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Identification of co-expressed modules of cotton genes responding to Verticil-
lium dahliae infection by WGCNA

FU Ming-Chuan*, LI Hao, CHEN Yi-Zhen, LIU Zhan-Ji, LIU Ren-Zhong, and WANG Li-Guo

! Cotton Research Center of Shandong Academy of Agricultural Sciences / Key Laboratory of Cotton Breeding and Cultivation in Huang-Huai-Hai
Plain, Ministry of Agriculture, Jinan 250100, Shandong, China

Abstract: Weighted gene co-expression network analysis (WGCNA) is a classic systematic biological method, which can be used
to identify co-expressed modules, investigate relationships between modules and specific traits, and screen hub genes in the net-
works. Verticillium wilt, caused by the fungal pathogen Verticillium dahliae, can cause severe fibre quality reduction and yield
loss of cotton. Studying on cotton genes and molecular mechanisms related to defense responses against V. dahliae can shed light
on cotton breeding. In this study, 21 transcriptome data of Gossypium barbadense seedling roots infected by V. dahliae were used
to investigate differentially expressed genes (DEGs). By filtering out the genes with low variation, 35,647 genes were selected for
WGCNA. In total, 22,850 DEGs were identified under V. dahliae infection, with 4685 in common at all inoculated time points.
Co-expression network analysis identified 18 modules, in which five modules significantly associated with V. dahliae infection
(black, mediumpurple3, darkolivegreen, plum3 positively correlated with the 2 h, 6 h, 48 h, and 72 h inoculated time points, re-
spectively; mediumpurple2 negatively correlated with the 2 h inoculated time point). GO and KEGG enrichment analysis were
performed on these five specific modules, which could be enriched in GO terms and metabolic pathways, such as cellular response
to stimulus, calcium ion binding and flavonoid biosynthesis. The hub genes were screened by calculating gene connectivity in the
corresponding networks, and they may play important roles in the resistance against biotic/abiotic stresses. In summary, by
WGCNA, a few defense-related co-expressed modules and hub genes were identified. The results of this study would be benefi-
cial for further understanding of the molecular mechanisms of pathogen resistance in cotton, and provide new gene resources for
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cotton breeding in the future.
Keywords: cotton; Verticillium wilt; WGCNA; hub gene
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%1 qRT-PCR Fif3|4)
Table 1

Sequences of the primers used in qRT-PCR

Gene

Forward primer (5'-3")

Reverse primer (5'-3")

Gbar_D11G006810
Gbar_A12G027410
Gbar_A04G004150
Gbar_DI10G024280
Gbar_A08G011260
Gbar_A13G004330
Gbar_A12G027680
Gbar_D03G017340
Gbar_A07G022210

p-actin

GGAGCTGTAGGATCATGCTCAGTG
CGGCTTTCATAGGCAAGGTAGGG
CGTGCACTTTTCGGTCGTGATG
GTAGTTAACGCTGAACAACGTT
CAGTAATGTGAAGGCGGCCAGA
GCTCTCAACAATGATGGGGTCCT
AACTCCGGTAAGTGGGTACCGT
AAACGAGAGAGAACGGCGAAGG
GGAAATACCCACCGTGCAACCT
GATTCCGTTGTCCAGAAGTCCT

GCCTTGCCATCCAAAATCCAGC
AGCGTAACAAATGCCAATGCCG
AGCTAGCCCTCTTGCTATCCCC
CCAACCTCCATACTCTTCTTCA
CAGTGCTCAACGACCTCGTCAT
AGTTCCAGCTTTGCAAGACCGA
AACGGCGGAGATCGAGTTGATG
CTTAACGGCGAGAGTAACGGCA
GAGCCAAGGGTGAGTGAGACAC
TACGGTCTGCAATACCAGGGA
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Fig.1 DEGs in different time points under infection

; 2
The column with one black point represents the DEGs only in the corresponding set; the column with two or more black points linked by a
solid line represents the intersection among the sets.
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Fig. 2 Determination of soft-thresholding power (f)
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a: scale-free topology fit index as a function of the soft-thresholding power, the red line represents that R” is equal to 0.8. b: mean connec-
tivity as a function of the soft-thresholding power.
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Fig.3 Clustering dendrograms of genes and module detecting
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a: gene clustering on TOM-based dissimilarity. b: module division by dynamic tree cut, different colors represent different modules.
c: module division after merging similar modules.
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Module—trait relationships
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Fig. 4 Heat map of the correlation between modules and traits
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Each row corresponds to a module, and each column corresponds to a trait. The correlation coefficient and the corresponding p-value are
shown in each cell. The specific modules which significantly associated with V. dahliae infection are colored in red, and the corresponding

numbers of genes and transcription factors are shown in the left cells.

(GO:0007165) (GO:1902531)
( 5-a); mediumpurple3
, (G0O:0006520)
(GO:0006790) (GO:0006544)
( 1) , black  mediumpurple3
darkolivegreen plum3 mediumpurple2
2107 7 1 2 ,
(GO:0008565) (GO:0005509)(
2); black  mediumpurple2 44 4
Nitrogen compound transport ° ;
Peptide transport a ° r ‘;‘2‘7‘5;_36
Amide transport ° 1.79¢-30
Establishment of protein localization ° i §;§§§:§8
Protein localization ° 7.17¢-30
Protein transport ° Count
Cellular localization ° . {98
Intracellular transport . ® 180
Establishment of localization in cell . : %88
Intracellular protein transport { e 0210
0.08 0.09
Gene ratio

[ 5 Black ##a) GO #1 KEGG E& 2#

, (G0:0030117)
(GO:0005839)(  3)
KEGG , black mediumpurple3
darkolivegreen 8 10 1 KEGG
, black mRNA
(  5-b); me-
diumpurple3
; darkolivegreen
( 4)
Protein processing in endoplasmic reticulum b °
Endocytosis o | 1 adjust
RNA transport ° I 8888?8
mRNA surveillance pathway ° 0.00075
Spliceosome ° E%lom
RNA degradation ° : 28
Ribosome biogenesis in eukaryotes ° : gg
Protein export | e

0.03 0.04 0.05 0.06
Gene ratio

Fig. 5 GO functional and KEGG pathway enrichment analysis in the black module
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The vertical axis represents the enriched GO term or KEGG pathway, and the horizontal axis represents the ratio of enriched genes in the
module. The point size represents the gene number enriched in the pathway, and the color represents the p-value corrected for multiple test-
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Fig. 6 Gene co-expression networks of the specific modules which significantly associated with V. dahliae infection
N a: Black

b: Mediumpurple3 c: Darkolivegreen d: Plum3
e: Mediumpurple2
The genes with higher connectivity in the corresponding network are shown with larger circle sizes and darker colors. The transcription fac-
tors are indicated by triangles, with other genes being indicated by circles. a: Gene co-expression network of the black module. b: Gene
co-expression network of the mediumpurple3 module. c: Gene co-expression network of the darkolivegreen module. d: Gene co-expression
network of the plum3 module. e: Gene co-expression network of the mediumpurple2 module.
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Fig. 7 Expression analysis of the hub genes

a: qRT-PCR s 3 b: RNA-seq

a: expression analysis by qRT-PCR, the bars indicate standard deviation of three replications. b: heat map of the hub genes.
*:p<0.05, **: p<0.01.
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Table 2 Function annotation of the hub genes in the modules associating with V. dahliae infection

ID ID
Module Gene ID in G. barbadense Gene ID in Arabidopsis Gene function
black Gbar_A11G006460 AT3G26680 Involved in a SNM-dependent recombinational repair process of oxida-
tively induced DNA damage
Gbar_D12G004330 AT2G15910 CSL zinc finger domain-containing protein
Gbar_D11G006810 AT3G26680 Involved in a SNM-dependent recombinational repair process of oxida-
tively induced DNA damage
Gbar_A12G013260 AT5G26751 Encodes a SHAGGY -related kinase involved in meristem organization
Gbar_A12G027410 AT5G51830 Encodes one of the several Arabidopsis fructokinases
mediumpurple3 Gbar_A04G004150 AT1G53430 Leucine-rich repeat transmembrane protein kinase
Gbar_D10G024280 AT3G55470 Calcium-dependent lipid-binding (CaLB domain) family protein
Gbar_A08G011260 AT1G64300 Protein kinase family protein
Gbar_A03G016830 AT5G50850 Transketolase family protein
Gbar_A10G021450 AT3G52200 Encodes a dihydrolipoamide S-acetyltransferase, a subunit of the mi-
tochondrial pyruvate dehydrogenase complex
darkolivegreen Gbar_A06G022760 AT1G78020 FCS like zinc finger 6 is induced during energy starvation through
SnRK1 signaling
Gbar_A13G004330 AT4G34220 Encodes a receptor like kinase involved in ABA-mediated seedling
development and drought tolerance
Gbar_A12G027680 AT5G51550 EXORDIUM like 3
Gbar_D01G008860 AT5G56040 Leucine-rich receptor-like protein kinase family protein
Gbar_D12G021770 AT2G45550 Member of CYP76C
plum3 Gbar_A10G024460 AT5G05960 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin
superfamily protein
Gbar_D03G017340 AT5G47230 Encodes a member of the ERF (ethylene response factor) subfamily
B-3 of ERF/AP2 transcription factor family (ATERF-5)
Gbar_A07G022210 AT2G38830 Ubiquitin-conjugating enzyme/RWD-like protein
Gbar_D12G010820 AT3G60220 Encodes a putative RING-H2 zinc finger protein ATL4 (ATL4)
Gbar_D05G028190 AT3G56400 Function as activator of SA-dependent defense genes and a repressor of
JA-regulated genes
mediumpurple2 Gbar_A06G004340 AT1G44790 ChaC-like family protein
Gbar_D13G009340 AT1G13580 Encodes a ceramide synthase that together with LOHI is essential for
production of ceramides containing Very Long Chain Fatty acid
VLCFA-Ceramides
Gbar_A07G003530 AT2G25080 Encodes glutathione peroxidase
Gbar_A04G014550 AT1G70280 NHL domain-containing protein
Gbar_A11G016340 AT2G30860 Encodes glutathione transferase belonging to the phi class of GSTs
) black
/ 301 GbWRKYI (Gbar_A04G014110, kME=0.89),
JAZI B,

mediumpurple2 GbRVd (Gbar_D11G031930,
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