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Analyses of the glycoside hydrolase family genes and
their differential expressions between rhizomorphs and
hypha in Armillaria mellea

LIBing LIULiu SHAN Ting-Ting  GUO Shun-Xing®

Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences, Peking Union Medical College,

Beijing 100193, China

Abstract: Armillaria sp. is a type of facultative saprophytic and parasitic fungus. It provides
nutrients for medicinal plants (Gastrodia elata) or fungus (Polyporus umbellatus) by degrading
the co-culture media and the glycoside hydrolase families (GHF) are the main enzymes in this
process. In this study, 170 genes in 39 categories encoding GHF proteins were obtained from the
transcription database of Armillaria mellea 541. Further analyses revealed that totally 181
domains of 48 classes were encoded by these GHF genes including Aamy, Glyco_hydro,
Melibiase_C, NodB homology and PA14 domains, etc. GO function annotation and KEGG
metabolic pathway analysis and enrichment were performed on GHFs systematically and their
molecular functions included binding, hydrolyzing and catalyzing cell wall components. Five
genes encoding GHF3 (AOA2H3D3T6), GHF78 (AOA2H3D8T6), GHF51 (AOA2H3E4X4), GHF47
(AOA2H3EK71) and GHF5 (AOA2H3EBW?7) expressed differently between rhizomorphs and hypha
of A. mellea 541, containing PA14, Bac_rhamnosid 6H/C, Alpha-L-AF_C, Glyco_hydro_47 and
Glyco_hydro_5 domains successively, which may play roles in binding carbohydrates and
catalyzing the hydrolysis of rhamnoside, arabinofuranoside, mannose residues and cellulose. This
study provided a useful reference for uncovering the interactions between Armillaria sp. and
Gastrodia elata or Polyporus umbellatus.
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M FEER Sy, A i M 4L R
Ve R A e GREESE 2018), HFEMRK
R AYERBEIRE R RE V] (MiFE 2015).
oL PRI 2 I R FEZ BRI, BT 4
HuBE 32 B R 7 32 20, EH R DU
R 7 AR FlEEF K AR g ) 2 P A 22
PEEI S, (HAS, 2 PR 7K A B v
Z ZAG I .

AR IET ZEILE A. mellea 541 55
TEE R, e H g b b K AR 1) SR TR
AT T REH 08T, RIS T EH R 2P
FS TR 2R kR P 22 S R RN Y I A I i
PR, 3 M i B T 3 A B 5 0 2 BOR BRI A
BAER R 7 IR BRI .

1 M5 iE
1.1 KIE A
BEXER A Armillaria mellea 541, (R,

TP [ R 2R A B 24 AR A 70 B B AR A 7T
= R FREL R (5K 7508, F %k 250g.
& HE 10g. 2: B 17K 1 000mL) 15 7E A. mellea
541 WK, FFFLAEACHE R,  BH A4 I 5
WRE R, BT SR EENRERS RS,
i EOLEE TR, PR I A mellea 541
2 4k CArmillaria hypha, AH) FlH &

(Armillaria rhizomorphs, AR).
1.2 ENEEEKEEREER ST

AR ST A. mellea 541 ) 22 /K FI B

RiIT T RGN FH IR S, R8T
ZEMRE unigene FUE %, JfFC_EALZ 2 NCBI

( https://www.ncbi.nlm.nih.gov/ ), & 3 5

(SUB8218370) . ANHF 7E iz K ¥ e v S HR
FTEWEH KRR unigene 58, AFE
BT AFR. FIE RS FIF protparam
1E 2k 1. H (https://web.expasy.org/protparam)
o 3 R 7K S I S Ak R i3 AT B A S T
W5 HT: R uniprot fEZRVER: L H (https://

www.uniprot.org/) Al pfam & ¥ 3a T 0 78 2%
T. B (http://pfam.xfam.org/) FFHEEF /K fift il
KNI R ATV R G5 A 35 0 A s 4k T 0
H KRG A SR 25 M B B AT ST o0 #T o
1.3 ENEREKEBREEREMEESE
va ki)

FIH omicsbean™ Chttp://www.omicsbean.
cn/) EL T E, *F A mellea 541 ¥ /K figi i
K& AT RS Gene Ontology (GO) ¥E
B CHFEZN I ZH % cell component. 73T ik
molecular function FIA#)%3LF2 biological
process) Al Kyoto Encyclopedia of Genes and
Genomes (KEGG) Rl & 3 #T .

1.4 ENEERSEZBEERFTIENERK
fiR B o i B A

M A. mellea 541 5% 2HE R e R4 2 42
HCHH W3 7K A B 2 i 2 R 1) RPKM (readss per
kilobase per million mapped reads) %#f, 2
2\ log,RPRMIARYRPKMAR) - ek 1 7K Ak Bl 5 it 3
HEER S W PRI EN I, &4 3 4
AP EE, RMRSERFHE RS H L
(8] i) Z= 7+ 15 (Fold change>1.50 <0.67,
P<0.05) MIBEHE /KM HEK . FIFH NCBI
S THEZ T B Chttps://www.ncbi.nim.nih.
gov/tools/primer-blast/) ¥ it 2 7 FK1AFE K 1K)
IERBIVIFS] (R 1), UIEHET-1y ANS
FF (ER 514 5-TGCTCGGCTCGACTCCAGAA
GA-3', X[ 514 5'-TGGCACCGCATTGGATGAAG
GC-3"), #RJ5 I SEI 26 't 7€ B8 PCR(quantitative
real-time PCR, qRT-PCR) il

2 ERE04
2.1 ENFEEHKREBREEE

M A. mellea 541 P& 1) 55 40 2t e 3L
FERORE T 7K B R A 170 A4S, FREER
GRRHAT T WIS i 25538, A. mellea
541 H K g b5 (R EF K i B 5K R B A 3t
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39 2K, HA it /KAERS (glycoside hydrolase,
GH) 374>, HEH/KMBEZR 16 F2H 18 1,
W KRB S 5 A1 13 IR H34°8 10 4,
W KBl 25 S AR 9 A, FlEE K fdBE X
3 EE 84, HARI/KMRNE S B I Fh AN
HE LK 1 MR 1. X EepE T KRR 5k
HHEASHME 1.

LR F, uniprot A pfam £EZ67ER:
T H X HEE K ARRE (GH). WEF /KRR 2 &
Mkl (GH/D) ZEREAT Byt — B S5 ko) iy
KW, A mellea 541 BARFE T K MREEEA 145
Fy38, A0 55 Aamy. Alpha-L-AF_C. Bac_rhamnosid
6H/C. Beta Gal_dom2. CBM_20. Fn3_like.
GDE types (hGDE_N, hDGE_amylase, hGDE_
central A1 GDE_C). Glyco_hydro_1. Glyco_
hydro 2. Glyco _hydro 5. Glyco_hydro_10.
Glyco_hydro_16 . Glyco_hydro_17 . Glyco_
hydro_18. Glyco_hydro_28. Glyco_hydro_29.

1 Armillaria mellea 541 BYFEE K fREE SR iR B B 5 £ 41t

CPEALEE: GHF: W 7K At I 5 Itk

Glyco_hydro_43 . Glyco_hydro_47 . Glyco_
hydro_61. Glyco_hydro_71. Glyco_hydro_79C.
Glyco_hydro_88 .
mannosidase. Mannosidase_ig. Melibiase_C.
NodB homology. PA14. PX Z:3tit 48 3%, Hr
HEBZ LN Glyco_hydro_16. Glyco
hydro_5. Glyco_hydro_1. Glyco_hydro_18.

NodB homology, 5 LLIKIK A 9.94%. 9.39%.
6.63% 5.52%A1 4.97%, HA4EMBEENL
Kl 2. HABSEAIZE MR Alpha-mann_mid.

CBM_1. Gal_mutarotas_2. Glyco_hydro_3.

Glyco_hydro_6. Glyco_hydro 9. Glyco_hydro_
12 . Glyco_hydro_13 . Glyco_hydro_15 .

Glyco_hydro_25 . Glyco_hydro_30 . Glyco_
hydro_31. Glyco_hydro_35. Glyco_hydro_37.
Glyco_hydro 39 . Glyco_hydro_63 .

Glyco_hydro 92 . Ig_

Glyco_

hydro_76+ Trehalase_Ca-bi 1 X8 4§ 19 Ff, %{
YN 1.

m GH m GH/D ® GHF1
u GHF2 u GHF3 u GHF5
u GHF6 m GHF9 = GHF10
m GHF12 m GHF13 ® GHF15
m GHF16 u GHF17 m GHF18
m GHF25 m GHF27 u GHF28
= GHF29 = GHF30 = GHF31
m GHF35 ® GHF37 GHF38
= GHF39 u GHF43 GHF47
m GHF51 GHF61 GHF71
GHF72 GHF76 GHF78
GHF79 GHF88 GHF92
GHF95 GHF105

GH: WEH/KMEEG: GH/D: WELF/KARREG/ 2

Fig. 1 The statistical results of genes encoding glycoside hydrolase family proteins of Armillaria mellea 541.

GH: Glycoside hydrolase; GH/D: Glycoside hydrolase/deacetylase; GHF: Glycoside hydrolase family.
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Types of domain

2 Armillaria mellea 541 4TS HIMEF K BREESK IR E B LM GEIT 24 Glyco_hydro: #HHF /K i i 2K 17k 5
Aamy: o JEM AL S5 RIE; Alpha-L-AF_C: a-L-Fif {1 R il 7 B C R 45 #4938;  Bac_rhamnosid 6H/C:
YT o-L-FRZAEHE Tl 6 R SN 17 il 45 14 58/ C- R i 225 #4350 ; BetaGal_dom2: B2 FLHE 1 45 1435 2 CBM_20:
WKL G s GRS 205 Fn3_like: £F&EERE I BUL5HK; GDE: AKEBRAAESCEEM) N oK i 45 44 485
Mannosidase_ig: CBM FE&5#41%; 1g_mannosidase: Ig-fold £5#J1k; Melibiase _C: a FFLHETFEE C i B-=
WG 45 F4K; NodB homology: 452K B [RIVRLS /438 PA14: PA14 Z5#438; PX: PhoX [FlJ 45 F sk
Fig. 2 The statistical results of domains of glycoside hydrolase family proteins encoded by unigenes of
Armillaria mellea 541. Glyco_hydro: Glycoside hydrolase family; Aamy: Alpha amylasecatalytic domain;
Alpha-L-AF_C: Alpha-L-arabinofuranosidase  C-terminal domain; Bac_rhamnosid 6H/C: Bacterial
alpha-L-rhamnosidase 6 hairpin glycosidase domain/C-terminal domain; BetaGal_dom2: Beta-galactosidase,
domain 2; CBM_20: Carbohydrate-binding module family 20; Fn3_like: Fibronectin type lll-like domain; GDE:
N-terminal domain from the human glycogen debranching enzyme; Mannosidase_ig: CBM-like domain;
Ig_mannosidase: Ig-fold domain; Melibiase_C: Alpha galactosidase C-terminal beta sandwich domain; NodB
homology: Nodulation protein B homology; PA14: PA14 domain; PX: PhoX homologous domain.

2.2 BEIEEEKBIBIIEE TR (fungal-type cell wall), 10 NN EH
Xt A. mellea 541 ¥l 7K fift i 5 i 32 K] (extracellular region), 45 H 4153 A

fi 170 NMEEBEAT 7 RSN GO TRk WA 3A.

A KEGG ARBHEER 71T AL R Hr 45 2R GO IR TUIRe T e RERW], A 81

K, 25 MREHKMIXIEEO M TR DFEKEREEGHEENE (catalytic activity),

HNEE Ccell periphery), 12 My T EE4IMWEE 73 NPEE KR K IE KRS Chydrolase

1374 EWER
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A Extracellular region ms——10 (2.48e-05) 2
Cell periphery 3
External encapsulating structure part 3 (3.53e-04) 25 (2.42e-04)
External encapsulating structure FEEEEEE———1 12 (5.57e-07) 4 o
Cell wall 12 (5.57e-07) 53
Fungal-type cell wall T —————— 12 (2.87e-07) %
Spore wall mmm— 4 (8.67¢-05) |5 =
Cell wall part === 3 (3.53e-04)
Ascospore wall 4 (6.44e-05) 7
Chitosan layer of spore wall === 2 (2.76e-04) s
0 5 10 15 20 25
Percent of genes (%)
B 81 (1.91e-12)
Catalytic activity
Hydrolase activity 73 (3.00e-32)

Carbohydrate binding 6 (2.66e-06) 3
Hydrolase activity, acting on glycosyl bonds s 52 (7.14e-66) 4 E
Chitin binding === 6 (6.95e-10) I QL
Hydrolase activity, hydrolyzing O-glycosyl compounds 52 (1.61e-69) 5 %
Chitinase activity == 5 (3.13e-08) =

Glucosidase activity = 5 (3,13e-08)

Calcium ion binding w8 (5.99e-07) 6
Amylase activity m 3 (5.33e-06)
0 18 36 54 72 90
Percent of genes (%)
C Carbohydrate metabolic process I 56 (1.64e-54)

Organic substance catabolic process II——— 16 (7.60e-06)
Cell wall macromolecule metabolic process ™ 2 (6.70e-03)
Cell wall organization ™ 2 (1.12e-02)
External encapsulating structure organization M 2 (1.12e-02)
Single-organism carbohydrate metabolic process s 5 (2.70e-02)
Carbohydrate derivative metabolic process I 7 (4.22e-02)

0 13 26 39 52 65
Percent of genes {%)

D 28 {4.5%e-04)

Metabolic pathways m———————— HAO
Starch and sucrose metabolism m———————sssssm 13 (3.51e-22)
Amino sugar and nucleotide sugar metabolism p— 7 (2.18e-05) IAA
Galactose metabolism pmm 2 (2.07e-02)
Cyanoamino acid metabolism mmm 2 (6.03e-03) BAF
Other glycan degradation mmmsm 3 (1.61e-04) A
N-glycan biosynthesis m— 5 (2.51e-04)
Various types of N-glycan biosynthesis s 4 (4.02¢-04) G
Glycosphingolipid biosynthesis-(iso) globo series mm 2 (4.24e-04)
Glycosaminoglycan degradation m 1 (2.08e-02)

0 7 14 21 28 35
Percent of genes {%)

A: Metabolism AQ: Global and overview maps
AA: Carbohydrate metabolism
AF: Metabclism of other amino acids
AG: Glycan biosynthesis and metabolism

3 Armillaria mellea 541 FEE /KRB XA E H GO JEFEF KEGG KB AMEERLER  A: PHH KK
Wl X et T2 i T A s AR 45 2R s B: B H KB R EE By T OIRE T AN E SR 45 s ¢ BB KAR
MR IR E A Z 50D A E 45 R D: WEE /KRS 0 KEGG AU UHE B 7 Al 'S SR 46
Fig. 3 The GO annotation and KEGG pathway analysis and enrichment results of glycoside hydrolase family
(GHF) of Armillaria mellea 541. A: Cell component analysis and enrichment results of GHF; B: Molecular
function analysis and enrichment results of GHF; C: Biological process analysis and enrichment results of GHF;
D: KEGG pathway analysis and enrichment results of GHF.
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activity), 52 MBEE K AR EE AT R 10 S R E
B (glycosyl bonds), 52 AMHEE /KRR A] 7K fi
O-MiE # 4 &%) (O-glycosyl compounds), 11
APEE KRN 3L T 454 (chitin binding)
AL T FiEHEME (chitinase activity), 8 4MH#
KRB B A5 T 456 2hEe (calcium
binding) (4] 3B).

GO JERZ AW IS RE M a5 R W, B
IKAE WA 2 B BB K R X e
MEEEY) 2SR, BEEAZSRKEE
Y14 (carbohydrate metabolic process) (56
AL B ES IR ST (single-organism
carbohydrate metabolic process) (5 4~) Flfi
KA G Wi AR L2 Ccarbohydrate
derivative metabolic process) (7 ). It4h,
HHMEACHET Corganic substance catabolic
process) 2 B FA R B K A il X i B 1Y
—RAEY)ZIIEE (16 MEH)D. M 9
BT, BEA VR A W e R 1 A TR W T K
B oK ki F B E D, TREIRA (B 30D,

KEGG RIS /T2 K, 28 /MhE
K fift B35 5 A58 2% (metabolic pathways)
G, PR KA G AT, Hd 18 4 bE
H K G 2 50k e B AR (starch and
sucrose metabolism), 7 NZ 5% L HEFL B
R ¥ Camino sugar and nucleotide sugar
metabolism). ZHEAUHEHE HKGEES S
1R N IR, B N-FEEE YA K

(N-glycan biosynthesis) . i iz 5 bl Ckb 2 4D
[% fi#  ( glycosaminoglycan degradation ) 2§
(K 3D),
23 ENERERSRLBEFREWEEK
B iR A

£ A. mellea 541 [R5 W 2255 5 A
Ze AR TR A, BEE K I K R 2 (R e
54 (GR1AE 4, KRS E KRk

1376 E¥FR

3 (GHF3, AOA2H3D3T6). FEH/KAREEZ
%2 78 1 (GHF78, AOA2H3D8T6). T /K fiik
filf 5 i 51 ® 1 (GHF51, AOA2H3E4X4). M
KRB 47 B (GHF47, AOA2H3EK71) F
WEH KRB % 5 25 (GHFS5, AOA2H3EBW7),
oy)E 5 MREINF . XEREERHR S HZ
[f) 2 7 RIA N ELE (AR/AH) KIKH 2.52.
3.23. 1.92. -2.77 f1-2.07 (LA RPKM 1), Bl
GHF47 1 GHF5 TiAFEL, Ha 3 MEFE L
WERIK

LA EF-1y NN ZEEKIH qRT-PCR 45 %K
B, GHF3. GHF78. GHF51. GHF47 ¥ GHF5
&5 MERTERHRSHe b ERRIE, WE
Wk 2.82, 3.79. 1.33. 0.37 #10.29, X5
BT RPKM 1T —3, #E—PEsiiX 5 4
FERTE A. mellea 541 TH & 5B 42 M £ 73R IA
(E 4.

5.00 -
O RFKM

o 4.00 F

5= @ gRT-PCR

e 300

X @©

% £ 200 -

3 1.00

=z [ GHF47 GHFS

HE 000 =

oy GHF3 GHF78 GHF51

f%l D100 -

iﬂ: o -2.00 -

NAT =

¥ 2 300

-4.00 L = RRIAK

Differentially expressed genes

(DEGS)

&l 4 Armillaria mellea 541 B &R S5H 24 E R FTIAW
PEEKBEBREERRELLE RPKM 25 T 5
s E BN 25 R, B DR E TR R 5 A 22 1) 1) B A
iy IogzRPKM(AR)/ RPKM(AH)H_ﬁﬁﬁ%Ef

Fig. 4 The ratio of differentially expressed genes
(DEGs) between rhizomorphs (AR) and hypha (AH) of
Armillaria mellea 541. The ratio of DEGs between AR
and AH based on RPKM from transcript abundance

were calculated by log,t"M(ARY RPKM (AH)
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X 5 A2 R Rk FE PR G b A 3 TN Y B
WS MM ILE 1, AERVEN T
420-855 Z[A], X4 & 45.9-93.9kDa, %
HL A 4.47-5.91. XS /KRR R E A A
A 6 et KX PA14 (AOA2H3D3T6).
Bac_rhamnosidéH #1 C ( AOA2H3DS8T6 ) .
Alpha-L-AF_C (AOA2H3E4X4). Glyco_hydro_47
(AOA2H3EK71) F11 Glyco_hydro_5 (AOA2H3E
BW7), KIEGGWKWEYD. Rl A
IK A AL o-L- B 457 AF K TR 4 7 B /K A
o-D-H & Kl BRI K SR A4 4 FOK R S A
Dhfig.
3 Wit

B PR R TR A 43 24 FH AR R R B )
R HVE TSR, THARTERZERT (R .
WIS IR B =) . A IR R R B
BE (GEE) @A SRR, WRERYHF
R — 5 10 2 BB . ToRE il 24 I Bl e
F, HEZWEYB MR, —Fh 2
Z R R A 2R 2540, i D e M e U] LURE
KR N GRS 2018; XIBREZE 2020).
{HI2, I KRR = KRG R
AW INEILEE A, mellea 541 TG FEL K
FREGZ RFE IR 170 AN, IR S6EL R 4w i pi 7K
el o Ik B A 1 48 ML 181 4. H R«
FHEE, BEH KRGS % 3 58 (AOA2H3D3T6)
%S5 MEAERRPERFIL, GEM s
JEAFZEDN, KIEWmKEDE A K
RS2 TR -

A. mellea 541 H [T 7K e g 2 e 22k IR
Al bS )E E R 2 (38 KK,
HARZ (170 1), BFELT M. A
M. KB HERPEE N, AR,
M. RS (XKD, RKHEAXREEE
FAEAF IR B K R B BT 77, PR AR
Z PRI R s Z B UME RS, A [FI

S A DR B K A s DR R R G AT R P 2
7 (Keegstra 2010; Ruiz-Herrera & Ortiz-
Castellanos 2019). fEMEEMAKIIFEH,
R AT Lo N ANB B, BRI B B A4
B B AV B B - 2 R R EARE R B TR A
B, I EEERNAAER. PAERSE
AHBE A0 FRLBE e 73 RIS 2 4 2R g S A O
R L EATREREEE. WERESRESET
KRB 1 )G, KRERE. GRA4ERIEER
fif GRAFESE 2018). BN B PR AT 41 4 2%
[FIEE e S MR, A mellea 4%
FHAZRSA4ERIEEEZEIEMERCER (i
20150, FEARHEFH, ZfSHEE KRBT
i 5 & (AOA2H3EBW7) KM GHF5 7
A. mellea 541 B ZE H N IL (AR/AH 0.29),
Hl GHF5 (AOA2H3EBW7) fEH 2+ K4
BRI, U fRA 4R . B EEEE
W EAER, SR HEE, HEREgM
EEAY, (Xing et al. 2013), HZHMLL)LT il
F, WAERE LT bS] e S RFgiRIA
AR A. mellea 541 S HMAHEMILT
il CHEH KRR 18 H|EH), FE
Glyco_hydro_18. PX 52 Migstyis. —fIm
5o BERIJLT o B 7 JE bE R K A o i
18 HHH, AWFFLLE REHESFHIR Wk,
JUTT 5 Pl 422 e A0 e B0 A A s I AR 4 A i
e S Thfie (Hartl et al. 2012), ¥ 40 ih
Aspergillus fumigates J1, T il ChiB1 [1fj—Lk
RILFRAL L RAY, ChiBl 2k LBl IR TR,
G2 (LU et al. 2009) . HHEMNHETE /K fif i
Fik 18 EHEEN W SHE LA EAEH
AR AT RE R E R DI RE, FTRELRA
I 5T .

HEINE A. mellea 541 FET /K el o8 ik 5k
AT 2l i (4 0 7 7K e T 2K Tk B 1 S5 1) 3 22 7S 48
Fh3t 181 A~ (K 2 MR 1, & T KA#
MR GEEARE (170 1), =EADREERT
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SERS, RO — PR E K R SO B 1 T R
BAHZMAEYIHINRE. A mellea 541 22
RIS FE R, YWiY GHF3 (AOA2H3D3T6)

Al GHF78 (AOA2H3D8T6) KN % 7Kk,

Ik gmtS PA14 Fl1 Bac_rhamnosid6H/C Z5#)
1. GHF3 FEAl 2 AL R LM T 5INT PALS &
Wt ZEMIEA B-barrel &5Ky, KIFHK
IR PN B SR M 45 A R AL I A 22 T
Ae, o TEMAEEMPES (Rigden et al.
2004; Yoshida et al. 2010). R ZHETF &0 Ig
FURET ()8 WA A2 B0 R I B0 i v P
i, #EAEAEYIAR NI T LR RS 5 W

Bac_rhamnosid 6H/C /& GHF78 (AOA2H3D8T6)
IR G R 3Ek, P DAade 36 A e A 7K A B 22
PEE (Yadavetal. 2010). W ZAENEIRHT)
e FEEHHLULE, =Y rE L EE 77
Wi 4584 (Baumgartner et al. 2011), GHF3
M1 GHF78 1E A. mellea 541 % H FiFKIA,

T BB (CARM) BEE OF
ZEEURIRR D 20 HRE R 40 (1) 45 6 T RE 2 1 0

(eI K ARG s BbAl, REEHEEE NG
SR TS AR R R AN M BE T AE AR, T
GHF78 7K fif R ZEHE 1 Ja M2 15 2 s KRR
B R NAS S, 5 IR R T
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