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hosts. In this study, SWATH MS""" label-free quantitative proteomics was applied to uncover the
mechanism of rhizomorph formation. In total, 1 724 proteins (global FDR 1%) were identified
from Armillaria mellea hypha (AH) and rhizomorphs (AR) based on data dependent acquisition
(DDA) model and 1 179 proteins were quantified based on SWATH (sequential window
acquisition of all theoretical fragment ions) label-free model. Compared with AH, 640 proteins
differentially expressed at AR, of which 256 were up-regulated and 384 down-expressed. GO
analytic results indicated that the differentiation of rhizomorph from hypha was complex, and
the main biological processes (BP) involved in differentially expressed proteins (DEPs) included
the metabolisms of organonitrogen compound, organic substance biosynthetic process,
metabolic process, oxidation-reduction process, small molecule metabolic process etc. The
results of molecular function (MF) enrichment suggested that the enrichment factor of electron
transport activity was the highest, and the enrichment P value of oxidation-reduction reaction
was the most significant, being consistent with the fact of activated oxidative phosphorylation
metabolism annotated by KEGG. Further analysis showed that the differentiation of A. mellea
rhizomorph may be induced by oxidative stress, and this promoted the synthesis and release of
fumaric acid and virulence proteins such as thioredoxin-like protein to inhibit the immunologic
system of hosts, resulting in the easer infection and colonization by Armillaria spp.

Key words: Armillaria mellea, proteomics, SWATH label-free quantification, oxidative stress,

fumaric acid, thioredoxin-like protein

ZINWE Armillaria mellea (Vahl) P. Kumm.
2w H. BEXEEN—KARH. EESHE
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2017)-
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NIRBRESFH R E A 5 FHL
Hl, AW E RIS Armillaria mellea [T 22 5
W RMAT T R EA AT, RET
B 2253 A0 B TR 2 1 22 il E R H A A5
B e R, Rt — Pt E iRt 7
SN TT I

1 Mr5 7 iE
1.1 MR

AT 5T BT FH B AR A A R A RS 25 TR %
R, BRI EA R ER, RN
A. mellea 541 (XI5 555 2015); B AR &
17, &H.
1.2 ENEIESF

LR I IR RERE 5 (potato dextrose
agar, PDA) “F-ILK%55E A. mellea 541, H[dl {4
FER A AP T PDA I, S B LR IR
PGS 21 RYCEE R — LA 1) 353 B R
22 (A. mellea hypha, AH) FEZ (A. mellea
rhizomorphs, AR), 1f A} AISZIGAH .
FEAPRE, WEGRG BRI, &
1.3 A. mellea 541 FZ . RERHNERER
BB

A. mellea 541 T 22 734K R 2R IS FE )
ZREARAT AN FEDRATE: YR
m (2 MEZR) BEANEI. gifk, &
FIE IR AL, 5 S P A s AR B a1 1 il 1)
SN £ IR B, TR 22 F B 2R B Y nano
LC-Triple TOF MS/MS & 14 77 158 37 1 € 14
PR, WLMERMEH SWATH & 27712
AL e SWATH JE B8 REESE, 2% Huang
etal. (2009). Lietal. (2017). ZE4e%% (2017)
MRS (2020) 775, AT HN —L
ZHAT TG DAL T Z K nano LC B
i 753, RN B ABAIUGE (L 5% (A AH 95%) 1E

1min WRGETF &2 13%, 4 69min %15
FHim B AHE 50% LA it b o Ik
B, 54 Smin I35 B AHZE 80%FF 55 s
WL B Smin, T4 1min ¥ B AR E V4G
HE 5%, PTG R 9min [H: A A H
M- 57K (0.1:2:98, V/V/V), B HHNHE-
ZHE-K (0.1:98:2, VIVIV) |: T HERE LR,
REBS 75 28 73 76 B A A6 A 300-555m/z Al
550-1 250m/z, Triple TOF MS ] IHF % & 4 150,
ISDF ¥ & 4 2 500; SWATH & EFIARER
Je 96 4% 300-323.5. 322.5-352.5. 351.5—
367.5m/z %5 60 NNE R KEH I,
1.4 HIENIBREMEEFED
1.4.1 ¥ A. mellea 541 L HE: ¥ A.
mellea 541 & 2 I 22 7% 5 20 1] unigene 751
B NE A fasta JP51, LA A, gallica NZ )
FhiFEAT blast 3FH uniprot FHATELIERE, 3K
5L uniprot ID 1 Novel 0[] A. mellea 541
H i85 )% . ProteinPilot v5.0 ZF (AB Sciex)
XT LA DDA B R AT R S e,
KRR O % e B A E.
1.4.2 5 A. mellea 541 H4MFEREEE
H: {#H PeakViewTM v.1.0 (AB Sciex) Ab¥
AH FI1 AR SWATH %4 . SWATH 5 & $dli 4 4%
RN AR IE . & 71 45 B U E 2554k
H, SEE7F. KBREANTEERFE (F
L4 2017; RERAS 20200
1.4.3 B Hr: FIH Omicsbean™ £E £ 73 #r
BAE, X AH AR 8 =5 AT AE A
LA LA, 3R1T A. mellea 541 B it
S ZERE A4 (P<0.05 A1 AR/AH Fold
change (FC) 21.5 5(<0.067) . % 75 FH 1T Gene
Ontology (GO) IhjggiE R Kyoto Encyclopedia
of Genes and Genomes (KEGG) &% 7T
(Ashburner et al. 2000; Kanehisa et al. 2016) .
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B4R

A. mellea 541 # 2 L S R L FEH, AH
Al AR BRI AT AT . A S 1 PR s e g )
SO % IR B, B EEMEY
BTN E, SRR AH Al AR [¥) DDA
¥ #2 ProteinPilot 4747, 3K75 global FDR 1%
v N ) R 3t 100 185 /) (global FDR
1% from Fit 5 81.5%), ULACAKEL 11 627 4~

(global FDR 1% from Fit N 94.7%). AHF5T

M A. mellea 541 B 22 FH R P L EEEH
1724 /~(global FDR 1% )(global FDR 1% from
Fit N 83.4%), HA L MEA 1 721 4 (W
AOA2H3DHR7. AOA2H3CTI3 I AOA2H3EB94
&), KAEHA 3 4 (BF Novel00443,
Novel00043 #1 Novel01184).
22 ENERLEREENEFERRA

AR AERR1C 8 87 X A, mellea
541 WL R FEFRIAE AT E
&=, WER2ZMNEZEN, BHYE 3 AME
Vi E AR, B 3 I SWATH,
BILH 18 4~ SWATH #i#i. mABE M EREE
F1179 4, HomEAEE 11774, K
MIE A E & 2 1N (Novel00443 F1 Novel00043) .

AR H A AH ZH B I AR 28 0 — A Ab 2

(1A &, AR 4K AH HINAEY) S E G FE

B RE R, 7 EMWAARIZERE (K 18,
10). %4 T-test £, AR A1 AH AH[AI3k1S
640 M2 7KL EH (P<0.05 Fl AR/AH Fold
change (FC)>1.5 <0.067), H & FifiFRA
256 1>, FiAFRIA 384 4~ (K 1D).
23 ERFTIXEHGO FE

A. mellea 541 B2 TE I H RIS FEZE F K
EEA GO BEEMNKE 2. BN FHEH L EHR
W) 22 S RIS B AR E r, BRIV A 2H
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(cell component) 22D, T840

TEAI A N A A% . SRR B A fke —ut
ERRIBEARZamr, aFEEN
WiREAE SR, EAREEK. LhikE
Gk IREAE AR, ATP SE KN =
RIRESHE GRS, XRPXLZEREHA]
Rez 5R G4, w250 ATP &R
AR . AU S A AR .

A. mellea 541 T8 22U B R 22 7R I8 TR
HZ 5142112 (biological process, BP)
FERENEEHT WHE 2A, X EFEAYF,
Z 5/ ARG R Z 7 E A S 20%,
24% 1) 22 7 3Rk B 1 5 B0 40 RN AR U o A2
G, AL E B G WA A AP & ol 72
MERRIEEAL G 17%. 1A, WL B
BE R 7% R 8 R H ik 2 5 kKA AR
. EAEMMPTE. WA K> TEAEERE
B NEEEYEERE (B 280 85 R/REW,
B 22 T B RIS AR & — DN E RN
AR, AR S KA AR N A
EHRE. WEE . BN EEE L EY
FEft. AERRIEEAY, A 8N EREK
IEEHAZS S NE AR N, DL R it
HALME (heme peroxidase, AOA2H3CW41).
AL AR (catalase, AOA2H3DX77). %
1 ) i 4k B ( superoxide dismutase ,
AOA2H3CTQ2 )« OsmC Ff & 1 ( OsmC-like
protein, AOA2H3DNT3) 25 NAE, Xtk
EHEYZ5EMNEIERMAETE, KIEHBRE
N2 RENEMEAY R I DIRE, DLAERRLIA N
TS AR T4 (Staerck et al. 2017) .
HWLZAHL, XEEALE A mellea 541 THER
H EiRRIE (AR/AH AKIKN 6.22, 1.70. 1.68
1 4.02), AT 22550 TE B 2 I 3 1 AR
N e TSI R A IR N e 2 S R R A
RS S X P b 5T IR0 T P R B
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Fig. 1 Quantitative control of SWATH label-free quantitative proteome of Armillaria mellea rhizomorphs
differentiated from hypha and volcano plot of differentially expressed proteins (DEPs) between rhizomorph
and hypha. A: Total quantified protein areas after normalized; B and C: Indicated rhizomorph and hypha were
classed into different group by PCA and clustering analysis; D: Volcano plot of DEPs between rhizomorph group
and hypha group (red blots, up-regulated proteins; blue blots, down-regulated proteins).

7 FIIEE (molecular function, MF) 7¥  BifbREE. o E AL EEE . 1120 2 E AL EE . OsmC
BHMEESITERBEN TERRFLIEN HEOSEERAEIAMENME (antioxidant
BRI RS TS AN N, PLAERIEE  activity) @, XEIREH TSN AT R
RNESE P EHE&E (KB 2B), HylEMAY) HRELEREREPREEEN. W, fFit
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Cellular biosynthetic process I 150 (2.14e-08)
Glycosyl compound metabolic process I 2?2 (2.52e-06)
Organophosphate metabolic process NG 47 (2.95e-06)
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Organonitrogen compound metabolic process I 179 (7.45e-06)
Carbohydrate metabolic process ING—_— 44 (2.21e-05)
Single-organism catabolic process I 22 (2.47e-04)
Cellular oxidant detoxification Il 9 (5.39e-04)
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Fig. 2 The GO analysis and enrichment results of DEPs of Armillaria mellea rhizomorphs differentiated from

0.4

hypha. A: Biological process analysis results of DEPs; B: Molecular function analysis results of DEPs.

HEER, BFH 3 MMALEHAMNEH 2012; Yang et al. 2019). S5 E £,

( thioredoxin-like protein, Trx), KX N
AOA2H3EBV3. AOA2H3DRE2 A1 AOA2H3E146.
Trx BATERRIGEEEI B K ETUEAER, &
REEJEH, AT E 3 9% (Farshchi et al.
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At. A. mellea 541 WA NHERIIHEEZ TR
EEAS TR EREEERIE 28, £
AT AR TE. SN0 FIE M. RS

24 EFRIAEH KEGG EIE D
A. mellea 541 {2 N H R FE £ 7
FLIXEAN KEGG B METERE X E LM &

e THs. HilgLS S TESE, Hrk s

AL NG VE R 2 R RIS E A ER S,
TSI & R T

REY, KErEREASSREERE,
AR KA S VAR BEEARE L e A4S

Ao B
SRS E=N

MRS (B 3). AR =

Carbon metabolism | EEEG—_— 46 (4.22e-13)
Biosynthesis of amino acids [N 35 (8.70e-05)
2-oxocarboxylic acid metabolism Il 14 (4.49e-04)
Biosynthesis of secondary metabolites IEEG_—_—_—_——__ 73 (6.82e-04)
Metabolic pathways I 163 (1.97e-03)
Fatty acid metabolism Ml 8 (2.91e-02)
Citrate cycle (TCA cycle) Il 18 (2.18e-08)
Starch and sucrose metabolism Il 19 (3.52e-06)
Glycolysis/Gluconeogenesis Il 15 (3.56e-04)
Galactose metabolism M 7 (6.64e-04)
Fructose and mannose metabolism Il 9 (1.19e-03)
Pentose and glucuronate interconversions Il 8 (5.65e-03)
Propanoate metabolism l 7 (1.06e-02)

A0
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Methane metabolism Il 10 (2.29e-05)
Oxidative phosphorylation I 27 (1.09e-04)

IAB

Fatty acid degradation Il 8 (2.91e-02) Bac
Tyrosine metabolism M 7 (6.97e-03)
Arginine biosynthesis ll 7 (1.55e-02) AE
Phenylalanine, tyrosine and tryptophan biosynthesis ll 6 (3.97e-02)
Beta-alanine metabolism Ml 7 (1.06e-02) Har
Ribosome W 37 (9.10e-05) I BB
Aminoacyl-tRNA biosynthesis Bl 10 (2.63e-02) B
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Fig. 3 The KEGG pathway analysis and enrichment results of DEPs of Armillaria mellea rhizomorphs
differentiated from hypha.
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R EEERX, F 27 1M EREASHZ
R BB E AR 2 A E A IEHR
Jiit S 2R i P 3¢ (succinate dehydrogenase
iron-sulfur subunit, AOA2H3E088). H&1Ak 3 4
JREE ET LuxS/MPP FE<EJE /KA (LuxS/MPP-like
metallohydrolase, AOA2H3DDW6). E &4 4 7
R A4 ER ¢ EALBEIEEE IV (cytochrome ¢
oxidase subunit IV, AOA2H3E1P1) Fll ATP &K
iV FE e (ATP synthase subunite, AOA2H3E203)
NREMEAEESRFEE R+ LAERE,
AR/AH LA IXA 5.10. 2.58. 2.06 #il 3.16,
KAER ATP fEaedtin, #e= QUK
(Nolfi-Donegan et al. 2020). Z 5% it
MERREEARERZ, HPmiQHE %
BRONEE (46 ), 19 NE A SIEkH MR
UK. 25 =RBHEHREZEREH 18
MRS 5 R R A RN ERER 15
A (B 3/ AAE ). A mellea 541 R IE
BodFEd, 8 NMERKIAEBSERMRMA
W, 7TMNERBLREASSHRAR. HER-
R IR FIAC I (& 3 1) BB #%3). A. mellea
541 WM RIIIEY, ERREEAK
VEW) A —RINRe NI RE 5 A0, AFENE
AR (37 M) Z BT EE tRNA ALY G (10
AN FiEE FARARH (15 A4 (& 3 19 BC #43).
25 ERFTEEQHREERSH
HEH-HAMEAEH (protein-protein
interaction, PPD) Z3#r&i R ILKE 4, 1R
PPI P25 B, 4 NEASMAAEMER, ~
AOA2H3D6C1 (& 1% it J5 B , fumarate
reductase ). AOA2H3E8S2 (FF 15 IR & g, citrate
synthase). AOA2H3E3Z7 (ZRifAHEFHER-CoA
ERLRE[ADP A Ji]B WL, succinate-CoA ligase
[ADP-forming] subunit beta) F1 AOA2H3EAWO
(KB BE &, citrate synthase). & GERIE

1364 EMFIR

JR B AN 2R AR BEF R -CoA EFEE[ADP A2 K]
B WH:5 AOA2H3E088 (H¥ HMA It A M [V FiR]
BRIV 3E, succinate dehydrogenase [ubiquinone]
iron-sulfur subunit) I:[FZ 58 DER-BEIAR-
BRIAELAHEE A AR, SW2Mt, B
PRI i B AN 4 AR BRI R -CoA IEHZ I [ADP
AR LR R R IERIE (AR/AH ARIX
N 0.48 F10.66) MBI It S B [V B k-1
W Fif#iA (AR/AH5.11), RFE LIRS
RN Z . BLAh, BEIAIR I NG [V ) 2k-
BV (AOA2H3E088) 2 5 A 1 Hi, T~ I
HMEARIIMTE, EAREFPLARE, £
BB R ATP A ¥ . AOA2H3E8S2 2 AT IR
AU AE A R4 A BIOCEERE, 7R R+
# FiA#i5 (AR/AH 5.59), FKUREEIE 2
Medle A AR TT AT .

A. mellea 541 W22 H R FEH, )
Rt 58 BRI . = RIRIEIA . REILIRE
Ma . PUAEREME K. B O BRACH
MR R SEROCHR, Horh DU 1A N 48 H AR &
Hix%, 316 1~ 2 2-40S MBI S31
A& (AOA2H3E7LL) iR A E %
[PIRX LB 5 J& 40S A% HE R I 8B40 A B G o
R gm DAL, N4l A K (Fernéandez-
Pevida et al. 2016); #71% & H K4 H AL &,
WA LA B R ALK & (Mangiarotti
& Giorda 2002). 5 A. mellea 541 224 L,
12 %-40S IHEIREE 1 S31 M A B AR R
FiA%IA (AR/AH 1.92), FWHERKLA
KHE T RES T 2 M r B KRR, 4%
M RAEKEESPRT H2EKER: &
VR TE SIS 35 15 77 140 2 B PR TR AR 25 BOR RR
MAF=ES T, EIREE RN EE
RFRE2ERKEE, IR ZEATRES
W E A AR K — A R s .
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Fig. 4 The protein-protein interaction analysis and enrichment results of DEPs of Armillaria mellea rhizomorphs

differentiated from hypha.

3 Wik

BEIATH B R A 20— MR e,
RRYE EMALGEN, WRNZDEEY
W R BR B P2 B (FREH LSS 2004), (HJ2E I
BRI B 22 500 T B 2= B ML B T AN 4
NERER E IR R IERILE, ARSI
Sk SWATH AEFRic 8 &8 A AL A H R,
ME TEAEH LS WR N EARHA; KA
SWATH & A5 00 B8 B R 22 Ao R TP 8
EAHET T Ed e R, JERE T WL
TE R 2 1 22 e R0 B A T2 o 7R A 1,
X 2R RIKEARAHMAT T RAM GO R
KEGG X538 % 70 A1 25 -2 (A AH HLAE 2
Br, 48R T BN 2T A R AT RE
BT AR, RS I E S
R I E A ARG 2, AR T %30

PR G A e A T 3

W ENEHLTE R E R ERE AR
H IG5 KBTI, KA RIE L R AT BE
S T EA PR SO R . I AR RO
PEVDIT, W KE R, HUARTE B Ak B
BORS SRy (R & A
B FEAEBAEREFEEW. AT RBEER
YERPAE TR IE,  ER (R 40 BT A0 7 mT B i
HA 55 A -7 (Staerck et al.
2017). EEAMAYEALEG . T E AR AL
FId AL . OsmC A 8 AN 450k 87 1 S5 AR
LT H TGN /Fh i 2% T A8 Y o )
P RPUEAGT . P ERMTEEF, M
2L S Y B B PGS TSN, b w]
DAL Stk G s T ae ez, vl Rext
HAEE G 4= A B K52 (Zémocky et al.
2017) o A A B A E A5 200 FL B 77 AR 1)
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EHEEY R R R KA EEAEN .
e A ) A Bl AN I SR A S TV B R A
PR A R B TR A, B R TE
FEAEREME R, DAAERRY LRSS A
Pl R R AE S35 R VG TE (Shibuya et al. 2006;
Chaves & da Silva 2012). X T —Se8ptE &
B, A B ER A e — Pl R
J1IHT (Hwang et al. 2002), W1 SRR -
FER AT B, OsmC 8 1R 3 5 e B4
e I 2 IR At i 2 ATV Bl A6 =) (Lesniak
et al. 2003). fin AL 5 A R HUAEE R T )
n—REH, RAGEAEL LSRG
EAHREASERTEMBRNED, Rl L
R Hh b5z B 2R R CEtrx2), il R BR
X P E A 0 (P BURE BE K (Farshchi Andisi
et al. 2012). A. mellea 541 & 22 1 1% i R L F2
A 3 M EAERERERE, Hio
FIRE AR (AOA2H3EL46) fERI R+ L
WERIE, Ui BH BR 20 14 S A 0T T ke
b, PréEALEE 1185, A48 Yang et al. (2019)
WiE, ZEECHE Edwardsiella piscicida #&—
P Rar AR, T DURE U Rk R AR SR
ZE AR E N T T, WRRTE W
ASK1 (apoptosissignal-regulating kinase 1) [
YR AE BAE AR A, $06) FUEAME S5
VAR I ——p38- 22 R4 RV AL B

( extracellular kinase

signal-regulated
1/2-p38-mitogen-activated protein kinase ,
Erk1/2-p38-MAPK) 15 =i i 1 HRAHI 15 3 Gy
RONE,  LRIK BRG] H o 48 25 BOR BRI A2
KEBEATFEIAE, HEHHLAE R4 Z
AR R, RAFETIERR., XEE
HEERFHE RS LRRIE, — il
MR B 5 8 22 A KT TR R R, )
— J7 T W OR BRI 7R A e i
Erk1/2-p38-MAPK {5 5 1@ B i A2 f il 15 & S
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SN SEBAR SR 00 B 1, H BRI FR R
AT

5 BB B 22 53 AT RO R R R
e t, BrIrREE S (5 ATP &
R F— S0 RN T R A U A B PR R
R LRRE, XATREAERMEE R, —
J7TH ATP & 8, fkgese 2 (Fernie et al.
2004), EAHFTHRERMIE. HHHE AR
Lia s H—hm, BRMAEIR (&5
VR AT BERE IR PA R, VAR VD0, BN
RSN 18 Ik 2R R I Re 7 Beak,
o2 RN E SIRBIA SR, R T e
A TE 2, BRA E Sl n] DL 1E 32
2RI (Schliemann et al. 2008), M
[HEIE RN e Y FE N PR S 7N ]
BfE X CIRKR BER e TS,
NEMPEKKERMER SHEFRDR (5
I AR 4R B 1990, 1992), HAHLER BN
BV IR B B S5 R ISR RIS, T
BN R Y AR T X — 3R
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