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Characterization and expression analysis of chitin synthase
family in Flammulina filiformis

CHEN Yu, TANG Yingqi, WANG Hanrui, LIU Ao, WANG Qingji’, WANG Wei

Shandong Provincial Key Laboratory of Agricultural Microbiology, College of Plant Protection, Shandong
Agricultural University, Tai’an 271018, Shandong, China

Abstract: [Background] In fungi, chitin is an important component of the cell wall and
synthesized under the catalysis of chitin synthase (CS). Its presence and expression pattern in
Flammulina filiformis remain unclear. [Objective] To investigate the number of CS genes and
their expression patterns in F. filiformis at different development stages, so as to provide a basis
for revealing the roles of these genes in the growth and development of macrofungi. [Methods]
The genome data of F. filiformisL11 and the CS sequences of other fungi in the NCBI database
were employed to identify the CS genes in F. filiformis. Bioinformatics analysis and
phylogenetic analysis were then carried out for these genes. Furthermore, the transcriptome data
of F. filiformis F19 and RT-qPCR were employed to analyze the expression patterns of the CS gene
family in F. filiformis. [Results] In the genome of the single-spore strain L11 of F. filiformis, nine
chitin synthase genes were identified. Phylogenetic analysis revealed that they belong to four
distinct classes. The expression patterns of these genes during fruiting body development can be
classified into four categories (Pearson correlation coefficient=0.85). [Conclusion] The
expression patterns of the CS gene family in F. filiformis show variations at different growth
and developmental stages, indicating their potential involvement in morphogenesis of different
tissues and developmental stages in the fruiting body formation of F. filiformis.

Keywords: Flammulina filiformis, chitin synthase; transcriptome; real-time fluorescence
quantitative PCR; expression analysis

JUT R ZAATE T B R A By sy F i Ak
Pyt SR M Bk bR EAOR TR
KA. R R, JUT B ALy M % Al
AR EE 2L B 4) , REMS TS 3 S P AR PR A
TEFLTE Y, JUT o2 I T 240 R 1Y) OC B 2
Y2, XEBENALFRES] . TR A BRI
HlE R E e mEMEMY. JLT Fe—FH N-2
Pk 46 Bl i (N-acetylglucosamine)if i B-1,4 Bifr
SR P2 I AL R AR R A, S A AR s 4
TR, BT LR Z AR R b L i
O RS S A LT . JLT A&
B AR TEA R P b 22 1] vy BE Py LA it

Bk, TEILT A, JUT A
(chitin synthase, CS)E & HAVE, ©REMS B 1%
i1k UDP-N-Z A M e 58 56 UL T 5, AT
BT Ba B AL ARCR, JLT Ba L
ik 55 DR ELAT g E DR ST O 45 5 J8——CON1 251
B, ZXEA SRR QXXEY . (E/D) DX F
Q (R/QXRW, X 3 PNHFRFTHEALIE o E A
/DT BEHILT A A B R TE
ZEIRA B 2223 v A A A HE B A 1O AR
ik ¥ 1% £ (Saccharomyces cerevisiae) ', JL T &
G LR AR B . IR BT R R |
24N B RE 1 T B & AR U A i
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(Aspergillus nidulans)Ht, #8453 JL T 53 & s Bl %t
BRI 22 A A B A ke EE R ) TR SRR
¥ (Ustilago esculenta)rf, JL T & i s
W22 BURRE AN 2R AR BE AE Oy TR R HEE
AR,

4514 (Flammulina filiformis) X 44 44 . &
WA WE, BT 5 A (Fung) 1+ & )
(Basidiomycota) <> 4 44 (Agaricomycetes) <> 5 H
(Agaricales) [iZ 3] & £} (Physalacriaceae) & %f; J&
(Flammulina). 45T #8576 AR RO 1z, &
—FMEAMEGAERY, EARUEGHE 2
BRYE, ®5HESE0EDEEY R, &
FrasmE R SR EE e, L AR
R, Rt ) LER AT, TEESMK
VRS 1, Hw & Wl B s B Y.
TEFRE, SFraskss s T I&A, HErRA
ForE AR AR B S B0 Ky ) Ak B
PR, 3 B A ot 4F 77 f T3k 240 J7 t, 24K
SRR R R ZMERD, POk E A
ALY 2 R b A7, o L AR K B ) 2
t, HkEZ 2 ZHE PR JLT e+
AN TR & B B HH R 19 A BRI X 8 s 2
WA R T RENR A A ELESE L H
B, LB LT BTG U ) i 9% S AR TR e o B TR
FRE Y B0 B R L 5w, LT A e
DA 1 Ay A 0 £ BT o ) 45 A S A 1 55
WA K R F RIS R T LR A5

5 5% 4 % (Transcriptomics) 2 ifF 57 4H Jitd 2% {4
1) 5 TR 2 S I 00 AN R P R, T T 4 s B A R
SEAEYIE I TR LB — 12580 sz,
bR PR AE RNA JKF- EWTSE 5L H 3R 5
L8 5 S 2 2 R G0 M4 s 20 Hp 3R R
PR S A A i S AP, HRTE BN
el B A= 0 B A N I R s e
— 0 ORI T A S A B, R 4

BH ik CSHEEN FIRMAT Y E M, A5G 5 kA
BRI R HAE R R Bt B b g Rk A, Jf
5 FH SR 26 Y6 & 7 PCR (real-time fluorescence
quantitative PCR, RT-qPCR) AT IE . A FT X
FLE LT A s v S se it 55 A KB T 55
R T BREENLR T A — 2 S5 A

1 MHE7%

1.1 I EE

T 93 PR PR R 4 T 3 DU AR TR R F 19 (BRI
FE4'5 4 F0030), FH R 48 £ FH R ST B8 5L
HEMAPOERME. F19 145742 BOCHR[30]3F
1o BEPR F19 i FH R HUAS R T IR a8, &%
FERIEC )T R KT 53.5%, Bk 25%, KJE 20%,
AH 1%, £1 1K 0.5%, K 60%. B 221E 25 °C
B3R 25 d, KWGFIEG 15 cCHFATIRIRHIFL,
2R AAR R RIAE 85% A, HHE 44 T 5
SR LATE G A A 70 BRI (primordium,
PR). f# 1 % #4 (elongation stipe, ES)HIH 55
(elongation pileus EP). J{ 2N [ 44 (maturation
stipe, MS)FIT 5 (maturation pileus MP)FE i P!
ST RE S (B )R S 38 57 BRI T A
SH.
1.2 EERFIFNEE

B . KH,PO,. MgSO47H,0. CaSO,
1 CaO a5 , KL iT i b2 a0 A BRA |l 5
DNA #2HUR7 & . fYE RNA BG4
J i 5363 ) &5 AN 9% Ot %€ & (ChamQ  Universal
SYBR qPCR Master Mix)i& 7] &, [ Gt isME#E A4
YR Oy A IR /. BB RS, T e A
B L TREIBEARABRA A B REA LB 744
A NEAEFEFIRL 22 A IR H]
1.3 &% CSHRERERLE

DA AR L1 SRR R T R
L& GenBank, #H3x5 4 APIA00000000
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Figure 1
C: Maturation.

(BioProject191865). F#k L11 MK F19 i1k
JEAE R B AR Dy TRAR BB Jeffi F NCBI 78
2 00 3 7 2 3] L TR A X A ) TR 1 £ (S288C)
H 3R CS A, RJGiE A BLAST #k
PHE<107) S5 TIbk L11 FOROR R AT HE R o K 3K
F3i 45t CSIHE AL 5 NCBI HY NR %4 2
TEZE BLAST FEXFHAIA, RN XF 441 4l CS HE A
It 38 1 P ORSF 45 AR J5 CONT FA T3 0E .
1.4 €% CSHREEREMEREN
WIE TR a4 CS EHFH], ]
MOTIF (https://www.genome.jp/tools/motif/) 43
P ght 2 TR DR IR, AR5 il TR T
MEME (https://meme-suite.org/meme/) ¥ 4 £t %
(1) CS ZWHE FR~F 27 (moti ) A TR 2R . 1]
DeepTMHMM (https://dtu.biolib.com/DeepTMHMM)
PEAT 5 B T o 7E £K W v SOPMA
(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.
pl?page=/NPSA/npsa_sopma.html)# 172 FH Y —
2 255 43 F [number of conformational states: 4
(helix, sheet, turn, coil); similarity threshold: 8;
window width: 17]. i HIAELE BN HAF WoLF
PSORT (https://wolfpsort.hgc.jp/)%} 44 9 4~
CS G2 % ke [K] 2 A 1) 2K 1104 S0 40 0 R 52 537 o
R AGT A CS FER Z IRl s fL k4
KEFR, K&t CSEMAFSIS NCBI lIE K CS
HEEAPHNEE, Bt (Aspergillus nidulans) |
ik 714 1% £} (Saccharomyces cerevisiae) . K #j %4 {fU

A: i B R C:

Samples of different developmental stages of Flammulina filiformis. A: Primordium. B: Elongation.

(Botrytis cinerea) . [ 4ii #A H:(Leucoagaricus sp.) .
R 2 (Ganoderma lucidum) . A 5z ] H-(Pleurotus
ostreatus) . 7 %4f (Lentinula edodes) . XX 1 %
(Agaricus bisporus)FH| /| H-(Pleurotus eryngii)
FI A o UE AL B 31 MEGA 5 HR 9 4R 2 1k
(neighbor-joining method, NJ)#4 & gE LA, S48
1% & N p-distances Model Fll bootstrap=1 000,
1.5 EREEFRESH

SRR AR KR B B B RR G SRS S A
) B R SN B (0N SR L A €
EE NCBI, %558 PRINA725643, 2 (14t
LR IR T BT H ] FPKM (fragments per kb
per million reads)i% , BRI H J7 fragments 2% H
H—E gL TROE K R fragments
BHPY A Origin2021P4%F 441 4% CS
FEBLR FRIR T AT IR 2S5 W 4 e P ]
1.6 ELETRFEEE PCR

K FH S92 6 RE i PCR Y 7 A6 I 4 1 44
ANFETH] CSEE N Rk . T 5E#E T RNA ##
W, 275 CRR[3S1AR N )71 F19 4 45E
BURSEIE 10, 25 F1 30 d, FHIE B8 A ) T B0
SRR L AT VO B 1 S AR AT B, B
T—80 °CHIIIR VKT AT O A H1 o PR EURE
&L RNA, R B 25 I IRE i RNA SR S
cDNA, & T-20 °CI-774 -

K44 4ER B-Actin (ACTB)HI 3-T R H
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T I S0 (GAPDH) AL /) RT-gPCR N 2
FEEPCST D HERW F L THBIYER DHESE
TR A W ARG BR A A .l FH L& i 7
AT RT-qPCR , ¢ B FI U6 BH 5 0677 (P 25 1)
RT-qPCR St {4 2 B il SR 7 15, 3R B
WEHR 60 °C, 40 NG, FEAFER B E
3R N 3 AR . RYE 27
VAT B TR SE R AR X ek 7P

2 BRS04

2.1 585 CSERREEM T
i A BLAST 45t a8 5 2 A

£1 KHAEEPCRFEIASI

FLE CS HEARIPELT, 7844 ah PR bk
L11 P 11 526 A>T I (R o 4 5 51 9 4>
CS FE IS EL I (£ 2), 2545~ CS1-CS9,
i genome BT 4 5t 4% 9 25 CS LA ) & Ik
B2 IF 9 AT 25 R A B, &3 CSL, CS3. CS9.,
CA il CSB B E A7 i fb 4544 1 (Chitin_synth_1N).
HEALZER B, 2 (Chitin_synth )R AL 45 #8853
(Chitin_synth_2), 1fif CS6, CS8, CR #1 CS7 H
SAMEALSEBE 3 (Chitin_synth 2). B F 2k A0E
FF 51 F F MEME X} 441 4% CS Z% & F PR SF
BP0, SR BRI IEFEA 9 4> CS
RRFHEEATFIERR] 3 MMRAFETF (A 2).

Table 1  Primer used for RT-qPCR

519 % Fx Bk 2] P
Primer name Primer sequence (5'—3") Product size (bp)
ACTB-F GATCGTATGCAGAAGGAGTTGACAC

ACTB-R CCACTCTCGTCGTACTCTTGCTTG 167
GAPDH-F CCTCTGCTCACTTGAAGGGT

GAPDH-R GCGTTGGAGATGACTTTGAA 127
CS2-F GCGACCCGTTTAGTTTTAGGA

CS2-R CGGTGGATACATCATCTGGC 282
CS3-F ATACCGCTTCCGTGCTATCCA

CS3-R TCAACCACCTCTTCTGGGACA 240
CS4-F TCTGGAAGATGCGTCATTTGG

CS4-R AGCAGAAACAATCACAGCCG 205

=2 ESHHEEEAH I CSELRBER

Table 2 Nine CS protein-coding genes in the Flammulina filiformis genome

TN A Bk HE A 4 5 FAEZE AL

Gene name Gene ID Feature domains

Csl Genel39 Chitin_synth 1N; Chitin_synth_1; Chitin_synth 2
Cx Genel43 Chitin_synth 2

Cs3 Gene925 Chitin_synth 1N; Chitin_synth 1; Chitins_ynth 2
C+4 Gene4164 Chitin_synth 1N; Chitin_synth 1; Chitin_synth 2
CS5 Gene6735 Chitin_synth 1N; Chitin_synth 1; Chitin_synth 2
CS6 Gene7441 Chitin_synth 2

Csr Gene7610 Chitin_synth 2

Cs8 Gene8145 Chitin_synth_2

CX0 Gene8814 Chitin_synth_1N; Chitin_synth_1; Chitin_synth 2
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Figure 2 Three conserved motif of Flammulina filiformis CS gene family.
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fih 4 FPECE A CS R " REEH (o 12E . ZE
B OB JCHUNE BT & BRI

— %t G CS IR i i B (T i

HEELE A0 SO 20 B S o BT o B SRR, G4k
9 A~ CSHE Ay g 2 1 #0221 5 45 1 1) A7
FE, A0 E 3 AR AR R | (3R 4),

MRS L EW AT A& 4 CS R 4 2%
(& 3)o FLEA LT BT B 53 0 Jik R ELAT 5 v 1Y)
FRIE, REME>ATE 4 AR PELS B Uil
T CS ARG A BB IR, AlfE
JEEAE e bk . 4% 4% CSL, CSA il CSH
SRR CS2 fEA —if b (2 f), X—
PR S B0 PR e B CS2 LR BT A i 2B A
FAG 22 AR, FE B A0 AT 40 i 22 AT AL
IR 44t CS3 Fl CSO 55 2

CHSB 7t [F] — AL 2R (il 1), iX—HEAL S
HihaE CHSB FE K i & B 8 1 7E 78 ) B ik A=
K, AT WZRumig R MEEIE &
ARy R EEAE AN, &4k CS2 F CST
i F Bl B COmA 1 W] — Bk 3 (g ), X —
HEAL S B Ae S A CSmA LR T4 i AR I TE
I35 35 25 A G 15 200 Bt 1) 50 48 Jy 1) %
HEAH, 4445 CS6 Al CS8 SR}
CS3 7E ] —#E 4k 32 (A1), 3X — i1k 32 H PRI
BERE CS3 HH T & & S 54 IEA il 7
H R ER A LT S B A
23 S CSERERERED

H1 4t a8 B DR 4H P i 9 A4S CSEE R 7E 4 1 4
TR KT KB R B BEME LR E 4
ATLAAEH, X SRR o CS3 il CS6 J [H] 45 Bif 1)
TR E, CSL, CR, CS7 fil CSB MIX 4,
CH. CS5 il CO BRIk & AN AL, R
K-means 7387 (B /R AR OC R 80, HAHC R ECH
0.85 B ] LK 9 44t ok CSIHERN 4 41. 25141
F1AEEN, b C; SFHIAA 2 DN, E
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*3 SHERHMEERE CSEERZA-ZREBTH

Table 3 Analyses of secondary structure of CS gene proteins in Flammulina filiformis and other fungi

Y BRSO a-BRiE SEfif B-%% fi JC AL i
Species Gene Alpha helix (%) Extended strand (%)  Beta turn (%) Random coil (%)
Flammulina filiformis Csl 35.15 14.21 5.45 45.19
Ccx2 37.10 13.54 4.51 44 .84
C3 38.15 14.24 4.56 43.05
C+4 35.99 15.01 6.09 42.92
CSs 37.67 15.21 4.84 42.28
CS6 28.62 13.69 4.42 52.27
CSsr 33.62 12.24 3.62 50.52
C8 24.02 14.37 4.79 56.82
CO 38.79 14.46 5.04 41.70
Leucoagaricus sp. SymC.cos Csl 37.71 15.13 4.45 42.71
Ccx2 40.85 16.90 4.87 37.39
Cs3 35.73 15.36 5.45 43.46
C+ 34.73 16.29 6.91 42.08
Saccharomyces cerevisiae Csi 32.98 12.47 3.54 51.02
Cx2 35.72 13.08 4.05 47.14
Cs3 27.04 16.91 4.89 51.16
Pleurotus ostreatus Ccx2 36.34 13.82 4.46 45.38
csr 40.91 19.89 7.95 31.25
Agaricus bisporus CS 38.83 14.30 5.17 41.69

CHA il CSb; SBIMAA 4 MEEK, 1H CR.
CS3. CS6 fil CS8; “FIVAHA 2 MEEEH, &
CSL 1 CS7, #:[H CHA I CO i85 T 181
A RN CS2 Ml CST7 eIk FIHTE R R

F4 BESEHEILMEENMS T
Table 4 Transmembrane structures, and subcellular
localization analysis

A WHMER

Protein Subcellular

it JS 4 K

Number of transmembrane

localization structures
CSl1 Plasma membrane 7
CS2 Plasma membrane 6
CS3 Plasma membrane 7
Cs4 Plasma membrane 7
CS5 Plasma membrane 7
CS6 Plasma membrane 5
CS7 Plasma membrane 3
CS8 Plasma membrane 7
CS9 Plasma membrane 7

HH CSB Kb MIFEEI A RIRB R M, 7
RSN B RS T RN CSL,
CSH. CS6 HI CSB M Ji I 1A FI) K 1A A 11 5
ISERE N, BRI RS TR AR
it K IR BRAH DG R BT, MR R 0.94 B
¥ &5 3 AR E I 5 AR AL RN
34, LAA 1 AFEM(PR), 55 2 1A 3 AV
mm(ES. MS #l EP), %% 3 A 1 MES(MP).
v, 3 TR AV 0 R s 2 A ) 2 A A
KRB, X 2 AEEE S R R R R
K AHA o
24 LK EE PCR AR

A e ks CS REINTE S H 4 7 LA AT
KB R PR, FALEI 3 4444 CS
FLRYE— 4 RT-qPCR HiF . 4558 5w,
RT-qPCR 45 R a5 st al Bt 65— B(E 5),
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Figure 3 Comparison of CS gene protein development tree and structure of and other fungi. Different colors
represent different evolutionary branches and can be divided into four categories.
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Figure 4 Heat map of expression of nine CS genes in Flammulina filiformis at different growth and

development stages.
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Figure 5 Expression of CS genes in various developmental stages of Flammulina filiformis. A: FPKM and
RT-qPCR of CX2 gene in development stage. B: FPKM and RT-qPCR of CS3 gene in development stage. C:
FPKM and RT-qPCR of CHA gene in development stage. PR: Primordium; ES: Elongation stipe; EP:
Elongation pileus; MS: Maturation stipe; MP: Maturation pileus. Data are mean+SE; Different lowercase
letters indicate significant differences (P<0.05).
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