, all seven proteins that fell into the molecular
function of “ATPase activity (GO: 0016887)” were
up-regulated during the germination of uredospores
(Supplementary Table 4).

Comparison of translational and transcriptional levels
of differentially expressed proteins

To investigate the relationship between the transcrip-
tional levels and the translational levels of these differ-
entially expressed proteins, we examined their gene
expression levels in dormant uredospores and germlings
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Table 2 Proteins up-regulated during uredospore germination
Accession Description %Cov" Peptides Fold Change PVal mRNA Quantification®
95 %) (121:118)°  121:118
6h 12h 16 h

striiformis_Gene19006 CaaX prenyl protease 444 3 87.9 0.041 34.7+10.0 146.3+27.58 398.3+112.7
striiformis_Gene23333 Hypothetical protein 327 1 87.9 0.045
striiformis_ Gene22011 Duf1690 domain-containing protein 394 1 87.9 0.045 7.30+1.02 15.00+£2.11 39.80+8.56
striiformis_Genel7762 Uracil phosphoribosyltransferase 383 1 87.9 0.046  0.67+0.24 0.66+0.32  0.29+£0.15
striiformis_Gene25037 Mitochondrial-processing peptidase 1.62 1 87.9 0.047

subunit alpha
striiformis_Gene11786 C2 domain protein 099 1 87.9 0.049  0.23+0.08 0.54+0.10  4.10+£1.92
striiformis_Gene23333 Hypothetical protein 327 1 87.9 0.050
striiformis_Gene24826 Hypothetical protein 1.67 1 86.3 0.042
striiformis_Gene20539 UcrQ family protein 476 1 81.7 0.045 2.10+£0.23 3.00+0.64  7.70+0.89
striiformis_Genel17459 Phosphatidylserine decarboxylase 1943 5 73.8 0.013

proenzyme
striiformis_Gene21335 Protein kinase subdomain-containing 097 1 51.5 0.045  0.92+0.39 7.40+2.39 18.30+6.24

protein
striiformis_Genel7251 N-acetyltransferase nat13 588 1 43.7 0.042
striifformis_Gene5183  Acylamino-acid-releasing enzyme 093 1 43.7 0.044
striiformis_Gene15225 Chitin deacetylase 2479 9 42.9 0.000 1.20+£0.33 14.50+£3.85 58.00+21.52
striifformis_Gene3720  CTR1 suppressor protein 296 1 42.5 0.018  0.69+0.25 1.6+0.43 5.10+£1.06
striiformis_Gene11862 Macrofage activating glycoprotein 1935 8 40.2 0.001 0.06+£0.04 22.0+4.21 20.5+7.10
striifformis_Gene4009  DNAJ heat shock family protein 256 1 36.6 0.048
striiformis_Gene23390 Cafl16p 422 1 35.0 0.042
striiformis_Genel0356 Family 4 carbohydrate esterase 3434 21 34.7 0.000  0.72+0.17 3.90+0.53 9.70£1.20
striiformis_Gene27443 Hypothetical protein 1784 5 27.8 0.049
striiformis_Gene3247  Copper zinc superoxide dismutase 25.00 18.2 0.000  0.70+0.32 13.80+2.24 44.9+10.42
striiformis_Genel7450 Glucan 1,3 beta-glucosidase 19.95 16.0 0.017
striifformis_Gene9888  Family 4 carbohydrate esterase 12.54 15.1 0.008
striiformis_Gene19736 Family 4 carbohydrate esterase 59.12 17 13.4 0.004
striifformis_Gene1138  Secreted protein 3227 12 13.3 0.000 1.50+0.26 15.10+£2.88 46.10+8.47
striiformis_Genel13998  Cell surface glycoprotein (predicted) 1416 4 11.9 0.012  0.07+£0.04 6.97+1.23  8.04+3.52
striiformis_Gene23223 Glycoside hydrolase family 105 protein 7.41 4 11.3 0.011
striiformis_Gene6936 ~ WW domain-containing protein 0.55 1 10.7 0.043
striiformis_Gene8679  Carbohydrate deacetylase 11.38 4 9.6 0.023 091+0.19 1.87+0.64 1.53+0.62
striiformis_Gene5172  Proteasome activator complex subunit 3 6.56 4 8.2 0.026 1.07+£0.18 4.37+1.22 5.84+2.01
striiformis_Genel2643 FuSed?2 protease 791 4 8.0 0.046  1.79£0.50 10.74+226  37.14+5.79
striiformis_Gene22807 P-type cation-transporting ATPase 5.89 3 79 0.029  5.54+123 1.97+0.88 19.88+4.22
striiformis_Genel8704 Nucleus protein 12.50 6 7.7 0.037  0.60+0.16 4.23+0.99 16.83+3.85
striifformis_Gene26836 Hypothetical protein 15.22 12 5.7 0.026

MELLADRAFT 72825
striiformisGene21611 Pectinesterase 18.94 4 53 0.035 0.38+0.13 13.27+5.60 54.14+28.77
striiformis_Gene29564 Hypothetical protein 11.66 5 49 0.001
striiformis_Genel18821 Phospholipase b 8.40 7 4.4 0.028 1.09+041 5.81+1.07 11.66+2.62
striiformis_Gene21142 Phosphatase associated protein 2.15 2 43 0.014 1254022  2.06+1.82 2.06+0.75
striiformis_Gene13899  Flavoprotein oxygenase 9.12 2 43 0.044
striiformis_Genel1837 Plasma membrane ATPase 1 16.32 11 43 0.000 1.51+0.51 14.25+423  44.19+9.49
striiformis_Gene29359  60S ribosomal protein L13 6.22 1 43 0.046
striiformis_Gene10345 Ribonucleotide reductase large subunit 9.52 8 3.6 0.031 0.80+0.30  6.95+1.51 29.93+5.36
striiformis_Gene28371 Glucan -beta-glucosidase 9.02 3 35 0.038  4.32+0.81 110.03+8.36 273.99+26.73
striiformis_Genel13063  Sterol-binding protein 19.41 7 3.1 0.006
striiformis_Gene21422 ATP synthase subunit gamma 22.60 10 2.7 0.031
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Table 2 (continued)

Accession Description %Cov" Peptides Fold Change PVal mRNA Quantification®
(95 %) (121:118)°  121:118
6h 12h 16 h
striiformis_Genel18454 Enolase 57.75 32 2.7 0.039
striiformis_Gene5893  Gtp-binding protein rhoa 28.86 2.7 0.030
striiformis_Gene28994 Thioredoxin reductase 12.80 4 2.6 0.046
striiformis_Gene10701 NADH-ubiquinone oxidoreductase subunit 22.86 15 24 0.026
striiformis_Gene13060 Hypothetical protein 43.85 7 22 0.038
striifformis_Gene14864 Halmodulin 26.18 7 2.1 0.003
striiformis_Gene8570  Elongation factor 3 25.19 42 2.1 0.005
striiformis_Gene20094  Prolyl endopeptidase 19.66 14 2.1 0.013
striiformis_Gene27232 ATP synthase subunit beta 63.28 61 1.9 0.000
striiformis_Genel14205 electron transfer flavoprotein subunit alpha  32.76 10 1.9 0.000
striiformis_Gene23391  dihydrolipoyl dehydrogenase 39.92 18 1.9 0.004
striiformis_Genel13329 408 ribosomal protein S9 34.04 10 1.8 0.026
striiformis_Genel1984 voltage-dependent anion-selective 47.60 20 1.7 0.006
channel protein 3
striiformis_Genel0596 vacuolar proton translocating ATPase 1 12.66 15 1.7 0.016
subunit a isoform 1
striiformis_Gene7326  integral ER membrane protein 18.95 7 1.7 0.044
striifformis_Genel18641 glycoside hydrolase family 63 protein 18.46 17 1.7 0.021
striiformis_Gene5529  protein disulfide-isomerase 24.95 19 1.7 0.028
striiformis_Gene6127  dihydroxy-acid dehydratase 9.67 5 1.6 0.006
striiformis_Gene23328 glucose-regulated protein 41.15 37 1.5 0.000

 Proportion of the protein sequence coverage by the peptides identified

®Ratio of the relative abundance of the two iTRAQ tags used to label proteins extracted from germlings (TRAQ 121) and uredospores

(iTRAQ 118)

°Relative mRNA level 6 h, 12 h and 16 h post germination to uredospores

6, 12 and 16 h post germination. Fifty two genes with
known functions that displayed significant changes in
abundance at the translational level were selected for
further analyses. For most of the 24 genes whose pro-
teins were up-regulated during germination, their
mRNA levels kept increasing with the development of
the uredospores, which was consistent with the changes
at the protein level. Striiformis_ Genel19006, a CaaX
prenyl protease whose protein abundance was 87.9-fold
higher in germlings than in uredospores, displayed the
highest mRNA level at 16 h post germination. In addi-
tion, mRNA levels of five genes increased as early as 6 h
post germination (above 2-fold increase). For instance,
the gene expression levels of striiformis_Gene28371, a
Glucan-beta-glucosidase, were increased by 4.3, 110.0
and 274.0 folds at 6, 12, and 16 h post germination
respectively. However, the transcriptional levels of most
other proteins (15 proteins) began to increase apparently
until 12 h post germination. A uracil phosphoribosyl
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transferase, striiformis Genel7762 was the only one
exceptional protein up-regulated instead with a decreas-
ing mRNA level. On the other hand, for proteins down-
regulated during germination, the protein levels did not
always agree with their mRNA levels. We found 13
proteins that were down-regulated at the protein levels
but had higher mRNA levels 16 h post germination. For
example, the abundance of striiformis Gene9884, a
Dnajc2-prov protein, increased by 11-fold at protein
level but decreased by 5.7-fold on mRNA level during
the germination of uredospores.

Discussion

Our study has provided a comprehensive profiling that
documents the dynamics of the proteome during Pst
uredospore germination and the relationship between
mRNA and protein patterns. The results showed that
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Fig. 2 Relative abundance of
differentially expressed proteins
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Biological Process. Gene
Ontology Biological Process
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the uredospores of Pst were subject to many proteome
changes during germination.

High-throughput iTRAQ has become a robust meth-
od for proteomic quantification (Shadforth et al. 2005).
In our analysis of the proteome of Pst uredospores and
germlings by iTRAQ, 1548 proteins at 95 % or more
confidence level were detected and 118 differentially
expressed proteins between uredospores and germlings
were identified, which was more efficient than gel based
technology (Luster et al. 2010).

Germination from dormant uredospores is a complex
process combining organics metabolism and energy
conversion. It is presumed that germination of uredo-
spores is fuelled entirely by endogenous resources and
energy reserves since the fungus does not intake

carbohydrate metabolic process
cell communication

cell wall modification

cell wall organization or biogenesis
cellular biosynthetic process
cellular lipid metabolic process
cellular localization

cellular metabolic process

lipid metabolic process
macromolecule biosynthetic process
macromolecule metabolic process
metabolic process

nitrogen compound metabolic process
nucleic acid metabolic process
nucleotide metabolic process
organic substance metabolic process
organic substance catabolic process
oxidation-reduction process
phosphorus metabolic process
protein metabolic process

catabolic process

cell cycle

cellular process

ion transport

proteolysis
protein folding

proton transport

translation
transport

nutrients from the host until haustoria formation (Gotz
and Boyle 1998). The most apparent change was the
increase of catabolic metabolism which would provide
energy and some intermediates. This was evidenced by
the accumulation of eight catabolic process related pro-
teins during germination (Fig. 2 and Supplementary
Table 4). Catabolic metabolism may provide sufficient
energy for the growth of germtubes, which was consis-
tent with the accumulation of numerous proteins in-
volved in ATP metabolic process during germination.
This observation was supported by a previous study that
several proteins involved in energy production such as
ATP:ADP transporters and acetyl-CoA
acytyltransferase were accumulated in germinated ure-
diospores of Uromyces appendiculatus (Cooper et al.
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2007). It was further noted that proteins functioning in
nucleotide but not in nucleic acid metabolism were up-
regulated during uredospore germination, suggesting
that nucleotides were used for energy production rather
than nucleic acids synthesis. This differs from what
happens in plant seeds germination where nucleotides
involved both energy production and nucleic acids syn-
thesis (Stasolla et al. 2002).

It was unexpected that the abundance of proteins
involved in protein metabolism, such as translation,
protein folding and modification, declined during ger-
mination (Fig. 2). Seven translation-related proteins
were down-regulated during germination, indicating
they were relatively abundant in un-germinated uredo-
spores. This was different with previous studies which
found that translation-related proteins were
overaccumulated in germinated conidia of some
necrotrophic or saprophytic filamentous fungi such as
Botrytis cinerea, Fusarium solani, Neurospora crassa
and Aspergillus nidulans (Gonzalez-Rodriguez et al.
2015; Osherov and May 2001). Biotrophic pathogens
such as powdery mildews and the rusts, establish long-
term relationships with host to fulfill their life cycles. In
contrast to necrotrophs and saprophytes, they need to
contend with the defense mechanisms of the plant to
develop within the host and feed on living cells, espe-
cially at the later stage of infection (Valent and Khang
2010). The accumulation of translation-related proteins
in Pst uredospores implies the synthesis and pre-stored
of proteins needed for germination during the uredo-
spore formation. Limited energy was preferentially
used for synthesis those proteins essential for
germtube growth and primary/initial stage of infec-
tion, such as striiformis_Genel5225 (a chitin
deacetylase essential for fungal wall synthesis) and
striifformis Gene21611 (a pectinesterase essential for
degradation of host cell wall).

In our study, most up-regulated proteins during
germination had corresponding increasing mRNA lev-
el except for striiformis Genel7762, a uracil
phosphoribosyl transferase (UPRT). Its relatively high
transcriptional level in uredopores probably due to pre-
packaged mRNA, which were synthesized during the
formation of uredospores. The ability of fungal spores
to store pre-packaged mRNA has been observed in
N. crassa, S. cerevisae and A. fumigatus (Brengues
et al. 2002; Osherov and May 2001; Lamarre et al.
2008). These pre-packaged mRNA are primed for
rapid activation which allowed the protein biosynthesis
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immediately after the spore germination. UPRT syn-
thesizes Uridine 5’-monophosphate, a common precur-
sor of all pyrimidine nucleotides. In Candida albicans,
UPRT plays a key role in the resistance to flucytosine,
an antifungal reagent (Hope et al. 2004). These results
indicated that UPRT may be a promising target for
fungicide design. On the other hand, we also found
mRNA levels of 13 down-regulated proteins increased
during germination. Although the changes in protein
abundance observed in proteomic studies fail to corre-
late well with changes in gene expression in some
cases (Schwanhausser et al. 2011; Franck et al.
2013), it was more likely that the lack of protein
synthesis element in germlings mentioned above
would be responsible for the paradox between protein
and mRNA levels. Further evidence for this point of
view was that mRNA levels of most of these proteins
did not begin increasing until 12 h post germination,
the later stage of Pst uredospore germination when
nutrition has been almost depleted. Another plausible
explanation would be that more proteolysis proteins
accumulated during germination might speed up the
degradations of these proteins.

In our proteomic study, in order to maximize
the germination rates and get enough germlings,
we chose to use water surface as the place for
uredospores germination. Future germination stud-
ies can be improved either by germinating on plant
surfaces or in media made from plant extracts,
which may mimic the chemical composition of
the real plant infection.

In conclusion, the iTRAQ analysis of an in vitro
assay of rust uredospore germination has been proved
to be a valuable and relevant tool in the analysis of
global protein expression of a pathogen species. These
specific results will provide convincing and accurate
leads towards further studies of biological events related
to Pst pathogenicity and be helpful to specific fungicides
development.
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