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Abstract: The heat shock transcription factor (HSF) family plays a crucial role in plant growth, development,
and responses to biotic and abiotic stresses. As a traditional Chinese herbal medicine, Glycyrrhiza uralensis Fisch.
is rich in various bioactive compounds, including flavonoids and terpenes. However, a systematic identification and
characterization of the HSF gene family in G. uralensis is currently lacking. To clarify the biological functions of
this gene family, we systematically identified HSF family members based on the genomic data of G. uralensis, and
analyzed their physicochemical properties, chromosomal localization, phylogenetic relationships, conserved motifs,
and collinearity. Meanwhile, combined with transcriptome sequencing and qRT-PCR analyses, we elucidated the
expression patterns of GuHSF genes and their co-expressed genes associated with flavonoid biosynthesis under

drought stress. The results showed that a total of 26 GuHSF genes were identified from the genome of G. uralensis,
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which can be classified into three subfamilies, and the HSF proteins within the C subfamily exhibited high

similarity in conserved motifs. Collinearity analysis revealed 12 pairs of segmental duplications within the GuHSF

family, and the syntenic relationships between GuHSF genes and soybean HSF genes were the strongest among the
compared species. The results of qRT-PCR analysis indicated that GuHSF2, GuHSF4, GuHSF14, GuHSF18,
GuHSF21, and GuHSF26 genes were significantly induced by drought stress. In addition, under drought conditions,
strong correlations were observed between GuHSF1, GuHSF4, GuHSFY9, GuHSF11, and GuHSF21 genes and
flavonoid biosynthesis-related genes. This study systematically identified and analyzed the GuHSF family genes in

G. uralensis, which provides important clues for subsequent investigations into the biological functions of core

members of this family.
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Table 1 Sequences of primers for qRT-PCR
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Gene name Forward primer sequence (5'-3") Reverse primer sequence (5'-3")
GuHSF2 GGTTGAGGGGTGCCTATGGTT ATTTCCCCCCAGCAGTTTTTC
GuHSF4 GGGAGGAGCAGGTGGTTTCTT CTTCGTCAACTGAATGTTCTCCCT
GuHSF14 GAGGGCACAGGCACCTTTTG TCAACACAGTGACCTTGCCCTT
GuHSFI18 CAGAGGCATTTGTTGAAGACCA CTTCCATACCATACTCCCCCAA
GuHSF21 CGAGCGAGAACGAGAAACTGAA TTCACACGGTCCCTCAGAAAAG
GuHSF26 GTTCGCCAACTCAACACCTATG TTCAATAAGTGCTTCTGCCCTC

Gup-tubulin

GCAATACAGGGCTCTCACCGT

TCAAATAACGACCGTGGCGA
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Table 2 Information and characteristics of GuHSFs. pl: Isoelectric point; GRAVY: Grand average of hydropathicity; SL: Subcellular
localization
Gene name Amino acids length Molecular mass/Da pl Instability index Aliphatic index GRAVY SL
Gur01G026360.1 GuHSF1 274 30026.26 6.25 34.08 60.18 -0.826  Nucleus
Gur01G037730.1 GuHSF2 438 48 931.96 5.4 51.72 79.84 -0.585  Nucleus
Gur02G004950.1 GuHSF3 487 54772.01 4.85 62.47 66 -0.641 Nucleus
Gur02G038620.1 GuHSF4 319 35470.79 7.11 63.19 69.12 -0.562 Nucleus
Gur02G039400.1 GuHSF5 432 49907.2 5.59 50.05 73.98 -0.695  Nucleus
Gur02G044350.1 GuHSF6 190 21 864.69 6.05 60.41 78.47 -0.726  Nucleus
Gur03G016760.1 GuHSF7 491 54 876.52 5.9 56.35 67.27 -0.603 Nucleus
Gur03G022420.1 GuHSF§8 401 45712.24 53 51.52 70.77 -0.697 Nucleus
Gur03G023500.1 GuHSF9 481 54219.87 5.47 60.24 64.12 -0.77 Nucleus
Gur03G029060.1 GuHSF10 214 24 330.82 8.24 52.51 76.12 -0.525  Nucleus
Gur03G046130.1 GuHSF11 364 41 473.08 4.98 52.25 79.45 -0.573 Nucleus
Gur04G002410.1 GuHSF12 346 39 609.36 8.26 45.05 69.8 -0.693 Nucleus
Gur04G030570.1 GuHSF13 256 2937473 7.66 58.99 62.81 -0.895  Nucleus
Gur04G032650.1 GuHSF14 397 45 786.64 6.32 61.73 70.23 -0.802  Nucleus
Gur05G009740.1 GuHSF15 257 30014.91 6.41 55.87 74.71 -0.654 Nucleus
Gur05G016450.1 GuHSF16 475 53 057.35 4.66 61.86 73.22 —-0.648 Nucleus
Gur05G035540.1 GuHSF17 383 43206.35 8.4 53.25 66.66 -0.702  Nucleus
Gur05G036720.1 GuHSF18 380 42 719.89 5.03 59.46 74.87 -0.569  Nucleus
Gur06G004150.1 GuHSF19 285 33072.41 6.86 51.82 71.44 -0.663 Nucleus
Gur06G026620.1 GuHSF20 503 55 602.88 4.83 61.27 67.87 -0.682  Nucleus
Gur06G031620.1 GuHSF21 297 32933.61 8.13 43.69 54.44 -0.863  Nucleus
Gur06G034790.1 GuHSF22 356 38 600.89 4.95 55.17 72.42 -0.501 Nucleus
Gur07G003410.1 GuHSF23 345 39465.12 8.94 35.7 78.46 -0.598 Nucleus
Gur07G035110.1 GuHSF24 397 44932 5.11 61.37 68.49 -0.735  Nucleus
Gur08G014500.1 GuHSF25 363 39447.72 5.11 61.77 63.69 -0.661 Nucleus
Gur08G020270.1 GuHSF26 364 40 503.39 5.51 53.52 69.89 —-0.542 Nucleus
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Figure 1 Chromosome localization (A) and phylogenetic analysis (B) of HSF genes in Glycyrrhiza uralensis
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Figure 2 Conserved motifs and gene structures of GuHSFs

(B 4) WL JER 3 AR IERE, AVBLC KR
FBESHEFAEEEER ALKKRE S 75 B
HE, CIEFBE NS, BRI B E L H
fF (B 1B). 3 & 5] 5 JE PR X 40 A6 T chrl ~chr8 4 £
& (0 GuHSF2 5 GuHSF18 4y 3 %€ £ T chrl 5 chrs,
GuHSF4 5 GuHSF25 43 3] 5€ i T chr2 5 chr8), ilE 58 v
BLEE R WK sh S fr R R HSF 3R R R Ak 16 %
0BT (R 3). Sk 5 R A B 7 2 43 T 2R A,
¥ GuHSFI1/GuHSF21. GuHSF4/GuHSF22. GuHSF7/
GuHSF20. GuHSF18/GuHSF23 [X Ks 18 #t 2% 4 g4 A\ ik
PEIE S1 43 B4k, Ho4x 8 4 & FL RSt ) Ka/Ks AT
0.119~0.389 2 [a], $J/NTF- 1, 8 BH X S 35 [R5 3t AL i 72
WSz B AR BREF, ThRea TR sr (R3). T EE
i DRSS 1 Kos B St A Ta), 45 SR o A B R 4
K4 T 20.448~81.933 Mya, H o' GuHSF5/GuHSF14
(21.073 Mya) 5 GuHSF15/GuHSF19 (20.448 Mya) 7
AR TB) A X BT, T GuHSF4/GuHSF25 53 AR I 8] f¢ B
(81.933 Mya), FE7 A [F) VAL I B 7 By B 52 SR 3L [

MM T T T T T 11 P T T T T T T T T T T °
0 50 100 150200 250 300 350 400450 500550 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

o5 7 HSF R K RT3 5 TheE 1k (3R 3). X4k
SRR A B E T AN S R H R HSF B R R %
MIBCE Y Sk SE At 7 W al, HL Al % B 1 AR T
SR TRE I Fa e .

PR It HSF 55 D E P 8] 1R 3E 4K 56 R, AHE 58 A
BR R H O GuHSF 3 RUONE 7R X %, 5 4 Fh S RHE Y
KT JEWE G VB 5 UK G Fe s s 0l 5 5+ HSF [H]
JREL R AT T It (B 5). 45 KK, GuHSF
FE N 5 KT HSF R[] A8 I 2] 87 of 28 4 L [R %+,
o B2 m T HAR R, 3R RGOk Rl Hik
SN TS ST RV, o TS 3] 38 X AN 33 6 2 4 B[R]
Kt SA0EE IF AR S HSF FE IR 1) 36 28 P 3 R 6 %
AR D, 435 25 XA 22 X o X ek R, 7
AR p g, H 5 GuHSF 3R 5 K G HSF %
(R 2 [A] B HH dpe ok ) L 2R 1 G &R
6 SH/RHEHSFREEEETRESHTHRILE
R

NR FC GuHSF 5% 35 L E T 5 il 1) R B8 RF



<1424 -

#2453 Acta Pharmaceutica Sinica 2026, 61(4): 1418-1430

2
i

6

.
. I - I -

2

ondi&.  acid

acid A
A\,sc\sxc Me"\\‘!\ asﬁéa\\c\]\\o ‘o\)e(e\ ) pere!

Figure 3  Cis-Acting elements in promoters of GuHSFs
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Figure 4 Segmental duplication of GuHSFs in G. uralensis

Table 3 Ka, Ks, and Ka/Ks values for duplicated gene pairs in G.
uralensis. Ka: Nonsynonymous substitution rate; Ks: Synonymous

substitution rate

Date/
Gene 1 Gene 2 Ka Ks Ka/Ks Chromosome
Mya
GuHSF2 GuHSFI8 0.526 1.526 0.345 50.865 chrl/chr5
GuHSF2 GuHSF23 0.276 0.839 0.329 27.967 chrl/chr7
GuHSF4 GuHSF25 0.172 0.632 0.272 81.933  chr2/chr8
GuHSF5 GuHSFI4 0.291 2458 0.119 21.073  chr2/chr4
GuHSF8 GuHSF24 0.128 0.795 0.161 28956  chr3/chr7
GuHSF9 GuHSFI6 0.338 0.869 0.389 26.497 chr3/chr5
GuHSF12 GuHSFI7 0.153 0944 0.162 31.458  chrd/chr5
GuHSF15 GuHSFI19 0.152 0.613 0.248 20.448  chr5/chr6
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Figure 6 Expression patterns of the GuHSF genes under drought conditions. A: Expression pattern analysis of GuHSF genes under 20%
PEG6000 treatment. CK, D2, D6, D12, and D24 represent 0, 2, 6, 12, and 24 h after treatment with 20% PEG 6000, respectively; B: Expres-
sion pattern analysis of GuHSF genes under water deficit and rehydration conditions. CK, DS, R1, and R2 represent the control group, 7-day

drought stress, 7 days of rehydration after stress, and 14 days of rehydration after stress, respectively; C: The expression levels of the

GuHSF genes under drought conditions. Significance analysis was performed using one-way ANOVA, and different lowercase letters indi-

cate significant differences at P < 0.05
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Figure 7 Identification of key flavonoid synthesis genes downstream of transcription factor HSF. A: K-Means analysis of GuHSF genes
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synthesis genes
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