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Abstract: [Objective] This research investigated the variation in tannin and other phenolic compounds
in the kernel pellicle of different walnut (Juglans regia L.) cultivars, aiming to elucidate the mecha-
nisms underlying their biosynthesis and accumulation as well as to provide a theoretical foundation for
targeted improvement of quality traits related to phenolic composition in walnut. [Methods] Three wal-
nut cultivars exhibiting distinct tannin levels were selected, including low-tannin Bingta No.1 (BT-1),
medium-tannin Wen 185 (W-185), and high-tannin Zha 343 (Z-343). Fruits were collected from five-
year or older, vigorously growing trees under consistent water and fertilizer management at the XPCC

(Xinjiang Production and Construction Corps) walnut germplasm repository (40°23' N, 80°03’ E). Sam-
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pling occurred at eight critical developmental stages: T1 (June 12), T2 (June 18), T3 (June 28), T4 (July
5), TS (July 15), T6 (July 25), T7 (August 9), and T8 (August 24). Fresh seed coats were fixed in FAA
for paraffin sectioning. Sections were dehydrated through graded ethanol solutions, cleared in xylene,
embedded in paraffin, and stained with safranin-fast green. Tannin cells were specifically identified by
the purple-red coloration resulting from the safranin-tannin reaction, observed and photographed using
optical microscopy. Tannin spatial distribution during development was visualized via imprint staining.
Fresh fruit cross-sections were pressed onto a piece of filter paper, which formed purple imprints due to
oxidative property of tannins. Total tannin content was determined spectrophotometrically using Folin
reagent with gallic acid as standard. Total phenolic content was assayed using the Folin-Ciocalteu meth-
od (gallic acid equivalent). Total flavonoid content was determined by the aluminum nitrate colorimet-
ric method (rutin equivalent). Phenolic composition was analyzed by HPLC using an Agilent TC-C18
(2) column (250 mm x 4.6 mm, 5 pm) at 35 °C. The mobile phase consisted of (A) 50% methanol and
(B) 0.2% aqueous acetic acid, with a gradient elution (A: 8% to 40% from 0—-40 min, then back to 8%).
Flow rate was 0.8 mL - min', and injection volume 10 pL. Detection was at 280 nm. Six phenolic acids
(shikimic, gallic, caffeic, vanillic, chlorogenic, and p-coumaric) and four flavonoids (catechin, epicate-
chin, rutin, and myricetin) were quantified using external standards. [Results] The tannin content in the
kernel pellicle of all three cultivars exhibited a pattern of “decline-rise-decline” during fruit develop-
ment. Significant differences (P<<0.05) were observed in the timing of key fluctuation nodes and peak
accumulation intensity. Peak concentrations were 352.75 mg- g, 386.84 mg- g, and 448.99 mg - g for
BT-1, W-185 and Z-343. BT-1 accumulated significantly less tannin than W-185 and Z-343 at peak. Im-
print staining confirmed tannin deposition was localized specifically within the seed coat, with staining
intensity following a “light-dark-light” trend with fruit maturation. Paraffin section revealed that tannin
accumulation was primarily associated with specialized tannin cells surrounding the vascular bundles.
These cells function as key sites for tannin synthesis, storage, and transport. Cultivars differed markedly
in tannin cell abundance and activity. During peak accumulation, W-185 and Z-343 possessed numer-
ous, metabolically active, densely packed tannin cells, whereas BT-1 had fewer such cells. This results
agreed with the lower tannin synthesis rate and content observed in BT-1. HPLC analysis revealed shi-
kimic acid as the predominant phenolic acid and epicatechin as the major flavonoid across cultivars,
with distinct accumulation dynamics. BT-1 exhibited significantly lower levels of shikimic acid, gallic
acid, p-coumaric acid, and epicatechin compared to W-185/Z-343; Shikimic, vanillic, and chlorogenic
acids accumulated continuously, while caffeic acid declined steadily. In Z-343, chlorogenic acid content
increased markedly at T5 stage (from 28.32 to 76.29 mg - g'"); rutin accumulated continuously, peaking
at 10.54 mg- g'. In BT-1, a sharp transient increase in rutin was observed at T3 stage. Pearson correla-
tion analysis revealed cultivar-specific regulatory networks linking tannins to other phenolics. In BT-1,
tannin positively correlated with p-coumaric acid and epicatechin, but negatively correlated with rutin
and total flavonoids; in W-185, tannin showed an extremely significant positive correlation with gallic
acid (P<<0.01), but negative correlations with caffeic acid and total phenolics; in Z-343, tannin correlat-
ed positively only with total phenolics and caffeic acid, but negatively with most phenolic acids. These
distinct correlation patterns indicate that variation in partitioning of phenylpropanoid metabolic flux,
mediated by differential precursor supply (e.g., shikimic acid) and the balance of competitive metabo-
lites (e.g., rutin vs tannin precursors), is a critical factor driving divergent tannin accumulation strategies
among cultivars, and ultimately influences tannin biosynthetic efficiency. [Conclusion] Tannin accumu-

lation in walnut kernel pellicle is co-regulated by cellular structural morphology and phenolic biosynthe-
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sis pathways. The low tannin phenotype of Bingta No.1 (BT-1) results from: (1) a reduced number of

tannin cells, limiting synthesis capacity; (2) diminished accumulation of key precursors like shikimic ac-

id; and (3) competitive metabolic flux towards rutin synthesis, potentially diverting substrates away
from the tannin pathway. In contrast, cultivars Wen 185 (W-185) and Zha 343 (Z-343) achieve higher

tannin accumulation through more abundant tannin cells and enhanced provision of precursors, such as

chlorogenic acid in Z-343 and gallic acid in W-185. The identified differentiation in phenolic metabo-

lism provides a biochemical basis for targeted regulation of tannin synthesis. As an excellent low-tannin

germplasm, Bingta No.1 possesses unique metabolic characteristics valuable for dissecting the molecu-

lar mechanisms controlling tannin biosynthesis. Future research should employ multi-omics technolo-

gies to identify key regulatory genes within these pathways, enabling precision breeding or biotechno-

logical approaches to modulate astringency and improve walnut quality.
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FLIE 15 B A B E T3 I H B, iR 185 76 T7 i A
5 1 > $L 343 75 T4 B # B =, 4 7l 9 48.81 mg - g
6440 mg-g' M61.73 mg-g'e AT 5 R R
WIS ENERSER, ROVKRETEEMN RS 1S
o SRS R K. R, SR S B
JOR T RE SR P R B R 2 S R A, B L
BB
24 AEmFZkIE o EAES  RENE N &=
RIENSTL
FRIEAZ AR 7 BT L By A B I (1) o AT 45 SR, 45
A T CAT T A O AR OK AR T VA A 57 DA
BT 3 A, B 7D, i3k — 255 3 ANk iy
oo Rz H ) 6 PRI B2 4 Fh B A 2H 7 & AT B AR
A3 HT, 25 i 8~ 9 Fai
PR AL 73 oy M R (B )R W, FE R R &
RE MR, KB TR BRI SH T E
TEmFIAEG BEER . K1 SIEER FER
SRR IR & BRI H RSN SRRHIE , TR WM E R U] &2 4
TR IR 185 5L 343 MBI IR & T IS5 1
5,30 343 AR IR IR & B 70 TS I3 H LS o s, 5
2832 mg- g W ZE 76.29 mg- g ik 185 (A &
REEAE TS IR AEBRIE, & H 16.94 mg - g #
#£272mg g’ HMAERNS KETRENED
e RTE 3 R A S AL AR AL (e 1
TS BB, PR EES N N056 mg-g'
8.61 mg-g', Mk 185 54343 43>8 0.73 mg- g~
1623 mg-g' M 1.05mg-g'.17.82 mg-g'. 4R FE
B, o MMM s SN ERTEREEEML. &
JER TR ) 266 e TS AR 2 R 9 TR 0 7 R A T
AT A T 1) e KPR B AT R (R A B e Y



2 BEIMI L 45 - BRI B 2 By R 5 22 e 3 M 329
TEHIIR o RN | | AEER | MR | FER
Shikimic acid Phenylalanine p-coumaric acid Caffeic acid Vanillic acid
[
[
] ] -
e // 25 /R \\ 2% AR
3-MAF IR * Chalcone Chlorogenic
3-Dehydroshikimic acid ‘ act
i v v
— R ANPES Bk
WETR Rutin, Myricetin Catechin Flavanone
Gallic acid i
I B
- Epicatechin
N i
Hydrolyzable tannins
ey
K Condensed tannins /
E7 BTERER
Fig. 7 Tannin synthesis pathway
A 180
AE:‘;D 150
i 8%0 120
HES %
L2858 60
5 €
S 30
0
T1 T2 T3 T4 TS5 T6 T7 T8 T1 T2 T3 T4 TS5 T6 T7 T8 T1 T2 T3 T4 TS5 T6 T7 T8
BT-1 W-185 7-343
B
]
~ O
& ‘g/_\
e
& E
c e
=
Tl T2 T3 T4 TS T6 T7 T8 TI T2 T3 T4 T5 T6 T7 T8 Tl1 T2 T3 T4 TS5 T6 T7 T8
BT-1 W-185 7-343
C - 25 ¢
5 20 2 ab :
? g:\ a a a ab
Sow 15 be oo ¢
=5 o
EZE w0 a
z-2
& 5
© 0
TI T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 TS5 T6 T7 T8 Tl T2 T3 T4 T5 T6 T7 T8
BT-1 W-185 Z-343
D =
g a
I~
=t
RS-
L
E
>

T1 T2 T3 T4 TS5 T6 T7 T8 T1 T2 T3 T4 TS T6 T7 T8 T1 T2 T3 T4 TS5 T6 T7 T8

BT-1 W-185
ANFVNG TR ROR AR R 2 7 2% (P<<0.05) . Rl
Different small letters indicate significant differences between treatments (P<<0.05). The same below.
E 8 TEEKALBREZINMEERER X RS ST

Fig. 8 Changes in phenolic acids content in walnut kernel pellicle during fruit development

7-343




330

)

4

e 433

WS R IR)
Chlorogenic acid content/

)

0

i

5]

wCh
P-coumafic acid content/

wOLHZ)

Catechin content/(mg-g™)

w(E LK)

Epicatechin content/(mg- g")

w2
Myricetin content/(mg-g")

(mg-g"

(mg-g"

Rutin content/(mg-g")

100

TI T2 T3 T4 T5 Te6 T7 T8 T1 T2 T3 T4 TS T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8

BT-1 W-185 Z-343

ab

T1 T2 T3 T4 T5 Te T7 T8 T1 T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 Te T7 T8

BT-1 W-185 Z7-343

B8 (4 Fig.8 (Continued)

300
250
200
150
100

50

T1 T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8 TI T2 T3 T4 TS5 T6 T7 T8
BT-1 W-185 Z-343

400

300

200

100

Tl T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8 Tl T2 T3 T4 TS5 T6 T7 T8
BT-1 W-185 Z-343
12 1 abc ab a

Tl T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 Te T7 T8

BT-1 W-185 Z7-343

a

a a a a a

b b b
L a
1.0 c ab
.
0.0 LI 011

Tl T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 T6 T7 T8 T1 T2 T3 T4 T5 Te T7 T8
BT-1 W-185 7-343

9 TEEKEXBRARMAME AL RS ENTL

Fig. 9 Changes in flavonoids content in walnut kernel pellicle during fruit development




BN, S5 BBPh B 2 By R R 2 7

331

%231
=
1‘71‘%%43&‘;%@@9&%/“%( DR, HEH 7
hEERAIERILER, é‘%%ﬁﬁ’ﬁ%%%

ez | ﬂﬂﬂ?ﬁ*&ﬁﬁ%)b%% ILREME T &
BT HAR R, H LR E %E)Lﬁ%%%ﬁ’ﬁr\;’il_
BHERE NG EAER, SEREED NN
106.70 mg-g'.240.01 mg-g'; T 1 51 T F &AL
T3 EHASR EF 285 SR R R, & 8 0.54 mg - g
EFF5.51 mg-g' F R FEF]0.48 mg- g il 185 YT
TR NER BRI R B T7 I 5 X
TREEN, S EREENT46 mg-g' s L343 AT
TREBR R AN ETES 7 T3~Te6 I th I e Tt

A

KA a2 R mE N 10.54 mg g
Vit AR R B TR R, R A
WAL R, 3 ARk i Bl i Mg R B S A N
230mg-g'.098 mg-g' M1.09mg-g'. JLFREGE
JL% ZAE B T AR B WA 1) 5] — PR AR AL AN S5 T )
ZE e MERR B T I AR ) 22 R o AL R A M 2 T AR
R E LG, R T AERZA A B vh 78 2 B RTAR A B
JERE BT R EER R
2.5 AEMmMZHkIN L & LH 5 B KM 4
T RF T 5 &M 2 W) 5t 2 T8 R AH DG 1
F| F Pearson AH ¢ 2 Hoxd H it 47 A 5¢ M 2 b (]
o AN IF it o ) B 7 5 % W SR BT R AH SR

X
\

ST & Total tannin content

[ 1 Total phenolic content

S EE A Total flavonoids content
FEHR

B TR & i Gallic acid content
WIHERR £ 1 Caffeic acid content

Fr 5L £ 1 Vanillic acid content

%} J5UR ¥ it Chlorogenic acid content

% & Shikimic acid content

I\

[ Y
-

\0\3\\soa

Xt 75 5 R 2 . P-coumaric acid content
JLZ %4 Catechin content

2% )L 4% & ¥ & Epicatechin content

7T % & Rutin content

100/\INI
ANANNVAYAY
| SI1/0INI - ING

’

‘1
L

" 1.0

ANNM\YAVAY .
1007/ /N/\0
AANATAYA
A RATAL
AR ATATA
ARMAAATA LA

AN YAYAVA
00 ¢

0
’
\

-0.8
AHE 5 & Myricetin content o
% % % > % :
K%ffo‘@@% RN T T @f{& B ré?i% S
& EOEN 0,;{& o‘\)@( o“ *3"09 “)@(‘W’o“ ‘?ﬁ’g ,gk%oox:& 0 & )@X 3
EORY % ﬁ% 5 &%o S % 5 \zo“
q}\‘b“ Q&QO q,4°° e o i@\o \\o @Qo ‘\o & (g/ ®
< &o@\@@@ & & \@%Q & :%/\
(@)
B husaf uluminconent [ @ @D S OO0 O & 1.0
.5y % i Total phenolic content /n/ % \ \ , ‘ \ \ ‘ ‘ ‘ : 0.8
ST 7 & Total flavonoids content % /( ’ \ ’ ’ ’ ’ & 0.6
FEHLR ¥ 1t Shikimic acid content C:) ";./,‘ /,,,” 0s
BB TR 8 Gallic acid content | 57 gy, F <@ P rryyry. .
WHERZ £ B Caffeic acid content ’ \ ‘ ‘ / ‘ ‘ ‘ % 0.2
Fr HR 7 B Vanillic acid content a9 & ~ (Y Y - 0.0
#¢ )7 % ¥ 1t Chlorogenic acid content ‘ \’ /,‘ /,(' / //’, e
X SR & & P-coumaric acid content [ \’,"C)/;{/,” :
JLZE % & & Catechin content NSRS S ST —0.4
4&)L4<# & & Epicatechin content |77 ‘ & ,, @& / , / /,, 0.6
Frekumons | @@OO® SPSL L LMo
#M§25 % & Myricetin content ' 772=Y L’ g ’ g g g .‘_f
-1.0
% % % 2
58, %ng%‘ AN r@%@%z f{‘i%@@%@{%ﬁ S S
&?%(oo {26‘& %%’)@%o/xbo o@( o %/&7’%@%@0){'{00\\ %{& N
5 SRR, g
UGS & @\ x o\ ,z, “\
& &O@QO@&\“’ %\9 & FS oo& f& @?; ¥

A. I35 1 55B IR 185;C. FL 343,

*RIRATAE L Z A K (P<0.05) , #* TR AFAEM 5 2 M6 (P<0.01) o

A. Bingta No.1; B. Wen 185; C. Zha 343. * indicates significant correlation (P<<0.05), ** indicates highly significant correlation (P<<0.01).

E 10 #ZtMEBETSRESSERXEST

Fig. 10 Correlations between tannin and various components content in walnut kernel pellicle
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