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Abstract7

Drought is a major abiotic stress constraining the yield of foxtail millet (Setaria italica L.). Anthocyanins serve as natural8
antioxidants and play important roles in plant stress adaptation; however, their upstream transcriptional regulatory9
mechanisms remain unclear. In this study, we identified a bHLH transcription factor gene, SibHLH137, which exhibited10
significantly higher expression levels in various tissues of purple-leaf varieties than in green-leaf varieties. Heterologous11
over-expression of SibHLH137 in Arabidopsis significantly promoted anthocyanin accumulation and upregulated the12
expression of late anthocyanin biosynthetic genes (AtDFR, AtANS, AtUGT78D2), and enhanced drought tolerance of13
transgenic plants by increasing proline content and antioxidant enzyme activities as well as upregulating drought-responsive14
genes (AtRD29A, AtDREB2A). To validate its function in foxtail millet, we established efficient regeneration and genetic15
transformation systems and obtained SibHLH137-overexpressing transgenic foxtail millet lines. Compared with wild-type16
plants, the transgenic lines exhibited darker caryopsis and stem coloration and significantly increased total anthocyanin17
content, with SiDFR expression upregulated by 30-fold. Under drought stress, the transgenic lines showed increased relative18
water content and proline content, reduced leaf water loss rate and malondialdehyde accumulation, enhanced antioxidant19
enzyme activities, and significant upregulation of drought-responsive genes including SiDREB2, SiNCED1, and SiRAB18.20
Promoter analysis revealed the presence of G-box elements in the promoter regions of target genes. Collectively,21
SibHLH137 triggers anthocyanin biosynthesis and drought response pathways to improve drought resistance of foxtail22
millet, which offers valuable genetic resources for drought-resistance molecular breeding.23

Keywords: Foxtail Millet; SibHLH137; anthocyanin; drought stress; genetic transformation24
25

1. Introduction26

Foxtail millet (Setaria italica L.) is an important minor cereal crop in northern China and has become a model plant for27
functional genomics studies in Poaceae, owing to its small genome size, short growth cycle, self-pollination, and C₄28
photosynthetic pathway (Wu et al., 2018). It possesses a well-developed root system and high water use efficiency,29
conferring remarkable adaptability to drought and nutrient-poor environments. However, drought remains a major30
environmental constraint limiting its yield and quality (Wang et al., 2024; Hou et al., 2025).31

Anthocyanins are a class of water-soluble flavonoid pigments that function as potent natural antioxidants. They play32
critical roles in plant adaptation to abiotic stress by scavenging excessive reactive oxygen species (ROS) induced by33
drought stress, regulating osmotic pressure, and enhancing photoprotection (Li et al., 2025; Hao et al., 2025; Prakash et al.,34
2026). The biosynthesis of anthocyanins is finely regulated by the MYB-bHLH-WD40 (MBW) transcriptional complex35
(Zhang et al., 2026). In recent years, increasing attention has been paid to the dual functions of bHLH transcription factors36
in integrating anthocyanin metabolism and stress responses. For instance, in Chaenomeles speciosa, drought stress-induced37
CsbHLH111 interacts with CsMYB123 to cooperatively activate anthocyanin biosynthetic genes including CsCHI, CsDFR,38
and CsANS, thereby promoting anthocyanin accumulation (Ding et al., 2025; Wang et al., 2026). Similarly, in Glycyrrhiza39
uralensis, GubHLH38 and GubHLH64 have been confirmed to be closely associated with anthocyanin biosynthesis under40
abiotic stress conditions (Lira et al., 2017). However, how bHLH transcription factors regulate anthocyanin accumulation41
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and participate in drought stress responses in foxtail millet remains largely unclear.42
In this study, we first preliminarily validated the basic functions of SibHLH137 in regulating anthocyanin biosynthesis43

and drought tolerance through heterologous over-expression in Arabidopsis. On this basis, we established an efficient44
genetic transformation system for foxtail millet and obtained stable transgenic lines over-expressing SibHLH137. Through45
drought stress treatment combined with physiological and biochemical measurements, gene expression analysis, and46
promoter cis-acting element dissection, we systematically investigated the dual functions of SibHLH137 in anthocyanin47
accumulation and drought stress responses in foxtail millet, as well as its underlying molecular regulatory mechanisms,48
aiming to provide genetic resources and a theoretical basis for drought-resistant molecular breeding in foxtail millet.49

2. Materials and Methods50

2.1 Plant Materials and Growth Conditions51

The plant materials included foxtail millet varieties Heizhigu, Heigu, Xiaoheigu, Jingu 21 and CC431, as well as wild-type52
Arabidopsis thaliana ecotype Col-0. The foxtail millet varieties were provided by the Laboratory of Characteristic Cereal53
Physiology and Ecology, College of Life Sciences, Shanxi Normal University. Foxtail millet seeds were surface-sterilized54
and sown in nutrient soil, then placed in an artificial climate chamber under the following conditions: 16 h light (28°C)/8 h55
dark (23°C) with a light intensity of 10,000 Lx. Arabidopsis seeds were vernalized at 4°C for 3 d and then sown on MS56
medium or nutrient soil, and grown in a culture room at 22°C with a photoperiod of 16 h light/8 h dark.57

2.2 Vector Construction and Arabidopsis Genetic Transformation58

The coding sequence of SibHLH137 was amplified from cDNA of Heigu and cloned into the pCAMBIA1300 vector via59
homologous recombination to generate the over-expression construct pCAMBIA1300-SibHLH137. The recombinant60
plasmid was then transformed into Agrobacterium tumefaciens strain GV3101. Arabidopsis transformation was performed61
using the floral dip method. Transgenic plants were selected on medium containing 25 mg/L hygromycin and further62
self-pollinated to obtain homozygous T₃ generation lines. Positive transgenic plants were identified by PCR and qRT-PCR63
analysis (Song et al., 2019).64

2.3 Establishment of the Foxtail Millet Regeneration System and Genetic Transformation65

Mature embryos of four foxtail millet varieties were used as explants and cultured on CIM3 induction medium (MS66
supplemented with 2.0 mg/L 2,4-D and 0.5 mg/L KT plus 100 mg/L activated charcoal) in darkness for 30 days to induce67
callus formation. Compact embryogenic calli were subcultured onto SIM1 differentiation medium (MS + 0.5 mg/L 6-BA +68
0.1 mg/L NAA) and incubated at 28 °C under a 16 h light / 8 h dark photoperiod for 4–5 weeks to induce adventitious69
shoots. Adventitious shoots with a length of 2–3 cm were excised and transferred to half-strength MS medium containing70
0.1 mg/L NAA for root induction.Meanwhile, a shoot-tip regeneration system was established. Foxtail millet seeds were71
incubated on moist filter paper under dark conditions for 5 days, after which tender shoot tips were isolated and inoculated72
on MS proliferation medium supplemented with 0.5 mg/L 6-BA and 0.1 mg/L NAA for the propagation of clustered shoots.73
The proliferated plantlets were then moved to the same half-strength MS rooting medium with 0.1 mg/L NAA to develop74
roots, which drastically shortened the whole plant regeneration cycle.75

Embryogenic calli induced from mature embryos of CC431 were used as explants for Agrobacterium-mediated genetic76
transformation. Activated Agrobacterium suspension was adjusted to an OD₆₀₀ value of 0.6, and the calli were immersed in77
SCM suspension medium with shaking for 20 min. After infection, the calli were cultured on CM medium in darkness at78
22 °C for 2 days of co-cultivation, then rinsed repeatedly with sterile water containing cefotaxime and air-dried.79
Subsequently, the treated calli were transferred to DSM differentiation screening medium supplemented with 25 mg/L80
Hygromycin and 100 mg/L Timentin to induce resistant adventitious shoots. Shoots reaching 2-3 cm in length were excised81
and transferred to RSM rooting screening medium for 2-3 weeks of subculture. Rooted plantlets were uncovered and82
acclimatized under humid conditions for 2 days before transplantation. Leaf tissues were collected from surviving T₀83
regenerants, and positive transgenic lines were identified by PCR, RT-PCR and qRT-PCR.84
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2.4 Physiological and Biochemical Parameter Assays85

Total anthocyanin content was determined using the 1% hydrochloric acid-methanol method (Huang et al., 2019). Relative86
water content was measured according to Zhang et al. (2026), and leaf water loss rate was determined as described by Liu et87
al. (2026). Proline content was assayed using the method of Li et al. (2022), and malondialdehyde (MDA) content was88
measured following Cui et al. (2023). The activities of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD)89
were assayed according to Liang et al. (2026). Histochemical staining with DAB and NBT was performed to visualize the90
accumulation of H₂O₂ and O₂⁻, respectively (Jiang et al., 2026).91

2.5 Physiological and Biochemical Parameter Assays92

The expression levels of anthocyanin biosynthesis-related genes (CHS, CHI, DFR, and ANS) and drought-responsive genes93
(DREB2, NCED1, RAB18, LEA14, etc.) were detected by qRT-PCR, with SiACTIN serving as the internal reference gene.94
The primer sequences are listed in Supplementary Table S4.95

2.6 Promoter Cis-Acting Element Analysis96

The promoter sequences (1,500-2,000 bp upstream of the start codon) of target genes were analyzed using the online97
software PlantCARE, with particular focus on the distribution of G-box (CACGTG) and its variants (Ren et al., 2023).98

3. Results99

3.1 Analysis of Bioinformatic Characteristics and Expression Patterns of SibHLH137100

3.1.1 Bioinformatic Analysis of SibHLH137101

To elucidate the molecular characteristics of SibHLH137, bioinformatics prediction was performed on its gene sequence and102
encoded protein. The SibHLH137 gene contains a 921 bp open reading frame (Figure 1A). Secondary structure prediction103
revealed that the SibHLH137 protein is predominantly composed of random coils, consisting of 188 amino acids accounting104
for 62.05%, followed by α-helices composed of 109 amino acids accounting for 35.97%, and extended strands composed of105
6 amino acids accounting for 1.98% (Figure 1B).106

3.1.2 Analysis of SibHLH137 Expression Characteristics and Its Role in Drought-Induced Anthocyanin Accumulation107

Three green-leaf foxtail millet varieties, Jingu 21 (G1), Changsheng 07 (G2), and Qinzhouhuang (G3), and three purple-leaf108
varieties, Heizhigu (P1), Heigu (P2), and Xiaoheigu (P3), were used as experimental materials. Quantitative anthocyanin109
detection results (Figure 1C) showed that under normal conditions, green leaves had almost no anthocyanin accumulation,110
whereas purple-leaf varieties exhibited higher pigment content. After drought treatment, anthocyanin content increased in111
all varieties, with only 1.34‑ to 1.93‑fold increases in green-leaf varieties and 2.18‑ to 2.69‑fold increases in purple-leaf112
varieties.113

To examine the tissue‑specific expression pattern of SibHLH137, we selected Jingu 21 (green) and Heigu (purple),114
which showed the most pronounced differences in anthocyanin phenotype. qRT‑PCR results revealed that the gene was115
expressed in roots, stems, leaves, and seeds, with the highest expression level in seeds. Moreover, in each corresponding116
tissue, the expression level of SibHLH137 in the purple variety P2 was significantly higher than that in the green variety G1,117
suggesting that high expression of SibHLH137 is closely associated with anthocyanin accumulation and drought‑induced118
pigment synthesis in foxtail millet (Figure 1D).119
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120

Figure 1. Bioinformatic analysis and expression pattern of SibHLH137. (A)Nucleotide sequence of SibHLH137 gene; (B)Secondary structure121
diagram of SibHLH137 protein; (C)Determination of anthocyanin content in different foxtail millet accessions under control and drought122
conditions; (D)Relative expression levels of SibHLH137 in different tissues (root, stem, leaf, spica) of G1 and P2 foxtail millet.123
3.2 Over-expression of SibHLH137 Promotes Anthocyanin Accumulation and Drought Tolerance in Arabidopsis124

3.2.1 Generation of Homozygous SibHLH137-Overexpressing Arabidopsis Lines125

To investigate the biological function of SibHLH137, the SibHLH137 gene was amplified from Heigu cDNA as template126
(Figure 2A), and the pCAMBIA1300-SibHLH137 over-expression vector was constructed. The correctness of the construct127
was verified by colony PCR and Agrobacterium liquid culture PCR (Figures 2B, C). The recombinant plasmid was128
introduced into wild-type Arabidopsis (Col-0) via Agrobacterium-mediated floral dip method, and transgenic lines were129
obtained by hygromycin screening. Homozygous T₃ generation lines were identified (Figure 2D). The T₃ plants were130
subjected to PCR verification, and the target band of approximately 963 bp was detected as expected (Figure 2E). Three131
SibHLH137 transgenic lines (OE-1/2/3) were selected, and RT-PCR analysis confirmed the integration of SibHLH137 in132
transgenic Arabidopsis, while no expression of SibHLH137 was detected in wild-type plants (Figure 2F). qRT-PCR analysis133
further confirmed that the expression levels of SibHLH137 in OE-1/2/3 transgenic lines were all higher than that in wild134
type, indicating successful genetic transformation (Figure 2G).135
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136

Figure 2. Construction and molecular identification of SibHLH137-overexpressing Arabidopsis lines. (A-C)Construction of137
pCAMBIA1300-SibHLH137 over-expression vector. (A)Amplification of SibHLH137 sequence; (B)Electrophoresis of colony PCR verification;138
(C)PCR identification of Agrobacterium tumefaciens. (D-G)Transformation of pCAMBIA1300-SibHLH137 into Arabidopsis. (D)Positive139
selection, scale bars represent 1 cm; (E)Target gene detection; (F)RT-PCR detection of SibHLH137 in over-expression Arabidopsis; (G)qRT-PCR140
detection of SibHLH137 in over-expression Arabidopsis. Asterisks indicate significant differences based on two-way ANOVA (****, P<0.0001).141
3.2.2 Over-expression of SibHLH137 Promotes Anthocyanin Accumulation in Arabidopsis142

During the growth of wild-type and SibHLH137 transgenic Arabidopsis, the effect of SibHLH137 on anthocyanin143
accumulation was observed. Under normal growth conditions, SibHLH137 over-expression lines exhibited obvious purple144
pigmentation in lateral branches, stem apices, stigmas, and leaves compared with wild-type plants. After drought treatment,145
the leaves of transgenic Arabidopsis turned purple following chlorophyll degradation, whereas wild-type leaves turned146
yellow and withered. The whole-plant anthocyanin extracts also showed color differences between wild-type and transgenic147
Arabidopsis, with the wild-type extract being colorless and transparent, while the transgenic extract appeared light purple.148

Based on the above phenotypes, the total anthocyanin content and the relative transcript levels of anthocyanin149
biosynthesis-related genes (AtCHI, AtCHS, AtF3H, AtF3'H, AtDFR, AtANS, and AtUGT78D2) were determined in150
wild-type and SibHLH137 transgenic Arabidopsis whole plants. The results showed that the total anthocyanin content of151
SibHLH137 transgenic Arabidopsis was significantly higher than that of wild type, which was consistent with the152
phenotypic observations. In the over-expression lines, the transcript levels of the early anthocyanin biosynthetic genes153
AtCHS and AtCHI were slightly higher than those in wild type, but the differences were not statistically significant. In154
contrast, the transcript levels of the late biosynthetic genes AtF3H, AtF3'H, AtDFR, AtANS, and AtUGT78D2 were155
significantly up-regulated. Among them, the expression levels of AtDFR and AtANS were approximately 30-fold higher than156
those in wild type, and AtUGT78D2 was approximately 40-fold higher. These results indicated that SibHLH137 promotes157
anthocyanin accumulation in Arabidopsis by up-regulating the expression of late anthocyanin biosynthetic genes.158
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159

Figure 3. Over-expression of SibHLH137 promotes anthocyanin accumulation in Arabidopsis. (A)Phenotypes of anthocyanin accumulation in160
wild-type and transgenic Arabidopsis. The scale bar represents 1 cm. The centrifuge tubes on the right show the anthocyanin extracts from whole161
plants; (B)Anthocyanin content; (C-I)Relative expression levels of AtCHI (C), AtCHS (D), AtF3H (E), AtF3'H (F), AtDFR (G), AtANS (H) and162
AtUGT78D2 (I). Asterisks indicate sienificant differences based T test(**, p<0.01; ***, p<0.001; ****, p<0.0001)163
3.2.3 Over-expression of SibHLH137 Enhances Drought Stress Tolerance in Arabidopsis164

3.2.3.1 Over-expression of SibHLH137 Enhances Drought Tolerance of Arabidopsis at Germination and Seedling Stages165

To evaluate the function of SibHLH137 in drought stress responses, mannitol was used to mimic osmotic stress, and the166
growth performance of wild-type and SibHLH137-overexpressing Arabidopsis during seed germination was compared.167
Under normal conditions, no significant difference was observed between wild-type and transgenic plants, with germination168
rates close to 100%. As mannitol concentration increased, germination was progressively inhibited in all lines, with169
over-expression lines consistently showing milder inhibition than wild type. At 300 mM mannitol, the germination rate of170
wild type was only 54.3%, whereas those of OE-1, OE-2, and OE-3 reached 72.6%, 67.3%, and 71.0%, respectively, with a171
few plants still retaining green cotyledons (Figures 4A, B). Root length measurement under mannitol stress showed that172
transgenic Arabidopsis had longer average root length than wild type on 0 mM mannitol MS medium, with no significant173
difference in fresh weight. With increasing mannitol concentrations, root elongation was inhibited in both genotypes, but174
wild-type plants displayed more severe inhibition and greater fresh weight reduction. At 200 mM mannitol, root length of175
wild type decreased by 1.60 cm on average compared with the control, while those of OE-1, OE-2, and OE-3 decreased by176
1.16 cm, 1.30 cm, and 1.20 cm, respectively, with both root length and fresh weight of over-expression lines significantly177
exceeding those of wild type (Figure 4C). After 10 days of natural drought treatment at the seedling stage, wild-type plants178
exhibited severe wilting or even death, whereas over-expression lines remained largely green with only partial leaf179
yellowing. Following rewatering, the survival rates of over-expression lines ranged from 85% to 95%, significantly higher180
than that of wild type (13.33%) (Figure 4D).181
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182
Figure 4. Phenotypic analysis of SibHLH137-overexpressing Arabidopsis under osmotic stress and drought stress. (A)Germination phenotypes183
of wild-type and over-expression lines on media with different mannitol concentrations; (B)Germination rates of the plants shown in (A);184
(C)Root length and fresh weight measurements of the plants shown in (A); (D)Growth phenotypes of wild-type and transgenic Arabidopsis185
under natural drought treatment; (E)Water recovery survival rates of the plants shown in (D). Scale bars represent 1 cm. Asterisks indicate186
significant differences based on two-way ANOVA (*，p<0.05; **，p<0.01; ****, P<0.0001).187
3.2.3.2 Over-expression of SibHLH137 Enhances Osmotic Regulation and Antioxidant Capacity of Arabidopsis under188
Drought Stress189

To elucidate the physiological basis of SibHLH137-enhanced drought tolerance, ROS accumulation, stomatal movement,190
and osmotic regulation parameters were examined in wild-type and over-expression lines under drought stress. DAB and191
trypan blue staining revealed that wild-type leaves exhibited darker brown and blue coloration with significantly larger192
stained areas than over-expression lines after drought treatment, indicating greater H₂O₂ accumulation and more severe cell193
death in wild-type plants, whereas SibHLH137 over-expression effectively alleviated oxidative damage and cell death194
(Figure 5A). Stomatal movement analysis showed that both stomatal width and area were significantly smaller in195
over-expression lines than in wild type under drought stress, suggesting that SibHLH137 may reduce water loss by196
promoting stomatal closure to lower transpiration rate (Figure 5B).197

198
After 10 days of drought treatment, relative water content, proline content, MDA content, chlorophyll content, and199

antioxidant enzyme activities were measured in leaves. Over-expression lines exhibited significantly higher relative water200
content and proline content, but lower MDA content than wild type, indicating that SibHLH137 over-expression favored201
water balance maintenance, osmotic regulatory substance accumulation, and alleviation of membrane lipid peroxidation.202
Under control conditions, no significant differences were observed in chlorophyll content, SOD activity, or CAT activity203
between wild type and OE lines. After drought treatment, chlorophyll content and CAT activity were significantly elevated204
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in over-expression lines, whereas SOD activity showed no significant difference (Figure 5C).205

206

Figure 5. Analysis of ROS accumulation, stomatal movement and physiological parameters in SibHLH137-overexpressing Arabidopsis under207
drought stress. (A)Detection of H₂O₂ accumulation in leaves by DAB staining (upper) and cell death in leaves by trypan blue staining (lower),208
scale bars represent 1 cm; (B)Stomatal aperture analysis, scale bars represent 10 μm; (C)Determination of relative water content, proline content,209
malondialdehyde content, chlorophyll content, superoxide dismutase activity and catalase activity. Asterisks indicate significant differences210
based on two-way ANOVA (*, p<0.05; **, p<0.01; ***, P<0.001; ****, P<0.0001).211
3.2.3.3 Over-expression of SibHLH137 Upregulates the Expression of Drought Stress-Responsive Genes212

To further investigate the molecular mechanism by which SibHLH137 regulates the response to drought stress, the relative213
transcript levels of drought stress-responsive genes (AtDREB2A, AtRD29A, AtRD29B, AtRD22, AtRAB18, and AtABI2) were214
examined by qRT-PCR in wild-type and SibHLH137 transgenic Arabidopsis. Under normal growth conditions, no215
significant differences were observed in the expression levels of these six genes between wild-type and over-expression216
lines. After drought treatment, the transcript levels of all six genes were significantly higher in OE-1, OE-2, and OE-3 than217
in wild type (Figure 6). Notably, since AtRAB18 and AtABI2 are genes involved in the ABA signaling pathway, it is218
suggested that SibHLH137 may participate in the ABA signaling pathway to mediate drought stress responses.219
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220
Figure 6. Relative expression levels of drought-stress response genes. (A-F)Relative expression levels of AtDREB2A (A), AtRD29A (B),221
AtRD29B (C), AtRD22 (D), AtRAB18 (E) and AtABI2 (F). Asterisks indicate significant differences based on two-way ANOVA (*, p<0.05; **,222
p<0.01; ***, P<0.001; ****, P<0.0001).223
3.3 Generation of SibHLH137-Overexpressing Transgenic Foxtail Millet Lines224

3.3.1 Establishment of an Efficient Regeneration System for Foxtail Millet225

To establish an efficient recipient system for genetic transformation, mature embryos from four foxtail millet accessions226
were used as explants to screen suitable regeneration genotypes and medium combinations. CC431 was identified as the227
optimal genotype, with a callus induction rate of 91.97% on CIM3 medium (MS + 2.0 mg/L 2,4-D + 0.5 mg/L KT + 100228
mg/L activated charcoal). Among the four varieties, CC431 exhibited the highest average induction rate of 61.62%,229
significantly outperforming Heigu, Heizhigu, and Xiaoheigu (Figure S1A; Table S1). SIM1 medium (MS + 0.5 mg/L 6-BA230
+ 0.1 mg/L NAA) gave the highest differentiation rate of 65.0%, which decreased with increasing 6-BA concentration231
(Figure S1B; Table S2). The optimal rooting medium was 1/2 MS + 0.1 mg/L NAA, achieving a rooting rate of 93.33% and232
significantly promoting root elongation (Figures S1C, D).Using the optimized media, a complete in vitro regeneration233
protocol for CC431 mature embryos was established (Figure 8). Mature embryos inoculated on induction medium formed234
yellowish, compact calli after 30 d (Figures 7A, B). After subculture, the calli developed into granular, bright embryogenic235
calli (Figure 7C). Upon transfer to differentiation medium, green shoot primordia appeared after 1 week (Figure 7D) and236
developed into adventitious shoots after 2 weeks (Figure 7E). The shoots were rooted on 1/2 MS medium with 0.1 mg/L237
NAA (Figures 7F, G) and transplanted to soil after hardening, yielding complete regenerated plants (Figures 7H, I).238

Additionally, a rapid shoot tip regeneration system was established (Figure 8). Shoot tips from seeds germinated on239
moist filter paper for 3-4 d were cultured on proliferation medium, where green primordial structures appeared after 3d240
(Figure 8C) and complete shoots formed after 1 week (Figure 8D). Shoot elongation and clustered shoot proliferation were241
promoted after subculture (Figure 8E), and roots developed on 1/2 MS medium (Figure 8F). The entire cycle from sowing242
to complete plant regeneration took less than 2 months, significantly shortening the regeneration period (Figure 8G).243

244

Figure 7. The Procedure for the Callus Regeneration System of Foxtail Millet Variety CC431. (A)Mature embryos inoculated on induction245
medium. (B)Callus induced after 30d of culture. (C)Embryogenic callus subcultured for one week on maintenance medium. (D)Green shoot246
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primordia appearing after 7d on differentiation medium. (E) Cluster shoots formed after 14 d on differentiation medium. (F-G) Rooting of cluster247
shoots on rooting medium. (H-I) Regenerated plants and young panicles after 60d of growth in potting soil. Scale bars represent 2 cm.248

249
Figure 8. Establishment of the foxtail millet shoot tip regeneration system. (A)Dehulled mature embryos on moist filter paper. (B)Shoot tips of250
foxtail millet after 3d of culture at room temperature. (C)Shoot tips cultured on proliferation medium for 3d. (D)Shoot tips cultured on251
proliferation medium for 7d. (E)Shoot tips cultured on proliferation medium for 14d. (F)Regenerated plantlets on 1/2 MS medium.252
(G)Regenerated plants after 4 weeks of growth in potting soil. Scale bars represent 2 cm.253
3.3.2 Establishment of an Efficient Genetic Transformation System for Foxtail Millet254

Using SibHLH137 as the target gene, genetic transformation was performed via the Agrobacterium-mediated method.255
High-quality calli obtained after one round of subculture were used as the transformation recipients. After Agrobacterium256
infection, the calli were co-cultivated for 2d and then transferred to selection medium for resistance screening. Because the257
transformation vector carries a hygromycin resistance gene, transformed cells were able to normally induce shoot formation258
on DSM differentiation medium containing hygromycin, while untransformed cells turned brown and died due to lack of259
resistance. The resistant shoots were transferred to RSM rooting medium for further culture, where untransformed shoots260
gradually turned yellow and died, whereas transformed shoots rooted normally. When roots reached 4-6 cm in length, the261
regenerated plants were transplanted into pots for continued growth (Figure 9).262

263

Figure 9. Genetic transformation of SibHLH137. (A)Panicles, unhulled mature seeds, and dehulled mature seeds of CC431. (B)Mature embryos264
inoculated on induction medium. (C)Calli induced on induction medium after 45d of culture. (D)Calli co-cultivated with Agrobacterium for 2d.265
(E)Shoots selected on screening medium. (F-H) Rooting of selected shoots on rooting screening medium. (I)Regenerated plantlets transplanted266
into potting soil. White scale bars represent 2 cm, red scale bars represent 2 mm.267
3.3.3 DNA-Level Detection of SibHLH137-Overexpressing Foxtail Millet Lines268

To identify the positive status of the transgene in T₀ generation foxtail millet plants, genomic DNA was extracted from five269
vigorously growing T₀ regenerated seedlings and one wild-type (WT) control plant using the CTAB method. Using the plant270
DNA as template, the over-expression vector sequence (SibHLH137-F1/R1) was amplified. Successful amplification of the271
corresponding sequence indicated that the surviving plants had been successfully transformed with the SibHLH137272
over-expression construct. Electrophoresis results (Figure 11) showed that among the five T₀ transgenic plants tested, four273
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(OE1, OE3, OE4, and OE5) exhibited a specific target band of approximately 963 bp, consistent with the expected fragment274
size, while no amplification band was detected in the wild-type (WT) control at the corresponding position (Figure 10A).275
RT-PCR analysis of the four SibHLH137 transgenic lines (OE1, OE3, OE4, and OE5) detected the target band in both276
wild-type and transgenic plants, with brighter bands observed in the transgenic lines compared to wild type (Figure 10B).277
qRT-PCR further confirmed that the expression levels of SibHLH137 in OE1, OE3, OE4, and OE5 were all higher than278
those in wild type (Figure 10C). These results indicated that SibHLH137-overexpressing transgenic foxtail millet lines were279
successfully obtained for subsequent gene function studies.280

281

Figure 10. PCR identification of transgenic foxtail millet. (A)Detection of the target gene by PCR. (B)RT-PCR positive detection of282
SibHLH137-overexpressing foxtail millet. (C)qRT-PCR positive detection of SibHLH137-overexpressing foxtail millet. Different lowercase283
letters indicate significant differences (P < 0.05).284
3.4 Over-expression of SibHLH137 Promotes Anthocyanin Accumulation in Foxtail Millet285

To investigate the regulatory function of SibHLH137 in anthocyanin biosynthesis in foxtail millet, the grain and vegetative286
organ phenotypes of wild-type (WT) and over-expression transgenic lines were examined. Under unhulled conditions, no287
obvious difference in seed coat color was observed among the lines; however, after dehulling, the caryopsis color of288
over-expression lines was significantly darker (deep brown) compared to the yellowish-brown WT caryopsis (Figure 11A).289
Phenotypic observation of vegetative organs revealed that over-expression lines (OE1, OE3) exhibited obvious purple290
pigmentation in stems under normal growth conditions, whereas WT stems were green or only slightly purple (Figure 11B).291
To verify the correlation between these phenotypic differences and anthocyanin accumulation, total anthocyanins were292
extracted from WT, OE1, and OE3 plants for quantitative analysis. The extracts from over-expression lines displayed a293
darker purplish-red color (Figure 11C). OD₅₃₀ absorbance measurements showed that total anthocyanin contents in OE1 and294
OE3 were 2.2-fold and 2.5-fold higher than those in WT, respectively, with both differences reaching statistical significance295
(P < 0.05) (Figure 11D). Furthermore, qRT-PCR was performed to examine the expression levels of key genes in the296
anthocyanin biosynthetic pathway before and after drought stress. Under normal growth conditions, the transcript levels of297
SiCHS, SiCHI, SiDFR, and SiANS were all significantly higher in over-expression lines than in WT, with SiDFR expression298
reaching 30-fold that of WT (P < 0.05). After drought stress, the induction levels of these four genes were greater in299
over-expression lines than in WT (Figure 11E). Collectively, these results indicate that over-expression of SibHLH137300
significantly promotes anthocyanin biosynthesis and accumulation in foxtail millet, which may be closely associated with301
the transcriptional activation of late anthocyanin biosynthetic pathway genes, particularly SiDFR.302



12

303

Figure 11. Phenotypes of foxtail millet over-expressing SibHLH137. (A)Phenotypes of hulled and dehulled grains of WT, OE1, OE3 and OE4.304
(B)Stem color of WT, OE1 and OE3. (C)Color comparison of anthocyanin extracts from whole plants of WT, OE1 and OE3. (D)Determination305
of total anthocyanin content in WT and over-expression lines. (E-H)Relative expression levels of anthocyanin biosynthetic genes under normal306
and drought conditions. . Scale bars represent 2.5 mm. Different lowercase letters indicate significant differences (P < 0.05).307
3.5 Over-expression of SibHLH137 Enhances Drought Tolerance and Antioxidant Capacity in Foxtail Millet308

3.5.1 Over-expression of SibHLH137 Enhances Osmotic and Drought Stress Tolerance in Foxtail Millet309

To evaluate the function of SibHLH137 in drought stress response, two over-expression lines (OE1 and OE3) were selected310
for osmotic and drought stress treatments. After 5 d of PEG-6000-simulated osmotic stress, wild-type (WT) plants exhibited311
severe wilting and leaf curling, whereas over-expression lines showed significantly milder wilting with only partial leaf312
shrinkage. Following 7 d of rewatering, OE lines recovered rapidly (Figure 12A). Physiological measurements revealed no313
significant difference in relative water content between WT and OE lines under control conditions; however, after stress314
treatment, relative water content decreased in all lines, but OE lines maintained significantly higher levels than WT (Figure315
12B). Meanwhile, proline content in OE lines accumulated substantially under stress conditions, significantly exceeding316
that of WT (Figure 12C). After 7 d of rewatering, the survival rates of OE1 and OE3 were significantly higher than that of317
WT (Figure 12D). Following 7 d of soil drought treatment, most leaves of WT plants dried and wilted, whereas OE lines318
only showed yellowing in lower leaves while remaining largely green and upright. After rewatering, OE lines recovered319
rapidly, whereas WT recovered slowly (Figure 12E), with survival rates of OE1 and OE3 significantly higher than that of320
WT (Figure 12F). Leaf water loss rate measurements showed that OE lines exhibited significantly lower water loss rates321
throughout the entire measurement period compared to WT, indicating that over-expression of SibHLH137 contributes to322
maintaining leaf water retention capacity (Figure 12G). Collectively, these results demonstrate that over-expression of323
SibHLH137 significantly enhances tolerance to both osmotic and drought stress in foxtail millet.324
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Figure 12. Analysis of osmotic and drought stress tolerance in transgenic foxtail millet plants overexpressing SibHLH137. (A)Phenotypes of326
wild-type (WT) and over-expression lines (OE1, OE3) under 23% (w/v) PEG-6000 treatment for 5d and recovery for 7d. (B)Relative water327
content. (C)Proline content. (D)Survival rate after 7d of recovery from PEG treatment. (E)Phenotypes of WT and OE lines under soil drought328
treatment for 7d and recovery for 7d. (F)Survival rate after 7d of recovery from soil drought. (G)Leaf water loss rate. Different lowercase letters329
indicate significant differences (P < 0.05).330
3.5.2 Over-expression of SibHLH137 Enhances Antioxidant Capacity in Foxtail Millet331

Under drought stress conditions, the activities of superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) were332
significantly elevated in OE lines. SOD activity increased by 108.3% and 135%, CAT activity by 164.14% and 119.03%,333
and POD activity by 115.38% and 125.81% in OE1 and OE3, respectively, with the increases being substantially higher334
than those in wild-type (WT) plants (76.1%, 43.17%, and 100%, respectively; Figures 13A-C). Drought stress induced an335
increase in malondialdehyde (MDA) content and triggered the accumulation of superoxide anion (O₂⁻) and hydrogen336
peroxide (H₂O₂) in all lines; however, the accumulation levels of these oxidative damage indicators were significantly lower337
in OE lines than in WT. Further analysis indicated that the significant upregulation of antioxidant enzyme activities in OE338
lines effectively suppressed the excessive accumulation of O₂⁻ and H₂O₂, and reduced the level of MDA, a product of339
membrane lipid peroxidation, thereby alleviating drought-induced oxidative damage (Figures 13D-H). Collectively, these340
results suggest that SibHLH137 may enhance drought stress tolerance by positively regulating the antioxidant enzyme341
system, consequently mitigating physiological damage caused by oxidative stress.342
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Figure 13. Analysis of antioxidant enzyme activities and ROS accumulation in response to drought stress. (A-C)Activities of SOD, CAT and344
POD. (D)MDA content. (E)DAB staining for H₂O₂ accumulation. (F)NBT staining for O₂⁻ accumulation. Scale bars = 2 cm. (G-H) Relative345
staining intensity of H₂O₂ and O₂⁻. Scale bars represent 2 cm. Different lowercase letters indicate significant differences (P < 0.05).346
3.6 SibHLH137 Regulates the Expression of Drought-Responsive Genes347

To investigate the molecular mechanism by which SibHLH137 enhances drought tolerance in foxtail millet, the transcript348
levels of multiple drought-responsive genes were examined by qRT-PCR in wild‑type (WT) and over-expression lines (OE1,349
OE3) under drought stress. After 5h of drought treatment, the transcript levels of SiDREB2 and SiRAB18 increased, with350
higher levels in OE lines than in WT; the transcript levels of SiNCED1, SiATG8a, and SiNAC110 also increased351
significantly (P < 0.05), and were higher in OE lines (Figures 14A-E). After 24h of drought treatment, the transcript levels352
of SiLEA14, SiGRF1, and SiYTH1 increased substantially, with significantly higher expression in OE lines than in WT (P353
< 0.05) (Figures 14F-H). These results indicated that SiDREB2, SiNCED1, SiRAB18, SiATG8a, and SiNAC110 were induced354
at the early stage (5h) of drought stress, with higher expression levels in the over-expression lines. Moreover, other355
stress-responsive genes (SiLEA14, SiGRF1, and SiYTH1) exhibited similar expression patterns after 24h of stress treatment,356
being more strongly induced in SibHLH137-overexpressing plants. This suggests that SibHLH137 may enhance stress357
tolerance by upregulating these key stress-responsive genes.358

359
Figure 14. Analysis of stress-responsive genes in transgenic millet and wild-type (WT) plants. Total RNA was extracted from leaves of plants360
subjected to drought treatment for 5h and 24h, with untreated plants serving as the control. Using cDNA templates from the 5h drought-treated361
samples, the relative expression levels of stress-related genes SiDREB2 (A), SiNCED1 (B), SiRAB18 (C), SiATG8a (D), and SiNAC110 (E) were362
analyzed by qRT-PCR. Using cDNA templates from the 24h drought-treated samples, the relative expression levels of SiLEA14 (F), SiGRF1 (G),363
and SiYTH1 (H) were analyzed. Different lowercase letters indicate significant differences (P < 0.05).364
3.7 Promoter Cis-Acting Element Analysis of Differentially Expressed Genes in SibHLH137-Overexpressing Foxtail Millet365

The qRT-PCR analysis above revealed that the expression levels of multiple genes were significantly higher in transgenic366
plants than in wild-type plants, including the anthocyanin biosynthesis-related genes SiCHI, SiCHS, SiDFR, and SiANS, as367
well as the stress-responsive genes SiDREB2, SiNCED1, SiRAB18, SiATG8a, SiLEA14, SiGRF1, SiYTH1, and SiNAC110.368
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Both CACGTT and CACGTC are atypical G-box variants of the E-box (CANNTG) family, which typically interact with369
MYC-type, PIF-type, and anthocyanin-related bHLH proteins, participating in anthocyanin biosynthesis, ABA/drought370
responses, and light signal regulation. Promoter sequence analysis of these 12 potential downstream target genes was371
performed using the PlantCARE database. Among the 12 differentially expressed genes, eight promoters (anthocyanin372
biosynthesis-related genes SiCHS and SiDFR; stress-responsive genes SiDREB2, SiNCED1, SiRAB18, SiATG8a, SiGRF1,373
and SiYTH1) were found to contain 1–4 G-box cis-acting elements in their promoter regions (Figure 15).374

375

Figure 15. Promoter analysis of downstream target genes of SibHLH137. Note: Red triangle: G-box component; : CACGTT; :376
CACGTC.377

4. Discussion378

4.1 SibHLH137 Positively Regulates Anthocyanin Biosynthesis379

Anthocyanin accumulation in plants is finely regulated by the MYB-bHLH-WD40 (MBW) transcriptional complex, in380
which bHLH transcription factors interact with MYB proteins to cooperatively activate the expression of anthocyanin381
biosynthetic structural genes (Zhang et al., 2023). In this study, over-expression of SibHLH137 significantly deepened the382
pigmentation of foxtail millet caryopses and stems, and markedly increased total anthocyanin content compared with383
wild-type plants. The transcript levels of anthocyanin biosynthesis-related genes SiCHI, SiCHS, SiDFR, and SiANS were all384
significantly upregulated, with SiDFR expression reaching up to 30-fold that of the wild type. This result suggests that385
SibHLH137 may serve as a positive regulator of the anthocyanin biosynthetic pathway in foxtail millet, particularly exerting386
a strong transcriptional activation effect on SiDFR. DFR (dihydroflavonol 4-reductase) catalyzes the reduction of387
dihydroflavonols to leucoanthocyanidins and is widely recognized as a key rate-limiting enzyme in the anthocyanin388
biosynthetic pathway (Lo et al., 2006). As a "late" step in anthocyanin synthesis, DFR is positioned at a metabolic branch389
point, and its activity directly influences the final accumulation levels of anthocyanin products. Studies across different390
plant species have consistently demonstrated that the regulation of DFR expression is a critical determinant of anthocyanin391
biosynthesis (Tao et al., 2024). For instance, in rice, the bHLH binding site in the DFR promoter region has been shown to392
be essential for its expression (ElShamey et al., 2025; Lee et al., 2023); in citrus, differential DFR expression between blood393
orange and common orange directly accounts for the presence or absence of anthocyanin accumulation (Sicilia et al., 2020).394
Drought stress further intensified the purple coloration of stems in overexpression lines and concurrently induced 2- to395
3-fold upregulation of the aforementioned structural genes. This phenomenon is highly consistent with recent findings in396
Chaenomeles speciosa, where drought stress-induced CsbHLH111 interacts with CsMYB123 to cooperatively activate397
anthocyanin biosynthetic genes including CsCHI, CsDFR, and CsANS, thereby promoting anthocyanin accumulation (Ding398
et al., 2025; Wang et al., 2023). Similarly, in Glycyrrhiza uralensis, GubHLH38 and GubHLH64 have been confirmed to be399
closely associated with anthocyanin biosynthesis under abiotic stress conditions (Lira et al., 2017).400
4.2 SibHLH137 Enhances Drought Tolerance in Foxtail Millet Through Multifaceted Synergistic Pathways401

Drought stress is one of the major environmental factors limiting crop productivity. Plants adapt to water-deficit conditions402
by accumulating osmotic regulatory substances, enhancing antioxidant capacity, and modulating the expression of403
stress-responsive genes. In this study, the SibHLH137 over-expression lines exhibited significantly higher relative water404
content, substantially greater proline accumulation, and markedly lower malondialdehyde (MDA) content compared with405
wild-type plants under drought stress. These results indicate that SibHLH137 enhances drought tolerance in foxtail millet by406
promoting the accumulation of osmotic regulatory substances and alleviating membrane lipid peroxidation damage.407
Osmotic adjustment is a key physiological mechanism by which plants cope with drought stress, and proline, as an408
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important compatible solute, not only contributes to osmotic potential maintenance but also functions in reactive oxygen409
species (ROS) scavenging and protein stability protection (Huang et al., 2019). Similarly, over-expression of MdbHLH104410
in apple was reported to enhance tolerance to abiotic stress, and its mechanism was also associated with the strengthening of411
the ROS scavenging system (Wu et al., 2026).412

The expression of multiple drought-responsive genes was significantly altered in SibHLH137 over-expression lines.413
Notably, SiDREB2, which encodes a dehydration-responsive element-binding protein, has been demonstrated to activate the414
expression of multiple downstream drought tolerance genes in species such as Arabidopsis (Le et al., 2026). The enhanced415
induction of SiDREB2 expression in the SibHLH137 over-expression background suggests that SibHLH137 may function416
upstream of DREB2 in drought signal transduction. Promoter analysis revealed that the promoter regions of SiDREB2,417
SiNCED1, SiRAB18, SiATG8a, SiGRF1, and SiYTH1 all contain 1-4 G-box elements. This observation is consistent with the418
report that CsbHLH111 can directly bind to the G-box element in the CsCHI promoter in Chaenomeles speciosa, implying419
that SibHLH137 may also exert transcriptional regulatory effects by directly targeting the promoters of these420
stress-responsive genes. However, bHLH transcription factors typically require interaction with MYB partners for specific421
DNA binding. Therefore, the interacting partners of SibHLH137 and its regulatory network under drought stress remain to422
be further investigated.423

4.3 SibHLH137May Serve as a Key Node Integrating Anthocyanin Biosynthesis and Drought Response424

Anthocyanins not only contribute to tissue pigmentation but also function in scavenging reactive oxygen species (ROS) and425
protecting against photooxidative damage, thus playing important roles in drought stress adaptation. In this study, drought426
stress simultaneously induced anthocyanin accumulation and the expression of related structural genes, suggesting that427
SibHLH137-mediated anthocyanin synthesis may be a component of the drought tolerance strategy in foxtail millet. This428
phenomenon is similar to the mechanism in Chaenomeles speciosa, where drought-induced CsbHLH111 and CsMYB123429
synergistically activate anthocyanin biosynthesis; however, whether SibHLH137 employs a similar MYB interaction mode430
remains to be verified (Shangguan et al., 2026).431

In recent years, accumulating evidence has indicated that bHLH transcription factors serve as hub regulators in432
coordinating secondary metabolism and stress adaptation. For example, in Glycyrrhiza uralensis, bHLH transcription factors433
are not only involved in anthocyanin biosynthesis but also respond to abiotic stress through the jasmonic acid signaling434
pathway (Ai et al., 2026). In apple, MdbHLH3 responds to temperature signals during cold-induced anthocyanin435
accumulation (Wang et al., 2025). In this study, the significant upregulation of SiNCED1, a key gene in ABA biosynthesis,436
and SiRAB18, an ABA-responsive gene, in SibHLH137 overexpression lines under drought stress suggests that SibHLH137437
may interact with the ABA signaling pathway. A recent study in Ziziphus jujuba reported that ABA and ethylene mediate438
drought-induced anthocyanin synthesis through a MYB-bHLH transcriptional cascade, providing a reference for439
understanding the involvement of SibHLH137 in ABA signal transduction (Li et al., 2025).440

This study preliminarily reveals the dual function of SibHLH137 in regulating anthocyanin biosynthesis and drought441
stress responses. Based on the available results, we hypothesize the following working model (Figure 16): under normal442
growth conditions, SibHLH137 interacts with specific MYB and WD40 transcription factors to bind to G-box elements in443
the promoters of downstream target genes (such as SiDFR and SiCHS), thereby activating the anthocyanin biosynthetic444
pathway. Under drought stress conditions, the expression or activity of SibHLH137 is further enhanced, which on one hand445
intensifies anthocyanin synthesis to scavenge drought-induced ROS, and on the other hand activates stress-responsive genes446
including DREB2 and NCED1, thereby enhancing drought tolerance in foxtail millet. Future studies employing techniques447
such as DNA affinity purification sequencing (DAP-seq), chromatin immunoprecipitation (ChIP), and yeast two-hybrid448
library screening will be valuable for systematically identifying the direct target genes and interacting proteins of449
SibHLH137, thereby providing further evidence for the elucidation of its molecular regulatory network.450



17

451

Figure 16. Hypothetical working model of the SibHLH137 gene.452
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