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Abstract

Identification of Hub Genes and Stage-Specific Regulatory Patterns of the
Polyphenol Biosynthesis Pathway in Walnut Pellicle Using Co-Expression Network
Analysis and RT-qPCR. Despite the importance of polyphenols in walnut, the stage-
specific regulation and key regulatory genes involved in the their biosynthesis
pathway during walnut pellicle development remain poorly understood. In this
study, the expression patterns of ten key genes involved in polyphenol biosynthesis,
including PAL, C4H, 4CL, CHS, CHI, F3H, DFR, ANS, ANR, and LAR, were
investigated in thin skin of walnut kernel across different developmental stages (8 to
19 weeks after flowering) using co-expression network analysis and RT-qPCR.
Heatmap and correlation analyses revealed that week 9 after flowering represents a
critical stage with the highest transcriptional activity of the polyphenol biosynthesis
pathway, characterized by significant upregulation of most downstream genes. Co-
expression network analysis identified CHS, CHI, F3H, DFR, ANR, C4H, and 4CL
as hub genes with strong positive correlations, whereas PAL exhibited strong
negative correlations with downstream genes, suggesting a potential feedback
regulatory role in the pathway. RT-qPCR results confirmed the significant
upregulation of hub genes at week 9 and showed strong consistency with the
bioinformatic and network-based analyses. Overall, this study is the first to
demonstrate that week 9 is a key regulatory stage in walnut pellicle development
and to identify major hub genes governing polyphenol biosynthesis. These findings
provide valuable insights into the regulatory mechanisms underlying polyphenol
production and offer potential genetic targets for improving phenolic content and
quality in walnut.

Key words: Thin skin of walnut kernel, Polyphenol biosynthesis, Flavonoid pathway, Hub
genes, Co-expression network analysis, RT-qPCR
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Table 1. Sequence and information of gRT-PCR primers used in walnut

Gene name  Gene ID Full name Forward primer (5'-3") Reverse perimer (5'-3')

PAL Jr5DG00165400 phenylalanine ammonia-lyase 2 ATGACCCATGTAGTGCCACA  ACTCTTGCACTCTCCACCTC
C4H Jr7SG00052000 cinnamate 4-hydroxylase AGTCAAGGAGAGGAGGTTGC TTCACAAGTTCTGCAAGCCC
4CL Jr7DG00117800 CoA ligase-like protein TCATCGCCGCGTCTTTAATG TTCTCCAGGTCGAACTTCCC
CHS Jr1SG00082400 naringenin-chalcone synthase AAGATCACCCACGTCGTCTT  TTGTTCTCAGCGAGGTCCTT
CHI Jr1DG00284600 chalcone isomerase GCGGATGAGTTGTCGGAATC CTGAGTACTGGTGACCCGTT
F3H JrdADG00063100 flavanone 3-hydroxylase CCCTTCAGGCAAGCTTTGTT CAGGCCTCGACGATTTTCTG
DFR JrdADG00161700 dihydroflavonol reductase GATGATGCTGCTCAGGTTCG  TGCCGTTGACATGCTTTTCA
LAR Jr8SG00081600 leucoanthocyanidin reductase-like TTTCCGCTGCCAACGATATG  GATGGCATCTTTGGAGCTGG
ANS Jr6DG00150000 anthocyanidin synthase GGACATAGACTCCCAGGACG GCCATAGCCTTGAATCCTGC
ANR JrSDG00075400 anthocyanidin reductase TACTCCTCTCACTCCGGACA  GCTCGGGAACACTGCTATTG
GAPDH - - TGTTCGTCATGGGTGTGAAC  ATGGCATGGACTGTGGTCAT

el e A bl Dy (St o A e ol s 5 O3 g Sher e 2 Sz 10T U
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Figure 1. Heatmap of selected genes in walnut shell at different growth stages.
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Figure 2. Correlation between expression of studied genes (FPKM) in walnut thin shell in different weeks
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Colours indicate the strength of the correlation, with red indicating high positive correlation and blue indicating low positive correlation. The
dendrogram above and left shows the grouping of samples based on gene expression similarity
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Pearson Correlation of Selected Genes (Week 9)
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Figure 3. Pearson correlation of genes studied in walnut thin shell in the ninth week
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The colours indicate the strength and direction of the correlation; red indicates positive correlation and blue indicates negative correlation.
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Table 2. Results of gene co-expression network analysis, number of connections (degree) and edge weight (weight / correlation)

Gene name Degree Weight (Edge)
Jr1DG00284600 7 0.9831128
Jr1SG00082400 7 0.9468388
JrdDG00063100 9 0.9423786
JrdADG00161700 7 0.9919103
JrSDG00075400 7 -0.9256279
JrSDG00165400 9 0.9582607
Jr6DG00150000 3 0.9995575
Jr7DG00117800 7 0.9897222
Jr7SG00052000 7 0.8652419
Jr8SG00081600 3 0.9519295
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Figure 4. Co-expression network of studied genes in walnut thin shell in the ninth week
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The degree of each gene indicates the number of connections it has in the network, and genes with high degrees (such as Jr4ADG00063100
and Jr5DG00165400) are known as hub genes. The weights of the edges indicate the degree of correlation between genes; positive values
indicate direct correlation and negative values indicate inverse correlation.
Real Time PCR I ool b o) 2 3,90 sla05 Ol w2
DFR F3H (JrdDG00063100) (Jr1DG00284600) CHI (Jr1SG00082400) CHS Joli Al 58 e slads Olo &l pons
LAR (Jr6DG00150000) ANS (C4H (Jr7SG00052000) (Jr5DG00075400) ANR (Jr7DG00117800) CL4 (Jr4DG00161700)
auan oS by plEs CL; (0 JQJZ) Lo s odd 5L slaaia Jsb 55 (JrSDG00165400) PAL sucs V'J"‘J 05 5 (Jr8SG00081600)
ol s Oly sl 53 V.AJJ_va 9 (..M)'b“ cbhaus L ol o+ win > CLA 05 A aglie baazis pLe LI 5 atils (g5 9me 50 V'@
Sol3 s Hsb o F3H O ol OLis (g5l pme Oy 2158 S 4 D B3 V.MJ'L: laazia ;3 PAL 05 a5 Jb= js ccils
@Mdguugr@mqwﬁm}vm;gdumﬁCHs Qj.w\sumﬁb@M\)Olﬁd‘}y@%r@im);
B ﬁm ‘V’MJ"L' ‘(..a;)'l.: cbauwn 5 Ll clils baaus ¢Lc.5 Jsb s YL Lw.o Oy &l,wss CHI 05 &5 J= s ol Ol s )ls
Sol3 s b V'@" ais ;5 DFR 3 ANR ANS LAR lagi .ad edaline 5 ol oS5 Ol Hlade baazia pla 4 ol (..Mj)j
3 A e $10F Ol SKialen stins 0L 05 Oly gl (IS 55k 4 isls 0L Laasia a4 S 5 Ol Ol 5Vl
sl 0L da slaaas 3 1, Oly el CHS 3 PAL wibe oy & a5 Jb s ccnl oy ST ol Al 5 (,.@ s ool
odi,;, Yo dsdr o ) baazis o D j,.aw Ly 5 Olo Ol ss 4 by o lajlsgad 5 O Ol Ol s & by s ch

RGO IS AT K QL:...’

- \F-¥ L"Luw-nj g}aJL) /Y O)Ln.a:) /rg.ké)l.eg °)5‘> /WJ ‘5;_0_’"3 s“..»j - .


http://dx.doi.org/10.61882/gebsj.14.2.6
https://gebsj.ir/article-1-541-en.html

[ Downloaded from gebs.ir on 2026-08-30 ]

[ DOI: 10.61882/gebsj.14.2.6 |

Oes 5 S (S e

Real Time PCR =5 5 53,8 S50 awg 5> (s 2550 65 RSP APRPS

Table 3. Statistical analysis of genes studied in walnut thin shell and Real Time PCR results

Gene Comparison Mean Diff 95% CI _ Significance Adjusted P Value
ANR W9 vs W8 1.006 -0.5773 to0 2.588 ns 0.3068
W9 vs W11 1.657 0.07446 to 3.240 * 0.0387

W9 vs W13 3.16 1.577 to 4.743 ok 0.0002

W9 vs W15 3.447 1.864 to 5.030 Ak <0.0001

W9 vs W17 6.122 4.540 to 7.705 Ak <0.0001

W9 vs W19 5.715 4.132 to 7.298 Ak <0.0001

DFR W9 vs W8 1.333 0.6766 to 1.990 ok 0.0002
W9 vs W11 1.853 1.196 to 2.509 Ak <0.0001

W9 vs W13 1.906 1.249 to 2.562 Ak <0.0001

W9 vs W15 2.32 1.663 to 2.977 Ak <0.0001

W9 vs W17 1.318 0.6612 to 1.975 ok 0.0002

W9 vs W19 1.149 0.4927 to 1.806 ok 0.0008

LAR WO vs W8 2.187 0.9900 to 3.384 ok 0.0006
W9 vs W11 2.971 1.774 to 4.168 Ak <0.0001

W9 vs W13 2.966 1.769 to 4.163 Ak <0.0001

W9 vs W15 2.893 1.696 to 4.090 Ak <0.0001

W9 vs W17 2.67 1.474 to 3.867 oAk <0.0001

W9 vs W19 2.412 1.215 to 3.609 HoHE 0.0002

ANS WO vs W8 1.733 0.8160 to 2.650 HoHE 0.0004
W9 vs W11 2.427 1.510 to 3.344 oAk <0.0001

W9 vs W13 2.98 2.063 to 3.898 oAk <0.0001

WO vs W15 2.895 1.978 to 3.812 oAk <0.0001

W9 vs W17 2.793 1.876 to 3.710 oAk <0.0001

W9 vs W19 2.438 1.521 to 3.355 Ak <0.0001

CHI WO vs W8 1.115 -0.5613 t0 2.791 ns 0.2689
W9 vs W11 3.03 1.354 to 4.706 ok 0.0006

W9 vs W13 1.594  -0.08205 to 3.270 ns 0.065

WO vs W15 3.111 1.435t0 4.787 ok 0.0005

W9 vs W17 1.7 0.02337 to 3.376 * 0.0464

W9 vs W19 2.109 0.4324 t0 3.785 * 0.0121

CHS WO vs W8 2.435 0.2967 to 4.573 * 0.0228
WO vs W11 1.6 -0.5377 to 3.738 ns 0.189

WO vs W13 1.175 -0.9629 t0 3.313 ns 0.4555

WO vs W15 3.141 1.003 to 5.279 woE 0.0034

W9 vs W17 3.247 1.109 to 5.385 woE 0.0026

WO vs W19 2.12  -0.01852 to 4.258 ns 0.0525

F3H WO vs W8 5.398 3.907 to 6.889 Ak <0.0001
WO vs W11 2.351 0.8602 to 3.842 woE 0.0021

WO vs W13 4.797 3.306 to 6.288 Ak <0.0001

WO vs W15 5.421 3.930t0 6.912 oAk <0.0001

W9 vs W17 4.85 3.359to 6.341 oAk <0.0001

WO vs W19 3.414 1.924 to 4.905 oAk <0.0001

PAL WO vs W8 -0.2202 -1.835 to 1.395 ns 0.9969
WO vs W11 -1.687 -3.303 to -0.07204 * 0.0393

WO vs W13 -2.682 -4.297 to -1.067 wE 0.0013

WO vs W15 -0.2354 -1.851 to 1.380 ns 0.9956

W9 vs W17 0.3427 -1.273 to 1.958 ns 0.972

W9 vs W19 -0.05476 -1.670 to 1.561 ns >0.9999

4CL W9 vs W8 -4.449 -7.652 to -1.247 *E 0.0058
W9 vs W11 -9.191 -12.39 t0 -5.988 oAk <0.0001

W9 vs W13 -1.386 -4.589 to 1.817 ns 0.6523

W9 vs W15 -1.335 -4.538 to 1.868 ns 0.683

W9 vs W17 0.1539 -3.049 to 3.357 ns >0.9999

W9 vs W19 -0.1534 -3.356 to 3.049 ns >0.9999

C4H W9 vs W8 -0.946 -5.937 to 4.045 ns 0.9835
W9 vs W11 4.743 -0.2480 t0 9.735 ns 0.0652

W9 vs W13 5.763 0.7719 to 10.75 * 0.0214

W9 vs W15 2.733 -2.259t0 7.724 ns 0.4398

W9 vs W17 0.04121 -4.950 to 5.033 ns >0.9999

W9 vs W19 4.5 -0.4912 t0 9.491 ns 0.0844
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Figure 5. Graphs related to changes in the expression of the studied genes in walnut thin shell
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