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The soilborne fungus Verticillium dahliae is the major pathogen that causes the verticillium wilt disease of plants,
which leads to huge economic loss worldwide. At the early stage of infection, growth of the pathogen is subject to
the nutrition stress of limited nitrogen. To investigate the secreted pathogenic proteins that play indispensable
roles during invasion at this stage, we compared the profiles of secreted proteins of V. dahliage under nitrogen star-
vation and normal conditions by using in-gel and in-solution digestion combined with liquid chromatography-
nano-electrospray ionization tandem mass spectrometry (LC-nanoESI-MS). In total, we identified 212 proteins
from the supernatant of liquid medium, including 109 putative secreted proteins. Comparative analysis indicated
that the expression of 76 proteins was induced, whereas that of 9 proteins was suppressed under nitrogen star-
vation. Notably, 24 proteins are constitutively expressed. Further bioinformatic exploration enabled us to classify
the stress-induced proteins into seven functional groups: cell wall degradation (10.5%), reactive oxygen species
(ROS) scavenging and stress response (11.8%), lipid effectors (5.3%), protein metabolism (21.1%), carbohydrate
metabolism (15.8%), electron-proton transport and energy metabolism (14.5%), and other (21.0%). In addition,
most stress-suppressed proteins are involved in the cell-wall remodeling. Taken together, our analyses provide
insights into the pathogenesis of V. dahliae and might give hints for the development of novel strategy against
the verticillium wilt disease.
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1. Introduction

The infection of the soilborne phytopathogenic fungi Verticillium
dahliae leads to the vascular wilt disease of cotton and the other crops,
resulting in almost complete yield loss [1,2]. During the invasion, the
fungi secrete a variety of proteins into the host plant to facilitate the
pathogenicity and colonization, and/or produce microsclerotia for the
survival in the soil for decades, making it extremely difficult to control
the vascular wilt [3-5]. However, it remains unclear how the wilt dis-
ease is triggered by the virulence proteins secreted from the pathogen.

At the early stage of infection, the pathogens are subject to the stress
of nitrogen starvation [6-8]. Moreover, it was reported that the secreted
products of Magnaporthe grisea under nitrogen starvation-stress are
able to induce the disease symptom expression during rice blast infec-
tions [9]. Several bacterial and fungal genes have been found to be spe-
cifically induced during nitrogen starvation and/or during infection to
the host [6,9-11]. These observations indicated that the stress at the
stage of fungal invasion could be simulated by nitrogen starvation.
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Thus, the analysis of secreted proteins in response to nitrogen starvation
can provide us a better understanding of the fungal pathogenesis, espe-
cially at the early stage of invasion.

As an efficient tool, proteomic analysis has been applied to systemat-
ically identify pathogenesis-related proteins from the pathogenic fungi,
such as Aspergillus niger, Aspergillus flavus, Botrytis cinerea, Fusarium
graminearum and Ustilago maydis [12-17]. A proteomic analysis of
Magnaporthe oryzae responsive to nitrogen starvation has recently iden-
tified 89 differentially produced proteins [18]. Moreover, a comparative
proteomic analysis of the highly and weakly aggressive V. dahliae iso-
lates identified eighteen unique proteins, which were proposed to
play important roles in infecting the host and for the survival of fungi
in the soil [19]. However, it remains unknown how the secretome of
V. dahliae contributes to the invasion into the plant host.

To address this question, we extracted the secreted proteins of
V. dahliae under the nitrogen starvation, and analyzed the secretome
using the liquid chromatography-nano-electrospray ionization tan-
dem mass spectrometry (LC-nanoESI-MS) combined with in-gel or
in-solution digestion. A total of 109 secreted proteins were identified,
including 76 proteins induced whereas 9 suppressed, suggesting early
production of prerequisite proteins for successful infection of the host.
Furthermore, we firstly detected 17 unreported proteins here. All these
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bioinformatic analysis results could improve our understanding of
the secretary mechanisms of V. dahliae and its early invasive growth
in host cell.

2. Materials and methods
2.1. Growth assessments of V. dahliae isolates

The single-spore isolates of V. dahliae Vd07038 were collected from
the infected plant tissues in Anyang cotton experimental fields, Henan
Province, China. The fungi were cultured in Czapek-Dox broth (CDB) lig-
uid medium (NaNOs 2.0 g/L, K;HPO4 1 g/L, KC1 0.5 g/L, MgS04 0.5 g/L,
FeSO,4 0.01 g/L and sucrose 30 g/L) at 25 °C by shaking at 150 rpm. For
each flask, one 0.9 mm-diameter plug was chosen from the edge of
the growing culture and transferred into 400 mL of autoclaved
CDB liquid medium. Fungal growth was evaluated with the dry
weight of the fungal biomass per day in the successive ten days.
The averages of three replicates for dry weight of the fungal biomass
were recorded.

After incubation for seven days under the normal condition, the
fungi were collected. After three times wash with ice-cold sterilized
water, the cell pellet was transferred to CDB liquid medium without
nitrogen (K;HPO4 1.0 g/L, KC1 0.5 g/L, MgSO,4 0.5 g/L, FeSO4 0.01 g/L,
sucrose 30 g/L). Meantime dry weight of the fungal biomass was
evaluated at every 12 h over 120 h, respectively.
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2.2. Extraction of secreted proteins

The culture supernatant were centrifuged at 12 000 g and filtrated to
discard the cell, then added with trichloroacetic acid (TCA) at a final
concentration of 10% (w/v) on ice for 30 min. After centrifugation at
10,000 g, 4 °C for 30 min, the pellets were collected and washed with
ice-cold 100% (v/v) acetone to remove TCA. After centrifugation at 10
000 g, 4 °C for 30 min, the pellets were collected and dried. To measure
the protein concentration, pellets were dissolved in 100 mM Tris-HCl,
pH 8.0 and then applied to the BCA protein assay kit (Thermo Scientific).
To prepare the samples for electrophoresis, protein pellets were dis-
solved in SDS-PAGE buffer (250 mM Tris-HCl, pH 8.8, 0.2% (w/v)
bromophenol blue, 4% (w/v) SDS, 20% glycerol, 100 mM p-thioglycol)
and incubated at 95 °C for 10 min.

2.3. Gradient SDS-PAGE, in-gel and in-solution digestions

The resuspended protein mixture from Vd07038 was first separated
through the gradient SDS-PAGE. Briefly, 0.8-1.0 g of dry biomass corre-
sponding culture supernatant was used for secreted protein extraction.
Acrylamide gradient was between 8% and 15% [20]. After the electro-
phoresis, the gel was stained with silver staining [21], showing the pres-
ence of proteins with different molecular weights from 14 kDa to
120 kDa. The gel was firstly manually cut into 8 dark stained slices de-
pending on protein molecular weight (MW), and the other light stained
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Fig. 1. The growth curve and the profile of secreted proteins of V. dahliae. (A) Fungal biomass of V. dahliae Vd07038 under normal condition (CDB liquid medium). (B) Fungal biomass of
V. dahliae and (C) the secreted protein amounts at different time points under normal and nitrogen starvation condition. The fungi after 7-day normal culture were transferred to the
nitrogen starvation condition (CDB liquid medium without nitrogen), whereas CK was under the fresh normal condition. Each data point represents an average of three independent
biological replicates 4 standard error. (D) The gradient SDS-PAGE of secreted proteins of V. dahliae Vd07038 under nitrogen starvation condition. Acrylamide concentration of gradient
gel was prepared from 8% to 15%. The gel was stained with silver staining. Numbers indicate the excised bands.
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Table 1
Identification of differentially produced proteins in V. dahliae Vd07038 both under nitrogen starvation and normal condition.
No. Protein description Band ID Score! Score? ThMr Thpl Gravy  SignalP TMHMM SecretomeP TatP
(Da) 41 2.0 2.0 1.0
Induced proteins (76)
Cell wall degradation proteins (8)
1 Laccase-1 4 00034 30.28 - 60,928.7 8.63 —0373 + +
2 Glucoamylase P" 4 00408 40.25 40.25 67,311.0 481 —-0241 + +
3 Glucan 1,3-p-glucosidase 4 00511 2024 - 50,402.0 4.01 —-0.159 + + +
4 Ser/Thr protein phosphatase family protein® 4 02693 2024 - 68,4548 536 —0.398 +
5 Pectinesterase 2,6 07881 60.24 - 35,1903 845 —0.214 + + +
6 Concanamycin induced protein C - 09386 - 50.28 15,209.2 525 —1.586 +
7 Unidentified transcript 2" 1,4 09675 30.26 - 50,978.8 446 -0434 + + +
8 Glucan 1,3-B- glucosidase 09744 7025 - 85,580.6 490 —0.187 + + +
ROS scavenging and stress response proteins (9)
9 Cytochrome c peroxidase” 2 03116 60.20 - 40,2893 7.70 —0.480 + +
10 Mn superoxide dismutase” 4 07230 40.19 40.19 22,686.5 6.11 —0.228 +
11  Hsp stress-seventy subfamily c1” 4 00442 40.19 40.19 70,7759 5.83 —0.399 +
12 Stress-induced protein 35" 6,8 01137 50.20 60.20 33,659.6 5.44 0.088 +
13 Disulfide-isomerase® 4 03047 60.29 60.29 55,0239 4.66 —0276 +
14 Cap20° 2 04049 50.19 - 20,309.8 7.84 —0.370 +
15  Glucose-regulated protein® 3 05516 40.16 - 72,6558 4.89 —0.393 + + +
16 Hsp70° 2 08898 70.20 70.20 61,7005 5.98 —0.112 +
17  Retrograde regulation protein® 09969 20.17 20.18 70,9453 831 —0.410 +
Lipid effectors (4)
18  Phosphatidylglycerol/phosphatidylinositol transfer protein® 6 00559 2021 - 19,285.2 4.73 0.034 +
19  SnodProt1” 5 01852 3031 40.36 14,265.8 4.85 0.119 +
20 Pathogen-related yeast protein 1° 2 04828 2024 - 21,7858 9.57 —0451 + +
21 SnodProt1® 1,7,8 06199 3040 - 144112 896 —0.087 + +
Protein metabolism proteins (16)
22 Amidohydrolase family protein” 2 02965 2020 - 106,079.7 592 —0.157 +
23 Ubiquitin 8 00364 30.17 - 15,644.1 9.65 —0.683 + +
24 FK506(tacrolimus) binding protein 1B” 1,8 00423 2024 - 15951.1 949 —-0.376 + +
25  Carboxypeptidase S1° 4,8 00500 60.24 60.25 51,489.8 5.18 —0.179 + +
26 Vacuolar protease A® 2,5,69 00825 30.24 50.25 43,461.7 4.80 —0.211 +
27  Aspartate aminotransferase 3 01258 20.19 - 459744 9.10 —0.174 +
28  Nascent polypeptide-associated complex o subunit” 4 02506 30.18 - 22,3525 4.56 —0.777 +
29  Cerevisin® 3 02670 30.21 30.21 56,0075 579 —0.286 + +
30 Proteasome component Pup3 2 03131 20.17 - 243742 6.13 0.040 +
31  Glutamyl-tRNA amidotransferase” 4 03581 40.28 - 67,763.5 590 —0.001 + + +
32 Glutamine synthetase® 5 05884 20.23 - 39,9418 5.73 —0.547 +
33 Mitochondrial processing peptidase (3 subunit” 4 06877 30.16 - 53,0263 5.66 —0.456 +
34  Serin endopeptidase® 3 08100 30.18 30.18 90,887.1 526 —0.188 + +
35 Elongation factor1-y 1 2 08356 20.23 20.23 45,5476 546 —0.409 +
36 Glutamyl-tRNA amidotransferase subunit AP 1,4 09944 3022 - 49953.0 5.65 —0.373 + +
37  Glutamyl-tRNA amidotransferase subunit A" 8,9 10386 20.20 - 43,883.7 492 —0.364 + +
Carbohydrate metabolism proteins (12)
38 Transketolase® 4 00251 50.26 50.26 74,8035 557 —0.218 +
39 Isocitrate dehydrogenase subunit2 3 00455 20.19 - 41,0084 8.51 0.021 +
40 NAD (P) H-dependent D-xylose reductase 3 01073 70.26 70.26 36,3244 5.70 —0.157 +
41 Pyruvate dehydrogenase E1 component 3 subunit 3 01642 30.16 - 40,8488 6.07 —0.018 +
42 Xylulose-5-phosphate phosphoketolase” 3,5,69 02257 100.28 120.28 81,0299 649 —0.394 +
43 Aconitate Hydratase® 3 02332 4020 - 85,2846 625 —0.333 +
44 Galactose-inducible crystalline-like yeast protein® 3 03683 70.24 70.24 36,5314 587 —0.226 +
45 (Citrate synthase® 4 03946 30.19 40.17 51,8351 7.68 —0.239 -+
46 Malate dehydrogenase” 3,4,8 04607 6022 - 28,310.6 479 —0.268 +
47  Succinyl-CoA ligase o subunit” 3 04750 20.19 - 34,663.6 8.31 0.019 +
48  Ketol-acid reductoisomerase® 3 08589 30.17 - 449447 859 —0.504 +
49  Dihydrolipoyl dehydrogenase” 4 09433 20.16 - 54,3543 6.94 —0.144 +
Electron-proton transport and energy metabolism proteins (11)
50 Cytochrome b-c1” 6 00788 20.17 - 25,0455 824 —0.252 +
51 NADH-cytochrome b5 reductase® 5 01016 20.14 - 36,3255 9.22 —0.345 +
52 Small COPII coat GTPase Sar1® 2,4 03565 3023 - 21,623.0 6.05 —0.108 +
53  Plasma membrane ATPase” 3 03948 30.17 60.19 96,2303 4.98 0.110 +
54  Cytochrome b-c1 complex subunit 2° 4,8 04054 8034 - 47,560.8 9.17 —0.054 +
55  Inorganic pyrophosphatase® 3 04122 3019 - 32,7843 537 —0.497 +
56  ATP synthase subunit 4 4 04250 3021 - 26,4072 9.01 —-0.174 +
57  ATP-citrate synthase Subunit 1° 3 06972 40.23 40.23 71,3304 8.62 —0.065 +
58 ADP/ATP carrier protein® 2 07535 50.24 60.20 33,529.8 9.74 0.060 + + +
59 Oxidoreductase 3 07771 30.19 50.25 32,176.8 7.77 0.033 +
60 CHP, similar to FAD dependent oxidoreductase family protein 2 09574 2026 - 51,8149 8.75 0.069 + + +

from Metarhizium anisopliae®

(continued on next page)
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Table 1 (continued)

No. Protein description Band ID Score! Score? ThMr Thpl Gravy  SignalP TMHMM SecretomeP TatP
(Da) 4.1 2.0 2.0 1.0

Other functional proteins (16)

61 Tropomyosin® 1,5,6 01421 7032 - 18,769.8 490 —1.221 +
62  Adenylyl-sulfate kinase” 3 02995 20.21 - 23,5034 5.89 —0.427 +
63  Guanyl-specific ribonuclease F1 complex Rieske subunit” 1 05416 40.26 30.20 13,0786 9.51 —063 + +
64 Ribonuclease Trv” 3,4 08888 6034 - 39,0976 570 —0.189 + + +
65 Cofilin 3 08897 2025 - 16,965.0 532 —0.508 +
66 1,3-p-glucanosyltransferase gel1® 4 02243 30.30 40.30 49,399.6 467 —0.291 + + +
67 Secreted protein similar to hypothetical protein 2,8 04034 5026 60.28 22,1939 6.81 0.038 + + + +
CHO063_15848from Colletotrichum higginsianum?
68  CHP, similar to hypothetical protein GLRG_03380 from 1,3 00043 5021 - 84,320.7 6.35 —0.762 + +
Colletotrichum graminicola®
69  CHP, similar to transcription initiation factor iia small subunit 5 00544 20.23 - 24,892.1 4.93 —0.022 + + +
from Colletotrichum gloeosporioides®
70  CHP, similar to cation transport protein from Colletotrichum 5 03251 20.19 - 243744 4.65 —0.660 +
orbiculare®
71 CHP, similar to nonselective cation channel from 3 03030 20.17 - 94,1346 6.44 —0.007 + + +
Colletotrichum fioriniae®
72 CHP, similar to hypothetical protein UCREL1_5305 from 4 05713 2020 - 41,392.8 8.09 0.223 + +
Eutypa lata®
73  CHP, similar to hypothetical protein UCREL1_5305 from 2 05724 20.18 - 103,2145 891 —0.763 +
Eutypa lata®
74  CHP, similar to hypothetical protein CH063_08994 from 1 06225 6023 70.23 38,368.8 4.73 —0.556 +
Colletotrichum higginsianum®
75 Hypothetical protein, similar to immunogenic protein from 8 06856 7026 30.24 57,2287 496 —0.554 + +
Colletotrichum orbiculare®
76  CHP, similar to DNA replication regulator Sld3 from 6 08779 20.18 - 101,116.7 9.68 —0.469 +
Metarhizium robertsii®
Suppressed proteins (9)
1 P-glucosidase® 3,5 01263 120.28 - 66,5569 6.28 —0.231 +
2 Endo a-1,4 polygalactosaminidase precusor” 5 02829 3034 - 32,764.7 8.67 —0.220 +
3 Choline dehydrogenase 5 03639 2024 - 68,8884 518 —0.224 + +
4 Secreted aspartic proteinase” 5 04979 30.17 - 62,8983 559 —0.310 + + +
5  Hypothetical protein, similar to hypothetical protein 6 05122 6030 - 19,543.6 8.11 0385 +
NECHADRAFT_123303 from Nectria haematococca®
6  Choline dehydrogenase® - 08141 - 40.22 65,1054 7.83 —0.073 + +
7  Endochitinase® - 08741 - 80.24 73,1776 637 —0.688 + +
8  Rhamnogalacturonase B 4 09063 40.19 40.19 57,1584 642 —0.183 + + +
9  CHP, similar to hypothetical protein CFI001_09475 from 4 06511 2026 - 52,2915 930 —0.759 + +
Colletotrichum fioriniae®
Constitutively proteins (24)
1 Extracellular mutant33® 4 00223 3026 30.26 42,2943 425 0.106 + +
2 Outer mitochondrial membrane protein porin® 6 00272 50.17 50.17 29,7294 9.14 —-0.101 +
3 Glucan 1,3-B- glucosidase® 3 02814 2023 70.22 85,593.8 525 —0.102 +
4 Peroxidase/catalase” 6,89 02834 90.21 100.27 83,560.0 5.69 —0.546 +
5 Predicted protein, similar to hypothetical protein 6 0102 4029 - 36,679.7 5.67 —0.514 +
UCRPA7_3987 from Togninia minima®
6  DJ-1/Pfpl family protein® 5 04348 4020 50.23 27,8934 5.02 0.021 + +
7  Antigen1® 1,2,3,4,5, 04551 5028 12026 26,743.7 492 —0.087 + +
7,8,9
8  Hsp30® 1,3 04645 110.16 120.26 79,8350 4.85 —0.579 +
9 Tyrosinase® 2 04798 4021 - 61,0028 899 —0.345 + + +
10 Peroxidase/catalase” 3,7,8,9 04826 100.24 280.26 84,331.7 589 —0.369 + + +
11 Lipase® 2,6 05545 5022 70.28 59,3588 6.08 —0.086 + + +
12 Peptidyl-prolyl cis-trans isomerase” 2,678 06261 6027 - 19,6509 7.84 —0.373 +
13 Tripeptidyl-peptidase® 1,2,3,5, 06386 90.29 12029 61,063.6 522 —0.191 + + +
6,7,8,9
14 Choline dehydrogenase 4 07266 20.14 60.26 65,4145 6.81 —0.018 + +
15  Glyceraldehyde 3-phosphate dehydrogenase® 5 08916 9032 90.32 36,1541 6.15 —0.102 +
16  Isoamyl alcohol oxidase® 1,2,3,4 09345 7022 90.26 65,113.6 632 —0.182 + +
17  Glucan 1,3-B-glucosidase 2,3,5 09510 100.28 100.28 51,2523 538 —0.315 + + +
18  ATP synthase (3 subunit” 4 10013 10026 110.27 55,2689 524 —0.034 +
19  Ice nucleation protein® 3/4,56.7, 10047 200.29 120.25 42,822.0 456 —0474 + +
8,9
20 ATP synthase o« subunit® 3 10347 8024 90.24 59,8285 9.15 —0.159 +
21  CHP, similar to hypothetical protein CGLO_04422 from 5 00084 20.19 - 37,2313 6.06 —0.013 + +
Colletotrichum gloeosporioides®
22 CHP, similar to hypothetical protein CGGC5_5484 from 2,3 00965 3023 - 41,890.7 5.36 —0.480 +
Colletotrichum gloeosporioides®
23 CHP, similar to extracellular serine-rich protein, putative from 2 08037 50.21 - 78,6254 5.63 —0.258 + + +
Metarhizium acridum?®
24 CHP, similar to hypothetical protein CGLO_03430 from 5 08827 3023 20.23 78,796.0 9.69 —1.252 +

Colletotrichum gloeosporioides®
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gels were integrated together as another piece (Fig. 1). Then 9 gel pieces
were washed with 50 mM NH4HCO; and destained with 2 g/L potassi-
um ferricyanide (K3Fe(CN)g), 0.2 g/L sodium thiosulfate and ddH,0
for 15 min, respectively. After that, gel pieces were reduced with
10 mM dithiothreitol (DTT) and incubated at 50 °C for 15 min, followed
by alkylation with 30 mM iodoacetamide (IAM) and incubated at room
temperature in the dark for 15 min. The gel pieces were then washed
with 50 mM NH4HCO5 and dried by the speed vacuum centrifugation
for 10 min. Trypsin was added to the dry gel pieces at 37 °C for
16-18 h. Tryptic peptides were extracted with 60% ACN (acetonitrile),
5% TFA (trifluoroacetic acid) and 100% ACN. After the combined solution
was dried, the pellet was resuspended in 0.1% formic acid and stored at
— 80 °C before mass spectrometry analysis. In the in-solution digestion,
pellets of total dry biomass were dissolved with 50 mM Tris-HCl, pH 7.0
and washed with 50 mM NH4HCO3_ The following steps were the same
as the in-gel digestion.

2.4. Liquid chromatography-nano-electrospray ionization tandem mass
spectrometry (LC-nanoESI-MS) and protein identification

Tryptic peptides extracted from each gel band were analyzed by a
Thermo LTQ linear ion trap mass spectrometry (Thermo Electron, San
Jose, CA). Peptides were separated on-line by a fused silica capillary
column packed with C18 resin (Jupiter 5 pm, 300 A, Phenomenex,
USA) using a linear gradient of 0.1% (v/v) formic acid in water (solvent
A) and 4-60% acetonitrile (solvent B) over 50 min. Mass spectra were
acquired in a survey scan from 400 to 2000 amu followed by five data-
dependent MS-MS scans. All MS/MS data were searched against the
National Center for Biotechnology Information (NCBI) non-redundant
database by Bioworks version 3.2 software (SEQUEST, Thermo Electron)
installed on a local server. Two missed trypsin cleavages were allowed
with a static modification of + 57 Da on cysteine residue. The precursor
ion mass tolerance was 2.0 amu and the fragment ion mass tolerance
was 1.0 amu. SEQUEST filter criteria were used as follows: (Xcorr 2 1.9,
2.5 and 3.75 for +1, +2, and + 3 charged peptides respectively.
ACn Z 0.1, Rsp = 1). Each peptide assignment was also manually
checked. Only proteins identified by two or more unique trypsin peptide
matches were considered as confident hits. All these replicate biological
samples were analyzed independently by LS-MS/MS analyses. Both sig-
nificant hits (as defined by SEQUEST probability analysis) and hits that
exceeded the arbitrarily set acceptance threshold (a peptide ion matching
score of more than 20) were regarded as positive identifications.

2.5. Protein annotation and gene ontology (GO) category

Protein sequences were input to the InterPro member databases
using the InterProScan Sequence Search server (http://www.ebi.ac.uk/
Tools/pfa/iprscan/) to identify signatures. The compiled text outputs
were subjected to GO categories using the Web Gene Ontology Annota-
tion Plot (WEGO). Three groups of dataset were subjected to online
analysis (http://wego.genomics.org.cn/cgi-bin/wego/index.pl).

2.6. Quantitative real-time PCR

RNA samples were extracted from the fungi with the total RNA Kit
(Omega, USA). The cDNA was synthesized with the PrimeScript 1st

Strand cDNA Synthesis Kit (Takara, Japan). The transcription profiles
of four genes that encode Snodprot1, glucan 1,3-p-glucosidases,
glucoamylase P and Cipc, were analyzed by semi-quantitative RT-PCR
and real-time PCR (Applied Biosystem, USA), respectively. Ubiquitin
was selected as the house-keeping control. The primer sequences were
listed in Table 2. The real-time PCR data were processed with 27447 [22],

3. Results and discussion
3.1. The growth of V. dahliae isolates under nitrogen starvation

In this study, biomass was measured to detect the growth and devel-
opment state of V. dahliae isolates in Czapek-Dox broth (CDB) liquid
medium with or without additional nitrogen source, respectively.
Under the normal condition, the fungal dry weight was gradually in-
creased and reached the maximum (stable phase) in 7-8 days, implying
its highest bioactivity (Fig. 1A). After incubation for seven days under
normal condition, the cells were transferred to the nitrogen starvation
medium (CDB liquid medium without nitrogen) or fresh normal medi-
um (as control), and further incubated for 5 days. As shown in Fig. 1B,
the dry weight of V. dahliae grown under the nitrogen starvation medi-
um showed a drastic decrease in the first 12 h, compared to that under
the normal condition, indicating that the fungi are sensitive to the nitro-
gen starvation. We proposed that the nitrogen starvation might induce
the signals for cell autolysis during the adjusting stage. However, the fun-
gus adapts to this nitrogen depletion stress after 48 h as we can see a light
increase of biomass from 48 to 72 h (Fig. 1B).

3.2. SDS-PAGE gradient gel and LC-MS analysis of secreted proteins

To further analyze the expression profile of secreted proteins of
V. dahliae under nitrogen starvation condition, proteins in the superna-
tant were collected at different time points and separated by gradient
SDS-PAGE. As seen from Fig. 1C and D, the amount of secreted proteins
slowly increased and reached the maximum at 72 h. Thus, the protein
bands after 72 h of nitrogen starvation were applied to LC-nano-ESI-
MS-SEQUEST combined with BLAST search in the V. dahliae VdLs.17
genome database (http://www.broadinstitute.org/annotation/genome/
verticillium_dahliae/MultiHome.html). There were totally 212 proteins
identified, including 199 proteins from nitrogen starvation condition,
compared to 50 proteins identified in the control (Fig. 2). These proteins
were annotated based on the BLASTp analysis (Table 1).

3.3. Identification and physicochemical properties of the secreted proteins

A couple of bioinformatics analysis programs, including SignalP 4.1,
SecretomeP 2.0, TatP 1.0 and TMHMM 2.0 [23-25], were used to predict
secretome of V. dahliae. Although SignalP is the most commonly used
program for predicting the signal peptide, it is not sufficient to assign
all secreted proteins [26]. In addition, SecretomeP 2.0 and TatP 1.0 are
two powerful programs to predict the atypical (or leaderless) secreted
proteins, whereas TMHMM 2.0 has been used to predict the transmem-
brane helices in proteins [18]. Combination of these analyses enabled us
to identify in total 109 secreted proteins, including 45 proteins with a
signal peptide, 56 atypical secreted proteins and 8 outer-membrane
proteins (Table 1).

Note to Table 1:
Proteins were classified according to their predicted functional categories.
Locus number in the V. dahliae VdLs.17 genome database from the Broad Institute.

(http://www.broadinstitute.org/annotation/genome/verticillium_dahliae/MultiHome.html).

! & 2 indicated the protein which was identified by using in-gel and in-solution digestion, respectively.

The proteins listed here were all detected at least three times, and each score represents the highest of three independent replicates.

+ indicated the presence of putative sequence of SignalP 4.1, TMHMM 2.0, SecretomeP 2.0 or TatP 1.0.

Abbreviations: ID, locus number; ThMr, theoretical molecular weight; Thpl, theoretical isoelectric point; CHP, conserved hypothetical protein.

¢ Indicated the protein firstly identified here.

b Indicated the protein which firstly identified in V. dahlia, while has previously been reported in other organism.
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Table 2
Primers used in this study.

Gene name Gene ID Forward (5’ —3’) Reverse (5’ —3')

Snodprot1 VDAG_01852 GCCGAACTGCGGTACCTGCT ACCGCCTGTCCATTCGTGAG
Glucoamylase P VDAG_00408 ACCGACCCTCCCTACTAC GCGAAGGTAGTCACGAATG
Glucan 1,3-p-glucosidases VDAG_00511 TCTACCACCCTCACCCACG AAGCACTACCAGGAGCAACC
Cipc VDAG_09386 TTCGCTGGTGCCGAGGTT TCACGCGGGTCGTACTGCT
Ubiquitin VDAG_05595 GCTCACCGGTAAGACTATCACA TTGGACTTCACATTGTCGATCGT

Afterward we analyzed the physicochemical properties of all 109
secreted proteins. Their molecular masses were ranged from approxi-
mately 15 to 101 kDa, 87.2% of which are at 25 to 75 kDa. The pl values
were distributed in a range of pH 4.25-9.74, with 88.1% proteins in the
range of 4.0 to 6.0 and 8.0 to 10.0. We also analyzed their gravy of hy-
drophobicity, which exhibited a range from — 1.586 to 0.385, and the
scope of —0.5 to 0.0 was 86.2% (Fig. 3).

To explore the functions of these secreted proteins, we analyzed
their sequences with InterPro annotation and Gene Ontology (GO) cat-
egories [27]. The compiled text outputs were subjected to GO categories
using the Web Gene Ontology Annotation Plot (WEGO) online database
analysis tools [28]. Three groups of dataset were simultaneously sub-
jected to online analysis (http://wego.genomics.org.cn/cgi-bin/wego/
index.pl) and shown in Fig. 4. Analyses of putative functions revealed
that they were involved in 9 GO terms of cellular component, 5 GO
terms of molecular function and 16 GO terms of biological process.
In the cellular component category, most proteins were mapped to
cell, cell part and organelle related GO terms. In the molecular function
category, proteins were addressed to binding, catalytic activity and
transporter, especially hydrolase activities, oxidoreductase activities
and transferase activities. In biological process category, most proteins
were involved in cellular process, metabolic process, development pro-
cess and multicellular organism process.

3.4. Functional category of secreted proteins under nitrogen starvation
condition

Among 109 secreted proteins, 24 proteins seemed to be constitutively
expressed since they were detected under both nitrogen starvation and
normal conditions. In contrast, 85 proteins were responsive to the
nitrogen starvation stress. While 76 secreted proteins were induced
as they were only detected under nitrogen starvation condition, the re-
maining 9 were suppressed since they were only identified in the normal
condition (Table 1 and Fig. 2).

Interestingly, our physiological experiment in vivo showed that the
sterilized secreted portions under nitrogen starvation condition rather
than the normal condition could effectively protect cotton from the in-
vasion of V. dahliae (data not shown). The secreted proteins specifically
induced by nitrogen starvation stress were speculated to trigger the
cellular immune response of the host plant to fight against the invasion
of V. dahliae. Therefore, the 76 proteins induced by nitrogen starvation
were subject to further analyses. On the basis of the predicted physio-
logical functions and GO terms (Table 1), they were categorized
into seven groups (Fig. 5): cell wall degrading (10.5%), reactive oxygen
species (ROS) scavenging and stress response (11.8%), lipid effectors
(5.3%), protein metabolism (21.1%), carbohydrate metabolism (15.8%),
electron-proton transport and energy metabolism (14.5%), and other
functional proteins (21.0%). The putative molecular functions and rela-
tions to the development and pathogenicity of V. dahliae will be discussed
afterward.

3.4.1. Cell wall degrading related proteins

The phytopathogens should break through plant cell wall, the
primary natural barrier, before successfully invading into the host
plant. An effective strategy for fungi to overcome this barrier is to
secrete a series of enzymes to break down the plant cell wall.

When fungi attack the plant, they generally utilize the nutrient
source from plant cell wall, especially the degradation products of
plant cell wall, such as pectin, which is one of core components of
the cell wall [29]. For example, the fungi express cell wall degrada-
tion enzymes (CWDEs), such as glycosyl hydrolase, pectinesterase
and laccase, to preferentially degrade polysaccharide, pectin and
lignin. Upon these combined actions, the plant cell wall becomes less
compact and more permeable. In consequence, more cell wall compo-
nents will be exposed for the digestion by other enzymes, such as cellu-
lase and hemicellulase [29,30].

On the basis of GO terms classification, eight induced proteins were
predicted to involve in the degradation of the host cell wall. They are
glucoamylase P, pectinesterase, laccase-1, Ser/Thr protein phosphatase
family protein, concanamycin-induced protein C (Cipc), unidentified
transcript 2 (Utr2) protein and two glucan 1,3-B-glucosidases. The
glucoamylase P (EC 3.2.1.20) is to hydrolyze the terminal non-reducing
o-(1,4)-linked D-glucose residues with release of a-D-glucose. Glucan
1,3-p-glucosidase (EC 3.2.1.58) is to hydrolyze the o-(1,6)-D-glucosidic
linkages in some oligosaccharides produced from starch and glycogen.
Pectinesterase (EC 3.1.1.11), also named pectin methylesterase, catalyzes
the demethylesterification of cell wall pectin and releases the acidic
pectate and methanol. Utr2 is homologous to the members from glycosyl
hydrolase family 16 and may function in cell wall degradation. In addition,
pectinesterase has also been reported to affect the pH of the cellular
environment [31], in which way to increase cell wall porosity and cause
swelling [32]. Proteins belonging to the Ser/Thr protein phosphatase
family is similar to calcineurin-like phosphoesterase (EC 3.1.-.-) from
Colletotrichum graminicola and was reported to mediate the cell growth
and signaling [33]. Laccase (EC 1.10.3.2) is involved in lignin degradation,
as well as in several other functions, such as sporulation, pathogenicity
and detoxification [34]. Cipc, it has been found to be a cytoplasmic
CWODE in several other fungi and might be secreted via a non-classical
route to degrade host cell wall [35]. In addition, it was characterized to
be an antibiotic resistance signal molecule [36-38]. To sum up, CWDEs
can supply the energy and building blocks for the growth of pathogenic
fungus through degrading plant cell wall. Furthermore, the expression
of CWDEs was found to be induced when fungus was grown under nutri-
ent stress conditions including nitrogen starvation during early fungal in-
fection [39,40], because of the effective uptake of nutrient. Besides,
CWDE:s are also involved in cell wall soaking during plant infection [1],
and their expression level can enhance the fungal pathogen virulence
[41-44]. Therefore, we confirmed that these CWDEs induced by nitrogen
starvation are involved in potential pathogenicity during early infection.

3.4.2. ROS scavenging and stress response related proteins

At the early stage of the fungal infection, host will respond to pro-
duce a quantity of ROS, which alters the redox status of the host cell,
leading to hypersensitive responses and a hostile environment for path-
ogens [45,46]. To attack the host, the fungi secret ROS scavenging pro-
teins to neutralize or degrade ROS, making ROS ineffective.

Our results showed that two ROS scavenging proteins were induced in
V. dahliae under the nitrogen starvation stress. They were manganese-
superoxide dismutase (Mn-SOD, EC 1.15.1.1) and cytochrome ¢ peroxi-
dase (EC 1.11.1.5). Their functions in nitrogen starvation are detoxification
of H,0, to H,0 by oxidation of their different specific substrates. Hence,
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Fig. 2. Venn diagram showing the identification process of secreted proteins of V. dahliae
under nitrogen starvation and control condition, respectively.

these ROS scavenging proteins may play a role in overcoming ROS stress
and maintaining survival of V. dahliae in host.

Furthermore, stress-induced protein 35 (Sti35), stress-seventy
subfamily c1 (Ssc1), pathogenesis associated protein Cap20, retro-
grade regulation protein, 78 kDa glucose-regulated protein, protein
disulfide isomerase and heat shock protein 70 (Hsp70) were identi-
fied as stress sensors. Sti35 was identified as a bifunctional protein
involved in oxidative stress response and thiamine biosynthesis in
Fusarium oxysporum [47]. Ssc1 was regarded as an ATP-binding protein
required for both import and folding of mitochondrial proteins in re-
sponse to stress [48]. Retrograde regulation protein, the homologue
Rtg2 in yeast, was found to be the sensor of mitochondrial dysfunction
and its transcription is induced by the nitrogen starvation condition [49].
Protein disulfide isomerase (EC 5.3.4.1) was reported to be related to
pathogen attachment-internalization and the regulation of ROS produc-
tion by redox switches [50]. Therefore, these proteins in response to stress
are benefit for governing the pathogen development when V. dahliae at-
tacks the host plant.

3.4.3. Lipid effectors

Four proteins were identified as lipid effectors or potential allergen
molecules of V. dahliae. Two are SnodProt1 like proteins, whereas
the other two are phosphatidylglycerol/phosphatidylinositol transfer
protein (PG/PITP) and pathogen-related yeast protein (Pry1).

SnodProt1 was firstly identified from the phytotoxic wheat pathogen
Stagonospora nodorum. Here, we identified two SnodProt1 like proteins,
VDAG_01852 and VDAG_06199, which share 84% sequence similarity, be-
long to the cerato-platanin family (pfam07249). The subsequent analysis
(Fig. 6) showed that SnodProt1 (VDAG_01852) displays sequence simi-
larity of 80, 78, 73, 71, 70, 67 and 67% to the eliciting plant response-
like protein 1 (Epl1) from Trichoderma asperellum [51], small protein
1 (Sm1) from Trichoderma virens [52], protein related to plant expansions

Grand average of hydropathicity

Fig. 3. The three-dimensional diagram of the secreted proteins of V. dahliae. The molecular
weight (MW), isoelectric point (pI) and the grand average of hydrophobicity values
(GRAVY) of the identified proteins are shown as the three dimensions.

(Prpe) from Botryotinia fuckeliana, immunomodulatory protein (Immdp)
from Antrodia camphorata [53], Aspf13-like protein from Curvularia
lunata, secreted protein 1 (Sp1) from Leptosphaeria maculans and heat-
stable 19 kDa antigen from Uncinocarpus reesii, respectively. All these ef-
fectors contain four conserved cysteine residues and were classified into
small cysteine rich proteins (SCRs). SCRs with an even number of cysteine
residues that form disulfide bridges were thought to function as effectors
in the apoplast [54]. For example, Epl1 transcript was specifically detected
under nitrogen starvation, involving in plant pathogenesis and elicitation
of plant defense responses [51]. Sm1 can trigger the production of ROS
and induce the expression of defense-related genes in cotton; and
moreover, its expression is inducible throughout fungal development
under nitrogen starvation. Moreover, pretreatment of cotton cotyledons
with Sm1 provided high levels of protection to the foliar pathogen
T. virens [52]. Immdp was characterized as a new immune-regulating
agent from Taiwan fungus mycelium extract [53].

Another lipid effector PG/PITP belongs to the myeloid differentiation
(MD)-2-related lipid recognition domain (ML domain) superfamily,
involving in lipid recognition, phospholipids' transferring and recognition
of pathogen related products and innate immunity [55]. Pry1 was also
identified as the lipid effector, since it was the sterol-binding proteins
related to the plant pathogen [56].

For the first time in V. dahliae we identified SnodProt1, PG/PITP
and Pry1, the homologs of which are all important pathogenesis fac-
tors in other species. It is well known that the potential pathogenesis-
associated proteins may help design target-directed fungicides for disease
control. But further physiological experiments are required to approve
whether they could really serve as candidate fungicides for controlling
verticillium wilt disease.

3.4.4. Protein metabolism related proteins

Sixteen induced proteins involving in nitrogen metabolism, protein
degrading and synthesis were identified under nitrogen starvation. Two
proteases (vacuolar protease A and proteasome component Pup3), five
peptidases (carboxypeptidase S1, serin endopeptidase, mitochondrial-
processing peptidase (3 subunit, amidohydrolase family protein,
cerevisin) are involved in fungal growth and development. Besides,
the vacuolar proteinase was reported to play a major role in the
activation of cellular proteases and initiate an activation cascade in
Saccharomyces cerevisiae [57]; mutation of vacuolar protease Spm1 from
the rice blast fungus M. oryzae was testified to cause the depression of
fungal pathogenicity [58]. Carboxypeptidase was reported to be inducible
during nitrogen deprivation [59]. Cerevisin, its homologous protein Kex2,
was one of the virulence factors in the pathogenic fungi Candida albicans
[60].

Glutamine synthetase, aspartate aminotransferase, glutamyl-tRNA
amidotransferase, elongation factor1-y1, nascent polypeptide-associated
complex o subunit, FK506 (tacrolimus) binding protein 1B and ubiquitin
are involved in biosynthesis of different amino acids, protein synthesis
and post-translational modification. Increased abundance of glutamine
synthetase indicated that assimilation of nitrogen and biosynthesis of glu-
tamine prevails when nitrogen source was lacking. Similar results were
reported during pathogenesis of Colletotrichum gloeosporioides on host
Stylosanthes guianaensis [10]. Aspartate aminotransferase (EC 2.6.1.1)
had been demonstrated to be essential for the phage infection by forming
a complex with virus capsid protein [61]. Therefore, the increased expres-
sion of proteins related to amino acid metabolism, protein degradation
and synthesis upon nitrogen starvation indicated that they might play im-
portant roles in the pathogenicity at fungal early infection.

3.4.5. Carbohydrate metabolism related proteins

Twelve proteins related to the carbohydrate metabolic process
were identified, suggesting that nitrogen deprivation may change the
carbohydrate metabolism level. Transketolase is involved in the fungal
pentose phosphate pathway. Pyruvate dehydrogenase E1 component
{3 subunit, dihydrolipoyl dehydrogenase, aconitate hydratase, isocitrate



444 J. Chu et al. / Biochimica et Biophysica Acta 1854 (2015) 437-448

100

WEGO output

10t

0.1}

Percent of genes

0.01

110

Number of genes

Cellular Component Molecular Function

Biological Process

Fig. 4. The Web Gene Ontology Annotation Plot (WEGO) online database analysis outputs of the secreted proteins of V. dahliae (http://wego.genomics.org.cn/cgi-bin/wego/index.pl).

dehydrogenase subunit 2, xylulose-5-phosphate phosphoketolase, cit-
rate synthase, and succinyl-CoA ligase o subunit are all involved in the
pyruvate oxidation and citric acid cycle which could release quantities
of energy. Galactose-inducible crystalline-like yeast protein, NADP(H)-
dependent D-xylose reductase, malate dehydrogenase, and ketol-acid
reductoisomerase all belong to the NAD/NADPH-dependent reductase
and participate in carbohydrate metabolism. Meanwhile, they also con-
tribute to ROS scavenging for producing NAD(P)H as an ultimate elec-
tron donor..

Moreover, malate dehydrogenase catalyzes the reversible con-
version of oxalacetate and malate, whereas oxalacetate is an oxalic
acid precursor and a pathogenicity factor in B. cinerea [62]. Malate dehy-
drogenase from Colletotrichum acutatum was also reported to involve
the ROS scavenger, which was up-regulated both at the appressorium
formation stage and under nitrogen-limiting condition [63]. Citrate syn-
thase from Agrobacterium was confirmed to a virulence factor through its
mutant assay [64]. Ketol-acid reductoisomerase from Phytophthora
infestans was reported to be up-regulated in germinating cysts developing
appressoria during the early, biotrophic phase [65]. Pyruvate dehydroge-
nase E1 component 3 subunit from Lactobacillus plantarum was proposed
to assist the pathogen in adhesion to host tissues [66].

Carbohydrate metabolism proteins

15.79%

Protein metabolism proteins
21.05%

Lipid effectors
5.26%

Taken together, the induced proteins related to intracellular carbohy-
drate metabolism can provide more energy for the growth of V. dahliae,
and also probably affect the fungal pathogenicity under nitrogen starva-
tion during the early invasion.

3.4.6. Electron-proton transport and energy metabolism related proteins
Eleven proteins detected under nitrogen starvation appear to be in-
volved in electron-proton transport and energy metabolism. Among
them, Oxidoreductase, cytochrome b-c1, NADH-cytochrome b5 reduc-
tase, and cytochrome b-c1 complex subunit 2, belong to the electron—
proton transport system. These secreted mitochondrial proteins indicat-
ed the possibility of mitophagy upon nitrogen starvation, as reported
previously [67]. Small COPII coat GTPase Sar1, Plasma membrane ATPase,
ATP synthase subunit 4, inorganic pyrophosphatase, ATP-citrate synthase
subunit 1, ADP/ATP carrier protein and conserved hypothetical protein
9574 are related to the ATP synthesis and degradation. Apart from these
known functions, small COPII coat GTPase Sar1 (EC 3.6.5.-) is required
for endomembrane trafficking and was established to be related to the
invasion process [68]. Plasma membrane ATPase (EC 3.6.3.6) was con-
firmed as a target for antifungal drug development [69]. ATP synthase
(EC 3.6.1.14) from Bartonella henselae is involved in the invasion process

Electron-proton transport and energymetabolism proteins
14.47%

Other functional proteins
21.05%

Cell wall degradation proteins
10.52%

ROS scavenging and stress reponse proteins

11.84%

Fig. 5. Functional classification of the identified proteins that were induced under nitrogen starvation condition.
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Fig. 6. Multiple-sequence alignment of Snodprot1 (VDAG_01852) and its homologs from other species of fungi. Identical residues were indicated in carmine. The alignment includes pro-
teins known to be related to pathogenesis from phytopathogenic fungi: Eliciting plant response-like protein 1 (Epl1) from Trichoderma asperellum (similarity 80%); Extracellular small
protein 1 (Sm1) from T. virens (similarity 78%); Protein related to plant expansions (Prpe) from Botryotinia fuckeliana (similarity 73%); Immunomodulatory protein (Immdp) from Antrodia
camphorata (similarity 71%); Aspf13-like protein from Curvularia lunata (similarity 70%); Secreted protein 1 (Sp1) from Leptosphaeria maculans (similarity 67%); Heat-stable 19 kDa an-
tigen from Uncinocarpus reesii (similarity 67%). Numbers 1 and 2 indicate the positions of the cysteine residues participating in disulfide bonds.

[70]. The analysis implied that the energy metabolism related proteins not
only offer the energy to maintain fungal growth, but also involve the path-
ogenesis of V. dahliae at the early invasion stage.

3.4.7. Other functional proteins

Tropomysin and cofilin are related to the cytoskeleton/cell move-
ment. Ribonuclease Trv and guanyl-specific ribonuclease F1 complex
subunit Rieske are involved in nucleic acid metabolism. Adenylyl-
sulfate kinase participates in purine metabolism and sulfur metabolism.
1,3-p-glucanosyltransferase gell may be a function in fungal cell wall
degradation. Besides, eight proteins were annotated as conserved hypo-
thetical protein (CHP) for their special characterized domain (Table 1),
whereas two proteins, one secreted protein and one hypothetical pro-
tein, were identified with unknown function. Further investigation of
function-unknown proteins could provide new insight into V. dahliae
pathogenicity at the early infection stage.

3.5. Suppressed proteins under nitrogen starvation condition

Compared to the control, nine proteins could not be detected, indi-
cating their decreased expression level under the nitrogen starvation
condition; thus defined as suppressed proteins. Four proteins, p-
glucosidase, endochitinase, rhamnogalacturonase B and endo o-1,4
polygalactosaminidase precursor, are related to the degradation of the
cell wall. In addition, these include two choline dehydrogenases, an
aspartic proteinase, a CHP and an HP. Most of these proteins are
involved in the fungal cell wall remodeling; thus suppression of their
expression might be related to the fungal growth retardation under ni-
trogen starvation.

3.6. Comparison of the secretome of V. dahliae with those of other fungi

To date, several secretomic studies on fungi have been carried out
[12-17]. Here we identified for the first time in V. dahliae 72 secreted
proteins such as SnodProt1, PG/PITP, Pry1, Sti35, Cap20, and Utr2. More-
over, we detected 17 novel proteins (Table 1 & Fig. 2), the biological
functions of which need further investigations.

3.7. Expression profiles of the induced genes under nitrogen starvation

To further confirm the induced proteins under the nitrogen starva-
tion condition, four representative genes that encode Snodprot1, glucan
1,3-p-glucosidase, glucoamylase P and Cipc were selected for the exam-
ination of transcriptional profiles with semi-quantitative RT-PCR and
real-time PCR, respectively. As shown in Fig. 7, these four genes were
all up-regulated under the nitrogen starvation, in consistence with the

results of LC-MS (Table 1). In details, genes coding for Snodprot1 and
glucan 1,3-PB-glucosidase were upregulated of about 1.5 and 2.8 folds,
respectively, whereas genes encoding glucoamylase P and Cipc are
induced to about 21.5 and 76.5 folds, respectively (Fig. 7B). These results
indicated the high expression of genes that encode CWDEs, such as
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Fig. 7. (A) Semi-quantitative RT-PCR and (B) Real-time PCR. The transcription profiles of
the four representative genes that encode Cipc, Snodprot1, Glucan 1,3-p-glucosidases
and Glucoamylase P were shown. The results are means of three independent replicates
(2724 Vertical bars indicate standard errors.
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glucoamylase P, glucoamylase P and Cipc and lipid effectors Snodprot1
under nitrogen starvation.

3.8. A putative crosstalk between V. dahliae and host cell at the early
stage of infection

The growth of fungi under nitrogen starvation condition was report-
ed to mimic that at the early stage of infection to the plant cell [18]. Here
we identified 76 proteins induced by nitrogen starvation, indicating that
V. dahliae might secrete varieties of proteins at early infection process at
the cost of its own nutrient utilization until a successful infection. Based
on the present proteomics analysis, a putative crosstalk between
V. dahliae and its host cell was hypothesized as shown in Fig. 8. That
is, once the fungi V. dahliae encounter the host plant, they would secret
a variety of CWDEs to degrade and penetrate the plant cell wall. After-
wards, the host apperceives the fungal invading probably by sensing
the products of the CWDEs, and a cascade of signaling including
pathogen-associated molecular patterns triggered immunity (PTI) are
activated to protect the host plant from fungal attacks [71]. To survive
in the host plant, the fungi secrete special ROS scavenging proteins to
eliminate the ROS stress generally through NAD(P)H as reducing equiv-
alents. At the same time, the fungal effector proteins and allergen signal
molecules are expedited to initiate the effector triggered immunity
(ETI) of the host cell to restrict the fungal development and virulence.
In addition, the fungal metabolism is accelerated to gain more energy
and nutrients, supporting further invasion and subsequent survival in
the host cell.

4. Concluding remarks

Investigation of the secretome of phytopathogenic fungi will help
us to understand the interaction between fungi and host plant. Here,
we investigated the secretome of V. dahliae under nitrogen starvation
condition, using in-gel and in-solution digestion combined with LC-
nanoESI-MS. Though 1-D gel electrophoresis approach is of lower

resolution compared to 2-D gel electrophoresis, it is efficient to identify
extreme proteins such as highly basic, acidic, or membrane proteins. A
total of 212 proteins were identified; moreover the identification of
109 secreted proteins provides the first profile of the secretome of
V. dahliae upon nitrogen starvation. Further investigations focusing on
the molecular and cellular functions of these secreted proteins are needed
for better understanding the molecular mechanism of verticillium wilt
due to the infection of V. dahliae.
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