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HIY: MfER MR LR ETENEFEN L —, HARA4Em i B i 3 TR . BN
CFYER TR KRR 2 B AT 440 i BE R 1 Ccell wall proteins, CWPs) 1%, {H H AT T4
BEE A AR BT AN EONVA R . AR BN H S8R A RAT R, REDPTHLT
YR B SRR AR (R AW S SR, RIS LIRS LR 4R B ki CWPs, R7TH
TEAYERE R EDIRE, it — D7 4 MR AE S o R 428 Hi 2 4 o 5T BT 231 AL 295 Al o

Ji: AWHIUE oA A 2 40 M B B R SRV, ) A e R 1 O 2 A R AR i A
1tJ5 5~35 K (days post anthesis, DPA) [F£F4E CWPs T4 . BF 2. ThiendE. ZRFL
KB tr. BHJE, X0k S B 40 i BE % 11 PME/PMEL KB TT & RSk A0 b« LR S5 A et
WEFEIE 1 M AL 041, #R5E PME. PME-pro A1 PMEI 3 | 5 EAE 4 5 (1) 3340 3 R AE R AE
Y RN FERCERAE b, S A AR R A RIS R, RERELE GhPME-prol9
GhPMEI66, FIH qRT-PCR. WAHMER . MBS FIIERTIER (VIGS) REFRERURAZEH A, 4
MrHFIAEA L BRI E O RN

é:él:%:

1. i AR 4T 440 P B B (1 40 2 2 W H8 s SR A 1l PME-pro F] BEXT4F 4k & BA EEHE/E
NERG A4k B iR R B A AL, R EE AR 5. 104 150 20, 25, 30, 35
DPA £ 2P RHEAT AN BBE B 1 2y B AAES T8 o« ANFHRBUNE I RS RToR, i = U R &
ARETMEF] H-ATPase (BUBFRIC). Actin CHEZEFRIC) A BIP1/2 (NBIMFRIC) SE4EAH L EE &
G Y, REZTERIUY CWPs A FEAVRE R i s . SRAZO AL S B 1537 N tifuEE R A
(CWPs), FLEx (A ZHHFAE 2 IR 0 1) kAR BE D JE IR FE4 R I B AR 4k . b, T4t BE e
KUEYIIEE R (proteins acting on cell wall carbohydrates, PCs) &% & £ 2 FIIZ OFEEL (394 /M),
A IR R G5 E G I 3T T AR VA T R4 AR e A BE N R R e . X PCs HHAT
FEERILMT, THIEH 13 ARG BV 13 MR R MR EA: SFERRANE SIS
4 /MR PME R PMEI 5 #38¥ B2 (PME-pro), R 07 il F2s i £ 4 K (1 O B fige i 5

2. PME. PME-pro il PMEI k. #5K 568504 Nt PME. PME-pro fll PMEI =M%
DR R BRI P« 7 5K ATLA B2 T RE XA RFAE s ARHIE TR IR S5 3R 25 31 iy S5 FAE A AR R AL Fh
BT T RO, AR RFEST . BRI IR . 4R EIR, PME IR T 5 L,
PME-pro tHIL T4 [K#E#:, PMEI £ & &EHEMA TR, SHEMMNKAEBIRGEA A — 3. 451 F,
PME BUNRSE, PME-pro (R E T TIMLR ST, M PMEL 2N & T EK. HEFFELRESR.
AFIRRARZAAGE R, (H PMEI 775 2% EERGE S, a2 A5 fEdmrae
KA T IR . TERAES, SAFEFEURRREE 7AYok, SRR 5450 EHE,
SCRE =3 RRUR T3 A S R DR R AR Th R A A o 40 o BE 2 1 o AH R — DI sE, =R
TEMAEARFIR B BSARIE, IR S 54 440 i RE I 3h A T

3. GhPME-prol9 1 GhPMEI66 F:[H V)fg 36 E 2 GhPME-prol9 fi& ik BAF 8 A ik : v BH
GhPME-prol19 Fl GhPMEI66 TERRET4E K & I ThRE, HE pCLCrVA 3k, @il VIGS BoARBER 4k
WALt T GhPME-prol9-VIGS Fl GhPMEI66-VIGS fEAR AT YR BN . S5 R EIR, GhPME-prol9
TR S QPSR KIS, JIERZIEN FE 15 DPA MR/, LR 4 Al i it R e o B PR AR
RIZHBACKEEE KA RS ET m, (HaRREETLRELN: AT ES . AR,
KW GhPME-prol9 "W ANS 5 RIKE R, &l s RRBIIRE, Mk 4 2B
ek . GhPMEI66 #5%/K ViR B IZH B R O RFekmRis, UIBZEER G, BEits 1k
R AR T R HE R, ERSUE AR EE: FN, FHERTE. BEATHKE L



PR JE I TE AR . XK GhPMEI66 VT Re A R & i, R R R HERRAS s 2R
IXFME AR BEAS A DA AR 4 R PUAR, L TETR X £F 4K RN 20 B B i 5L 7 A S A o R
L EIRTE 6 N HIfHeS GhPME-prol9 HAEMEH: & HE GhRD19A/GhASPG1 (R ES SiiAN
) BRAZ 5 AHRAF GhEXL6. expansin-like 25 [1 GhEXLB1. GDSL Figfif GhGDSL18430 /2 BURP
# 1 GhRD22, #&/~ GhPME-prol19 nJ gl Lk ki BEAEE S S uEEE S 54048k & .

il ARWFFEILEEE N 1537 MRAAEAMEEE D, JEWENT T eI P, R i
1 PME-pro, K HAE AR A 4EAR K I G BERIE R 7. LT3R, PME. PME-pro & PMEI
EAFBENEE S SRR %, Hdh PMEIL 256 59k fE b T ae &4 T The k. Ih
RESSIER I, GhPME-prol9 W REIEIE S 5 B . AHREE b ith & 27 4 22 DUAR )RR (e gk 4 4R i,
M GhPMEI66 SRR R FHERARAS, (EXS 4R K IE B35 5o m . A S0 it — 20 AT 4 i B 2
3R VR4 MR A7 4 T R 2 FALI B 5 T SER, O MRTE 2T 4 ff R O R AR AL T SR R R
REER): M4t AMBEE O RH; RIRTERNG: R PEREIHIED: F4KE



Abstract

Object: Cotton is one of the most important economic crops in the world, and its fiber quality directly
affects the development of the textile industry. The quality of mature cotton fibers is largely regulated by
fiber cell wall proteins (CWPs); however, research on the role of cell wall proteins in regulating cotton fiber
development remains relatively limited. This study aims to systematically analyze the dynamic changes of
the cell wall proteome during cotton fiber development using high-throughput proteomics technology. Based
on these analyses, we intend to screen candidate CWPs that regulate fiber development and explore their
biological functions, thereby laying a foundation for further elucidating the molecular mechanisms by which
cell wall proteins regulate the formation of cotton fiber quality.

Methods: In this study, we first optimized the extraction method for cotton fiber cell wall proteins, and
then employed high-throughput proteomics technology to perform identification, temporal analysis,
functional classification, differential expression analysis, and enrichment analysis of CWPs in fibers of
Gossypium hirsutum from 5 to 35 days post anthesis (DPA). Subsequently, we conducted phylogenetic
analysis, gene structure characterization, selection pressure analysis, and synteny analysis on the selected key
cell wall protein families PME/PME]I, to investigate the evolutionary patterns of the PME, PME-pro, and
PMEI gene families across the plant kingdom and the mechanisms underlying their expansion and divergence
in cotton. On this basis, combined with the cell wall proteomics screening results, we focused on two
candidate genes, GhPME-prol9 and GhPMEI66, and analyzed their expression patterns, biological functions,
and potential interacting proteins using qRT-PCR, subcellular localization, virus induced gene silencing
(VIGS), and yeast two-hybrid assays.

Results:

1. Proteomic analysis of the cell wall of G. hirsutum fibers reveals that pectin-modifying enzymes PME-
pro may play important regulatory roles in fiber development: To systematically analyze the dynamic changes
of cell wall proteins during cotton fiber development, fiber materials from G. hirsutum at 5, 10, 15, 20, 25,
30, and 35 DPA were collected for cell wall protein isolation and identification. Comparison of different
extraction methods showed that no contamination from non-cell wall proteins, such as H-ATPase (plasma
membrane marker), Actin (cytoskeleton marker), and BIP1/2 (endoplasmic reticulum marker), was detected
in the samples extracted by Method 3, indicating that the CWPs extracted by this method have high purity
and specificity. Using this method, a total of 1537 CWPs were identified, and their proteomic characteristics
exhibited a phased transition from the elongation stage to the secondary cell wall thickening stage. Among
them, proteins acting on cell wall carbohydrates (PCs) constituted the most abundant core module (394
proteins). The temporal increase and decrease of oxidoreductases and proteases may regulate the
developmental transition of fibers from the elongation stage to the secondary wall thickening stage.
Differential expression analysis of PCs identified 13 continuously upregulated and 13 continuously
downregulated candidate proteins. Enrichment analysis of the combined differentially expressed proteins
yielded four proteins containing both PME and PMEI domains (PME-pro), which were screened as key
candidates regulating cotton fiber elongation.

2. Evolution, Expansion, and Functional Differentiation of PME, PME-pro, and PMEI: To elucidate the
evolutionary chronology, expansion mechanisms, and functional divergence of the three gene families PME,
PME-pro, and PME]I, this study performed phylogenetic analysis, gene structure characterization, conserved
motif identification, selection pressure estimation, and synteny analysis on representative species ranging
from low-order algae to higher angiosperms. The results showed that PME originated in Klebsormidium
nitens, PME-pro emerged in Chara braunii, and PMEI appeared only in bryophytes, consistent with the



evolutionary transition of plants from aquatic to terrestrial habitats. Structurally, PME is relatively conserved,
PME-pro retains a relatively comprehensive set of conserved motifs, whereas PMEI exhibits a trend of intron
loss and motif simplification. All three families are predominantly under purifying selection; however, PMEI
shows significant signals of positive selection, suggesting that functional divergence may have occurred
during polyploidization and domestication of cotton. In cotton, the three families have expanded mainly via
tandem duplications, with cross-type synteny and structural rearrangements, supporting the hypothesis that
they originated from a common ancestral gene and subsequently underwent functional divergence. Cell wall
proteome data further confirmed that all three types of proteins are expressed at different developmental
stages of cotton fibers, and they may collectively participate in the dynamic regulation of the fiber cell wall.

3. Functional validation of GAPME-prol9 and GhPMEI66 and screening of candidate interacting
proteins for GhPME-prol9: To clarify the functions of GhPME-prol9 and GhPMEI66 in cotton fiber
development, the pCLCrVA vector was constructed and used to transiently transform cotton via VIGS, and
the fiber phenotypic changes of GhPME-prol9-VIGS and GhPMEI66-VIGS plants were analyzed. The results
showed that the expression peak of GhPME-prol9 coincided with the rapid fiber elongation stage. Silencing
this gene led to smaller bolls at 15 DPA, decreased soluble pectin content, increased pectin
methylesterification degree and cellulose content in fibers, with no significant change in total pectin content.
Mature fibers were shorter with thicker cell walls, indicating that GhPME-pro 19 may not participate in pectin
synthesis but rather promotes fiber elongation by modulating pectin modification status and inhibiting
cellulose deposition. For GhPMEI66, its transcript level gradually decreased during development, whereas
the protein remained highly expressed. Silencing this gene resulted in increased soluble pectin content and
decreased pectin methylesterification degree, but total pectin content remained unchanged. Meanwhile, no
alterations were observed in cellulose content, mature fiber length, or cell wall thickness. This suggests that
GhPMEI66 has little influence on pectin synthesis. It mainly regulates the degree of pectin
methylesterification. Such modification cannot change cellulose deposition, and also has no obvious effect
on fiber elongation and cell wall thickening. Yeast two-hybrid screening identified six proteins potentially
interacting with GhPME-pro19: the proteases GhRD19A/GhASPG1 (possibly involved in precursor
activation), the BR signaling-related factor GhEXL6, the expansin-like protein GhEXLBI, the GDSL
esterase GhGDSL 18430, and the BURP protein GhRD22. These findings suggest that GhPME-pro19 may
participate in cell wall remodeling and fiber development regulation through these candidate interacting
proteins.

Conclusion: In this study, a total of 1537 cotton fiber cell wall proteins were identified and their
temporal dynamics were characterized, based on which PME-pro was screened out as a key candidate factor
regulating fiber elongation. Evolutionary analysis showed that the origins of the three families PME,
PME-pro, and PMEI are consistent with the plant terrestrialization process, with PMEI potentially
undergoing functional divergence during polyploidization and domestication. Functional validation
demonstrated that GhPME-prol9 may promote fiber elongation by participating in the regulation of pectin
modification, cell wall loosening, and cellulose deposition, whereas GAPMEI66, although capable of
affecting pectin methylesterification status, had no significant effect on fiber elongation. This study lays a
foundation for further dissecting the molecular mechanisms by which cell wall proteins regulate the
formation of cotton fiber quality, and also provides candidate gene resources for the genetic improvement of
cotton fiber quality.

Key words: Cotton fiber; cell wall proteome; pectin methylesterase; pectin methylesterase inhibitor protein;
fiber development.
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1.1 LT 4EARARMRIC & B HUITEZE

4 (Gossypium spp.) J& T HiZ5EHREEY), AR FREBZENEFAEMZ —,
MRS RMEMEY) . [y, AW R FEY) 25140 . AT gn B A ) &
A Y) (Huang etal., 2021). A )@ H 45 > Zf5AF (2n=2x26,A,B, C,D,E,F, G,
K SEHARD A7 AMVUREAEFR (2n=4x52, AD1~ADT) 4%, EF5E A /N2 EA Y.
VEARRN—E RIS (Wen et al,, 2023). KZ) 1~200 JI4ERT, —f5k A Fl D B R4
FERRVEY B . BRSNS R, TeR T 742 5D 54 AD H: A 2H A
e s Pl BEfE, BREFEANNRIMICE T AT (Gossypium hirsutum) T 5 i

(Gossypium barbadense) WiFh T EALELHEFT (Wendel and Grover, 2015), BRItz 4t
HEMN (Gossypium herbaceum) FULMHE (Gossypium arboreum) . FHH [k #ifs 2 H 77
BN MR, PR SRS ER 90%, W R E R FEEME LM, FE
e RN BT HOAR A2 i B 77 e DA AR KRS (2%, 2007).

RRTEMH B 2R A2 A R B AR K JE I — O 5~T N, F 2 A AN KN,
PR R E (A 10~15 KD B (A 40~45 KD, B (A7 25~30 K.
TR (A7 50~60 K) Ak 20 (Z155 30~70 K> (7, 2011, FfERIE M E AL
TERRAYE b MBTEMRERSD R A ML B T I B4R B AF AE RIS 21 4, O350 9 1R 38 S 4
HOAT PLA N A i, (B R 25~30% 3% 5 M RES /A BOR £F4E (Xue-de et
al., 2002). HRLFAEAMIE) 73 AR B & — N FER Z g, —RaREEA K. 4
defchn, HpARE, REEE (secondary cell wall, SCW) B M /K . AN HH#S
BAE B A, (HAHARE B A S M4 4E (Huang et al., 2021; Basra et al., 1984;
Beasley et al., 1975; Wen et al., 2023; Wilkins et al., 2005).

FRAE A YL 4G G AL A IR AN I AR, R 4E4R R 7E-1 DPA B T 58 O TR A
PYEJRIGANNN; 0 DPA I, FRERF AT DU EE SRR R AL 4P 4E R B G, X AR &
RN POEY KB B (FE%F, 2000; Berlin, 2012). 4K ML 5~25 DPA, %
HAME— PR AE R W) A BE (primary cell wall, PCW) &, HPEH 23%4F4E K. 22%
AR SAHANA RS ER 20, S ARH MR . AR EAE 20~45 DPA.
RTE 45~60 DPA ] B 2R TR NI FE A gV kK (B 1-1) (Qin YM and Zhu YX,
2011; Singh et al., 2009; Jan et al., 2022).
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El 0 3 5 10 15
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K 1-1 M4 4E R B AR B (51 H Jan et al., 2022)
Fig.1-1 Different stages of cotton fiber development (Cited from Jan et al., 2022)

L]

1.2 HEY MR EE FY L RN 1<

AMIEE Ccell wall, CW) N7 TAEYINBIAR MR, T2 i 1 1= GL A ) P o 5 SR ) Do
B, R S 4 AR K R B B A M 5 KA o AL 1Y 400 P B R A 4 PV B R AR AR AR
W BhASRE X %, RHIIRER M. £ AR R R FHL Y
M)A RE (PCW) W, Z4EMBERLT 4R . Pa4ER. BRIk, AN S &k
WEMAH R (Loqué et al., 2015) . £ A <[ 4 Ji A1) A BE 22 [8) 45 £E 1) 7 F¢ 1 A2 P IR )=
(middle lamella), ZJELEAMML S 2L FE TR, 4 BEAH A S 40 5T B 8 T2 B 40 i
BRI F B A T AL, By A 40 B B 2 ) B R RGN X . FEA) AR BE S 1
ey, Y AmEmE g Ed (Zamil and Geitmann, 2017). #x)a, (E4HE 10
WO AR, 2 g0 G0 A AN 2T AR 0 0 55 72 4] A BE Y Ry R B B A BE (SCWD, T
FOURFE, 5 40 BT Re AR UL RO B R S50

2FYER (Cellulose), FEFYERMRIRZHEM AL 7 HIAERE (PCW) B KER 7> 5 &,
EEI K2 1:1:2, (HA2ZMPEERZH e mT e Rk B BB ZH VR Fh B9 AS [RI T A BT A2 4L
(Burton et al., 2010; van et al., 2017 ). X =FpZ ¥ B A 0N ik i ke 4

YR (Cellulose) & HI B-1,4-FEHHIER N D-H B MRSV . DT, ZAF
ITH (1>4) -B-D-Hi A HE 5 G HEPIIE UM AT 22 (microfibrils) X APl 4F 22 B A ML
R E S EPUEEYE, TP REAERSCZEMEL (Cosgrove, 2005) . 4T 22 H 4T 4 25 & B
A (cellulose synthase A enzymes, CESA) &, XUSHggi N2 BIRA 42 A5 R
&%) (cellulose synthase complexes, CSCs) (Wilson et al., 2021; Pedersen et al., 2023;
Purushotham et al., 20200, ZF4ERGEERGY) (CSCs) fEFUR TR, KLF4ERIMer 4
R R SMERT (Speicher et al., 2018). HEHE AR CSC 5K JRME EZEK, 5%
CSC [f1i23) /711 (Paredez et al., 2006; Duncombe et al., 2022; Li et al., 2012). —&&Ki%E
PR CSCAERAE 51 BN T & 4ix (& 1-2).
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FA4i R (Hemicelluloses) 1 HZLME FHEA AL, FHE2E B-1,4- P HEERE
HITERE, EOEER 1-3 MR ILB (Cosgrove, 2024). EAFER/RIEAEF &R, ik
REEH, FFIEI AR AR B B/ (Wang et al., 2017; Hofmann et al., 2021). PCW [1]
LT AEZH W B R RNEA D BT H AT AR SERELEL R,  TT SCW N DA 4 43R vy &

(Scheller and Ulvskov, 2010),

a Wall synthesis b wall assembly (strengthening)
| 1
1T
CSC Cellulose Matrix
Linker polysaccharides ~ Wall stress Wall enzymes

Cortical microtubules

Wall stress
+—

\ég
> Cell volume

increase

Cellm

K+, sugars H p H e B EXPA

Wall stress

Wall acidification — Wall loosening (EXPA) —> Cellulose sliding
| |

C Wall loosening
1-2 CHeREAE KNI #2 (5] B Cosgrove, 2024)
Fig. 1-2 Cellular processes supporting wall growth (Cited from Cosgrove, 2024)

R (pectin) 25 & VAR S G20, 290 ise 2 b b & 5 AR B B
ANAVER, AL YR 2 AT oK & BEBOIREE BT . BT 2250 JF, e
Mo AR Kok R rh Rk L R B, AR AR KA 1R SO L 5 B AL (Cosgrove, 2005). B
e g BE B . KSR LB, J7TACne y M f e ) FE kg2 K &R

(Jarvis, 1984; Jarvis, 1992; Thimm et al., 2009). [F5RFF bR (Homogalacturonan,
HG) ZRFEMRREN, AR —FMAEE o L4-LAMEBRRZENRSY, "Th
I M BE SR 65%LA b, S EE A ¢ (Ridley et al., 2001; Pieczywek et al.,
2021). HG fER/RIERBG R, BRI E R K AR 2, R &
H AL 2040k 2] CW A (Harholtetal., 20100, HG ff] C-6 hi %5 5 kA4 B ligfk, T C-
2 F C-3 frer=4 LA AL %121 (Levesque-Tremblay et al., 20150, S H fis fi

(pectin methylesterase, PME) FPREBEH ) FREREE SR 2, 30T HG M. NAak
HEREELNE B AR HG RES S4B 1, TR N “|&” 45k, (R
JREE T AZfE (John et al., 2019; John et al., 2022; Willats et al., 2001). 55 AN RJRIEA L,
oy TR A FURERS R 1 (thamnogalacturonan I, RG 1), L EAT B ZSHEAN 2 FUHE S R

JJ
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BRIEZERET RG T BB H S PN Can L 580E FTRn e S AR A0 - 7L 5K
# 2 (Williams et al., 20200, FEXREEFELL MEEESREURR BSM, FFH A RS HG
FHESE A I ZERE (Cosgrove, 2024; Tanetal., 2023) . IEFH R 45 _E 24L& R HG:
FARF-AMERERR (xylogalacturonan) F15E R 2R FLMEEEFR 11 (rhamnogalacturonan 11,
RGID.

HoAth — 285 2500 A M BE pl iy UG A M BE B2 5 Ceell wall proteins, CWPs), (5
5~10% (X, 2018). HSR CWPs T i tUE AU, (HIAEANACIINA BT, 40)faE
Hoaperi. F5% S, hampyEABdEhRE 2 CEZEPRIEN (Carpita and
Gibeaut, 1993; Cassab, 1998). CWPs »& % & Fh 4 fLBE i 53 i 5 1 82 BUMES (Zhang
et al., 2022). ZHMIBER Y B 5 HBRE HHB T 2 CWPs KEsh. B, $ikEH
(expansins, EXPA) (A4 R 54 4E R < RN 3N, 5 SFAEEEMhS K
(& 1-2) (Cosgrove, 2024; Park and Cosgrove, 2015). 440 fl BE (g 4% Cr 57 42 Y0 40 i G
IR RN 2%, T CWPs R EITRSeTE M S M BT E - .« fln, 92 R F3
PEEE IR B 22 (Polygalacturonase inhibiting protein, PGIP) 18 it 4 H g8 2 5 - 3L
PHBERR G (Polygalacturonase, PG) &V, 7EME A HCAAE M5 I 10 1 1 72 O #5 OC AR
H (Wangetal., 2021),

1.3 EY MR ER AT

1.3.1 MR EQ RAEFMRIERE

2000 4, BEEEMEYER AT A (Goodman et al.,1995), FEY4H i kE H
AL A TR BE R FF 46 (San et al., 2022), —+Z5K, MBS A RA¥: NN —
PR ST SLIe F B, a7 T4 BE SR O KR ZAEPE. San S5 NS H, dHMEESE A
AGRAFLE T 20 M BE R (B 0, I B 6 W] A a8 ik Ath 43 WA 3 4% Fia 1) 448 i 4/ 2 ) 1) 2
[/ (San et al., 2022). 24 M1k, ATELHHAT T REDF FORE 2 MEAE CWPs, H
H— 2R A O AU I o A B AR i DL B R A, G b R R )N g A A
HIER .. 7EHER (Kolkas et al., 2022) FI/NS Ri#E (Martinez-Cortés et al., 2014) 43 7l %
SEE] 409 A1 19 A~ CWPs (E 1-1).

Calderan-Rodrigues 25 AN B e 47 R0 XU I 470 FF°D 400 it e 2 19 R 2300 4T 17 B
TP T AT B R R o IR PP RE S L R e A A RO P A 7 24 B ) 2B S R 5 A
()22 A6 00, 9 A AR AR FHE A2 1) 4 B i 1 Jod 4L 368 R v L A1 P A i T L
AANVRIXE T IR ARE R AR 5 LG (Calderan-Rodrigues et al., 2019).



