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20 Abstract  

21 In plants, the diverse enzymes known as BAHD acyltransferases use 

22 acyl coenzyme A (acyl-CoA) as their substrate and fulfill crucial 

23 biological functions. In this study, 94 NtBAHD genes were identified 

mailto:wumz@ztri.com.cn;
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24 in the tobacco (Nicotiana tabacum) genome. These genes displayed 

25 considerable diversity in their physicochemical properties, 

26 phylogenetic relationships, gene structures, and conserved motifs. 

27 Chlorogenic acid (CGA), which is the predominant polyphenol found 

28 in tobacco leaves, is mainly synthesised via the hydroxycinnamoyl-

29 CoA:quinate hydroxycinnamoyl transferase (HQT) pathway. Four 

30 HQT genes (NtHQT1–NtHQT4) were identified in the BAHD gene 

31 family of N. tabacum. Of these, NtHQT1 and NtHQT2 were highly 

32 expressed in leaves, while NtHQT3 and NtHQT4 were root-specific. 

33 Following heterologous expression in vitro, three of the four HQT 

34 proteins (NtHQT2, NtHQT3, and NtHQT4) were obtained in soluble 

35 form; however, only NtHQT2 and NtHQT3 exhibited enzymatic 

36 activity. Downregulation of NtHQT1, NtHQT2, NtHQT3, 

37 and NtHQT4 significantly reduced both total polyphenol and 

38 chlorogenic acid (CGA) content, whereas the levels of rutin, 

39 scopoletin, and lignin remained unchanged. Furthermore, the 

40 expression of NtHQT genes was differentially induced under abiotic 

41 and biotic stresses, including drought, cold, and Phytophthora 

42 nicotianae infection. In contrast, their responses to various 

43 phytohormones exhibited distinct expression profiles. These results 

44 suggest that whereas in vitro assays identified NtHQT2 and NtHQT3 

45 as the catalytically active isoforms, all four NtHQT genes contribute 
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46 to chlorogenic acid (CGA) biosynthesis and environmental 

47 adaptation.

48 Trial registration This study does not involve clinical trials or 

49 human participants and, as such, does not require clinical trial 

50 registration.

51 Keywords: Tobacco; BAHD gene family; HQT; CGA; abiotic and 

52 biotic stresses

53 Introduction

54 The growth, development, and defense mechanisms of plants are 

55 profoundly affected by secondary metabolites [1]. The acylation of 

56 substrates containing nitrogen and oxygen to produce amides and 

57 esters is a prevalent and biologically significant process for the 

58 modification of secondary metabolites [2]. The BAHD 

59 acyltransferase superfamily, characterized by the use of coenzyme A 

60 (CoA) thioesters as acyl donors and amines or alcohols as acceptors, 

61 is essential for the biosynthesis of diverse plant secondary 

62 metabolites, including esters, anthocyanins, terpenoids, and lignin 

63 monomers [2, 3]. The acronym BAHD is derived from the 

64 combination of initials representing th e initial four enzymes that 

65 have been biochemically characterized: benzylalcohol O-acetyl 

66 transferase (BEAT) synthesizes the floral ester benzyl acetate [4]; 

67 anthocyanin O-hydroxycinnamoyl transferase (AHCT) plays a crucial 
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68 role in catalyzing anthocyanin synthesis [5]; N-hydroxycinnamoyl 

69 anthranilate benzoyl transferase (HCBT) is pivotal in initiating 

70 dianthramide biosynthesis [6]; Deacetylvindoline 4-O-

71 acetyltransferase (DAT) is involved in the last stage of producing the 

72 alkaloid vindoline [7]. The BAHD family encompasses a diverse array 

73 of enzymes with varied functions, exhibiting considerable 

74 divergence in their primary sequences, with only a 10–30% amino 

75 acid similarity. However, it is noteworthy that the majority of 

76 enzymes within the BAHD family possess two conserved motifs: 

77 HXXXD and DFGWG [2, 3]. Most characterized BAHD enzymes 

78 exhibit both motifs; however, deletions or modifications of either 

79 motif results in a substantial reduction in enzymatic activity [8].                     

80 The BAHD genes are essential for producing suberin, wax, cutin, 

81 and polyphenols, which are crucial for plant defense mechanisms [9, 

82 10]. Chlorogenic acid (CGA) is widely present in the human diet and 

83 is one of the most abundant polyphenols, which are primarily 

84 sourced from coffee [11], tea [12], fruits [13], vegetables [14-16], 

85 and medicinal plants [17, 18]. CGA is recognized for its strong 

86 antioxidant properties, specifically, its capacity to defend against 

87 and potentially mitigate DNA damage [19, 20]. Therefore, CGA 

88 exhibits several therapeutic effects, such as its ability to act as an 

89 antioxidant, antihypertensive, anti-inflammatory, hepatoprotective, 
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90 cardioprotective, antibacterial, antiviral activities, and anti-obesity 

91 [21].

92 The biosynthesis of CGA is a multi-step process within the 

93 phenylpropanoid pathway, relying on the coordinated action of 

94 several key enzymes [16]. HQT, a BAHD-family enzyme, is 

95 responsible for the biosynthesis of CGA from its precursors, quinic 

96 acid and caffeoyl-CoA. In solanaceous plants, this conversion is 

97 widely recognized as the principal pathway for the synthesis of CGA 

98 [14, 16, 18]. Alternative pathways include p-coumarate 3' 

99 hydroxylase (C3H) and hydroxyl cinnamoyl CoA:shikimate/quinate 

100 hydroxycinnamoyl transferase (HCT). However, despite the 

101 expression of C3H and HCT in Arabidopsis, CGA is absent, thereby 

102 challenging this hypothesis [16, 18]. A potential alternative pathway 

103 for CGA biosynthesis exists, in which hydroxyl cinnamoyl D-glucose: 

104 quinate hydroxycinnamoyl transferase (HCGQT) utilizes caffeoyl-D-

105 glucose as a substrate [16].

106 The BAHD family has been identified and studied across various 

107 species through genetic and biochemical research, including 

108 Arabidopsis and populus [22], pear [23], cacao [24], banana [25], 

109 onion [26], and Taxus mairei [27]. However, information on tobacco, 

110 an economically important crop and model plant, is limited [28]. 

111 Therefore, this study aims to characterize the BAHD gene family in 
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112 tobacco and to clarify the role of the HQT genes in chlorogenic acid 

113 biosynthesis and stress responses.

114 Materials and methods

115 Plant materials 

116 Common tobacco (Nicotiana tabacum) cultivar K326 seeds were 

117 acquired from Guizhou Academy of Tobacco Science (Guiyang, China) 

118 and treated with 10% sodium hypochlorite for surface sterilization. 

119 After rinsing the seeds several times with distilled water, they were 

120 planted in 1/2 MS medium for germination. Transplanting and 

121 cultivation conditions for tobacco seedlings followed previously 

122 described methods [29]. Once the seedlings developed 5–6 true 

123 leaves, they were transferred to open fields to facilitate further 

124 growth. Various plant tissues at the flowering stage were collected 

125 for RNA extraction, including lateral roots, fibrous roots, stems, old 

126 leaves, middle leaves, new leaves, leaf veins, axillary buds, flower 

127 buds, calyces, crowns, pistils, and stamens.

128 Tobacco seedlings (3-5 leaves) cultivated under controlled growth 

129 conditions, were subjected to drought (10 d), cold (4 °C, 24 h), and 

130 dark (7 d) streses. Phytophthora nicotianae Breda de Haan 

131 zoospores were prepared and inoculated as previously described 

132 [30]. The tobacco seedling roots were placed in 10 μM abscisic acid 
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133 (ABA), 10 μM gibberellin A3 (GA3), 50 μM methyl jasmonate (MeJA), 

134 or 100 μM salicylic acid (SA) solution containing 1/2 Hoagland 

135 solution for a period of 2 h. Seedlings treated with only the 1/2 

136 Hoagland solution served as controls.

137 Identification and classification of NtBAHDs 

138 Candidate genes of the BAHD family were identified from the 

139 tobacco database (http://lifenglab.hzau.edu.cn/Nicomics/index.php) 

140 using a Hidden Markov Model search in TBtools, with the 

141 characteristic PF02458 domain as the query and an E-value 

142 threshold of 10⁻⁵. Domain presence was confirmed using Pfam 

143 (http://pfam-legacy.xfam.org/) and NCBI CD-search 

144 (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). 

145 Furthermore, the characteristic conserved motifs (HXXXD and 

146 DFGWG) were verified via the online tool MEME (http: //meme-

147 suite.org/tools/meme). Sequences containing the HXXXD and 

148 DFGWG motifs were included in the study due to their crucial role in 

149 BAHD enzyme functionality [23]. The length of amino acids, 

150 molecular weight (MW), and isoelectric point (pI) were analyzed 

151 using ExPASy (https://www.expasy.org/).

152 Chromosome mapping

153 Physical maps for each tobacco chromosome were acquired from 
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154 Nicomics (http://lifenglab.hzau.edu.cn/Nicomics/). These maps 

155 provided information on the length of the chromosomes, number of 

156 NtBAHDs, and their start/end sites.  Subsequently, simple maps 

157 were created to visually depict the distribution of NtBAHDs across 

158 tobacco chromosomes.

159 Phylogeny, gene structures, and conserved proteins of BAHD

160 A Maximum Likelihood phylogenetic tree was constructed in 

161 MEGA12 based on the protein sequences, supported by 1,000 

162 bootstrap replicates, and visualized using iTOL v5 [31]. To determine 

163 the locations of the exons and introns, sequence alignment between 

164 each BAHD genomic DNA sequence and its corresponding cDNA 

165 sequence was performed. Ten conserved motifs (6–30 amino acids 

166 wide) were detected in the BAHD proteins using MEME Suite [32].

167 Gene duplication analyses of NtBAHDs

168 The MCScanX algorithm in TBtools was applied to identify gene 

169 duplication events within the NtBAHD family [33]. Collinear blocks 

170 were identified both within the allotetraploid N. tabacum genome 

171 and between N. tabacum and A. thaliana to assess intra-species and 

172 inter-genome homology. The syntenic relationships were visualized 

173 using the Advanced Circos module in TBtools, facilitating the 

174 interpretation of gene duplication patterns and evolutionary 
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175 divergence.

176 Cloning and quantitative real-time PCR (qRT-PCR) analysis of 

177 NtHQT genes

178 The coding sequences of NtHQT1-4 were cloned by PCR 

179 amplification from cDNA isolated from tobacco leaves and roots with 

180 gene-specific primers (Supplementary Table S1). Total RNA isolation 

181 and first-strand cDNA synthesis were performed following 

182 established protocols [29]. TB Green kit (TaKaRa Bio Inc.) was used 

183 for qRT-PCR analysis with a Bio-Rad CFX96 instrument (Bio-Rad, 

184 Laboratories, Hercules, CA, USA). The reference gene used in the 

185 study was NtL25 [34]. The primers used for qRT-PCR are listed in 

186 Supplementary Table S1.

187 RNA-Seq analysis

188 The RNA-seq data were obtained from the NCBI database 

189 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA208209). The 

190 processing of mRNA-Seq data was conducted in accordance with the 

191 methods described [35]. Gene expression levels and differential gene 

192 expressions (DEGs) were calculated and identified using Cufflinks 

193 (v2.2.1) and Cuffdiff 2, respectively. TB-Tools were utilized to create 

194 a heat map illustrating gene expression levels [36].

195 Subcellular localization analysis of NtHQTs
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196 The four NtHQT genes were cloned into the pCAMBIA1300-GFP 

197 plasmid using the Cloning Kit (Wuhan Genenode Biotechnology Co., 

198 Ltd.) to create N-terminal green fluorescent protein (GFP)-tagged 

199 NtHQT proteins. After sequence confirmation, we transformed 

200 Agrobacterium tumefaciens LBA4404 with the 35S::NtHQT1-GFP, 

201 35S::NtHQT2-GFP, 35S::NtHQT3-GFP, 35S::NtHQT4-GFP, and 

202 empty 35S::GFP vectors. Tobacco (Nicotiana benthamiana) plants 

203 aged 4–5 weeks were chosen for subcellular localization experiments. 

204 Agrobacterium infection of N. benthamiana was conducted following 

205 previous methods [37]. Observations and photography were 

206 conducted with a Carl Zeiss AG LSCM 800 confocal laser-scanning 

207 microscope (Germany).

208 Structural modeling, molecular docking and enzyme activity 

209 analysis of NtHQTs

210 AlphaFold3 was used to generate 3D structural models of NtHQTs 

211 using established methods [38]. A homology model was constructed 

212 based on the crystal structure of Helianthus annuus HQT3. 

213 Subsequent model optimization and assessment were carried out 

214 using the Modeler program and the Profiles-3D module integrated 

215 into Discovery Studio 4.5 (Accelrys Inc., San Diego, CA, USA). This 

216 software suite was further used for 3-D visualization and molecular 
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217 docking simulations involving caffeoyl-CoA and quinic acid as 

218 ligands.

219 Prokaryotic expression and purification of NtHQTs

220 Using a One Step Cloning Kit (Beijing Creative Spark Technology Co., 

221 Ltd.), the coding sequences of NtHQTs were directionally cloned into 

222 a 6×His-tagged pET-28a(+) vector to generate recombinant 

223 plasmids. After sequence verification, the resulting constructs (pET-

224 28a-NtHQT1 to -NtHQT4) were transformed into Escherichia coli 

225 BL21(DE3) cells. Transformants were cultured in LB-kanamycin 

226 medium at 37 °C until the OD₆₀₀ reached 0.6–0.8. Protein expression 

227 was then induced with 0.1 mM IPTG at 15 °C for 12 h. Cells were 

228 harvested by centrifugation (4,000 × g, 15 min, 4 °C) and stored at -

229 20 °C. The His-tagged proteins were purified following a published 

230 protocol and analyzed by SDS-PAGE [39]. 

231 Enzymatic activity assays for recombinant NtHQTs

232 The enzymatic activity of NtHQT was assayed as described with 

233 modifications [14]. The 60 µL reaction mixture, containing 100 mM 

234 sodium phosphate buffer (pH 7.5), 1 mM EDTA, purified enzyme (1–

235 50 μg), and substrates (50 μM–10 mM), was initiated by enzyme 

236 addition and incubated at 37 °C for 3 h. Reactions were quenched 

237 with an equal volume of HPLC solvent [0.1% formic acid, 5% 
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238 acetonitrile], filtered through a 0.22 μm membrane, and analyzed by 

239 HPLC.

240 The catalytic properties of purified NtHQT toward quinate and 

241 caffeoyl CoA were characterized by assessing its optimal 

242 temperature (25–60 °C) and pH (5.0–9.0, using NaAC-HAC, 

243 phosphate, and Tris-HCl buffers). Kinetic parameters were 

244 determined by varying substrate concentrations: for the Km of 

245 quinate, reactions contained 5 μg enzyme, 0.5 mM caffeoyl CoA, and 

246 0.05–10 mM quinate; for caffeoyl CoA, they contained 5 μg enzyme, 

247 4 mM quinate, and 0.05–2 mM caffeoyl CoA. The Km and Vmax 

248 values were calculated from Michaelis–Menten plots fitted using 

249 Origin 8.5 (OriginLab, Northampton, MA, USA).

250 Obtaining NtHQTs virus-induced gene silencing (VIGS) 

251 transgenic tobacco 

252 Transgenic tobacco plants exhibiting reduced expressions of 

253 NtHQTs were generated through VIGS following previously reported 

254 methods [29]. For plasmid construction, primers were designed with 

255 gene-specific sequences and a 20-bp pTRV2 homology arm 

256 (Supplementary Table S1). The resulting plasmids (pTRV2-NtHQT1, 

257 pTRV2-NtHQT2, pTRV2-NtHQT3, pTRV2-NtHQT4) alongside control 

258 vectors (pTRV1, pTRV2) were transformed into A. tumefaciens 
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259 LBA4404 using a freeze-thaw method. The subsequent knockdown 

260 efficiency of NtHQTs was then quantified via qRT-PCR.

261 Measurement of polyphenols 

262 Total phenolic content was quantified with the Folin–Ciocalteu 

263 reagent and expressed as gallic acid equivalents [40]. CGA, rutin, 

264 and scopoletin were analyzed using an Agilent 1260/6490 HPLC 

265 system coupled to a triple quadrupole mass spectrometer, following 

266 established procedures [35]. 

267 Determination of lignin content

268 The lignin assay kit (Sangon Biotech Co., Ltd.) was utilized for the 

269 assessment of lignin content following the manufacturer's 

270 instructions. TRACETM 1310-ISQ gas chromatography mass 

271 spectrometry (GC-MS; Thermo Fisher Scientific Inc., Waltham, MA, 

272 USA) was used to analyze the content of Syringyl (S), guaiacyl (G), 

273 and p-hydroxyphenyl (H) lignin monomers, following established 

274 methods [29, 41]. 

275 Results

276 Genome-wide identification and chromosomal distribution of 

277 BAHDs in tobacco
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278 Comprehensive analysis of the tobacco genome identified 212 

279 putative BAHD acyltransferases (Supplementary data 1). Among 

280 these, 94 contained the two conserved motifs (HXXXD and DFGWG; 

281 Supplementary Figure S1) [42]. The characteristics of these genes 

282 and their encoded proteins are summarized in Table 1, with CDS 

283 lengths, protein lengths, and molecular weights ranging from 810-

284 2,961 bp, 269-986 amino acids, and 30.18-108.54 kDa, respectively. 

285 Among these, 49 proteins were predicted to have a pI<6.5, 

286 suggesting that certain BAHD enzymes exhibit alkaline 

287 characteristics, whereas others display acidic properties. 

288 The NtBAHDs was renamed from NtBAHD1 to NtBAHD94 based 

289 on its chromosomal location, starting from chromosome 1. In cases 

290 where multiple genes are on the same chromosome, the first 

291 positioned gene is renamed as “first.” Among the 94 NtBAHD genes, 

292 93 were distributed across the chromosomes as follows: 11 were 

293 found on chromosome 24, nine on chromosome 23, eight each on 

294 chromosomes 4, and 20, seven on chromosome 16, five each on 

295 chromosomes 5, 19, and 21, four each on chromosomes 6, and 17, 

296 three each on chromosomes 1, 3, 9, 11, 14, and 15, and two each on 

297 chromosomes 10, 13, 18, and 22. Only one NtBAHD gene was 

298 identified on chromosome 12 (Figure 1). Additionally, one gene was 

299 located on a chromosome scaffold (Table 1). These findings indicated 
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300 that NtBAHD genes are unevenly distributed in the tobacco genome.

301 Phylogenetic analyses of BAHDs 

302 The phylogenetic relationships among the 94 tobacco and 63 

303 Arabidopsis BAHD proteins were inferred using the Maximum 

304 Likelihood (ML) method in MEGA12. The resulting tree classified all 

305 members into five major clades (I-V; Figure 2). Clades II, IV, and V 

306 were further subdivided into two subclades each. Among them, 

307 Clade I consisted of five AtBAHD members, and Clade III contained 

308 two. Clade II comprised 45 NtBAHDs, distributed as three in 

309 subclade II-a and 42 in II-b. Clade IV included 27 NtBAHDs, with 11 

310 in subclade IV-a and 16 in IV-b, while Clade V contained 22 NtBAHDs, 

311 of which seven were grouped into subclade V-a and 15 into V-b.

312 Gene structure and conserved motif analyses of NtBAHDs 

313 The gain and loss of introns in NtBAHD genes exhibited diverse 

314 patterns among the three clades in the ML tree, with intron numbers 

315 ranging from zero to four in the same cluster (Figure 3A, B). Clade 

316 II-a genes uniformly contained a single intron. In contrast, the 

317 majority of Clade II-b genes were intronless, with the exceptions of 

318 seven genes possessing one intron and a single gene possessing four. 

319 Clade IV genes exhibited variation in both intron number (ranging 

320 from one to three) and spatial distribution. Similarly, 11 genes in 
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321 Clade V lacked introns, with nine containing one intron and two 

322 containing two.

323 By using MEME software, we identified ten conserved motifs in 

324 NtBAHD proteins (Figure 3C). All members of the NtBAHD family 

325 possess both motif 4 and motif 8, with the exception of NtBAHD92, 

326 which contains distinct sequences: 

327 GCCLSHKVGDGYSLWNFLNAWAELARGGS and 

328 LTISSLCRFPFYDADFGWGKP, respectively. These two motifs are 

329 associated with the HXXXD and DFGWG motifs, respectively. 

330 Notably, although NtBAHD92 lacks the canonical motif 4, it retains 

331 the essential HXXXD domain. The distribution of other motifs also 

332 varied across phylogenetic subclades. Motifs 9 and 10 were absent 

333 in all members of subclade II-a. In subclade II-b, most members 

334 contained the full complement of ten motifs, while a few possessed 

335 only five to nine. Furthermore, motif 10 was not detected in any 

336 members of subclades IV or V. The conserved motifs within the same 

337 subclades exhibited similar types and distributions, thereby 

338 providing further support for the classification of evolutionary trees.

339 Synteny analysis of NtBAHD family

340 Multiple duplication mechanisms, including whole-genome (WGD) 

341 and segmental, proximal (PD), tandem (TD), dispersed (DSD), and 
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342 transposed (TRD) duplications, collectively drove the evolutionary 

343 expansion of the NtBAHD gene family [23]. MCScanX analysis 

344 revealed distinct contributions of these mechanisms to gene family 

345 expansion: WGD or segmental duplications accounted for 68.09% 

346 (64/94) of duplication events, followed by PDs (12.77%, 12/94), TDs 

347 (12.77%, 12/94), and DSDs (6.38%, 6/94) (Supplementary Figure S2 

348 and Table S2). These results demonstrate that WGD or segmental 

349 duplications serve as the major driver of NtBAHD gene family 

350 expansion, while PD, TD, DSD, and TRD collectively contribute to its 

351 diversification.

352 Additionally, synteny blocks were detected in the genome. As 

353 shown in Figure 4A, the 94 BAHDs of N. tabacum were distributed 

354 on 21 chromosomes, and 34 syntenic gene pairs in N. tabacum were 

355 revealed. The interspecific collinearity analysis between N. tabacum 

356 and A. thaliana identified 15 homologous gene pairs among the 

357 NtBAHD genes, suggesting conserved syntenic relationships 

358 between the two species (Figure 4B). 

359 BAHDs related to CGA

360 Our analysis focused on Clade IV-a, a subgroup of 

361 hydroxycinnamoyltransferases implicated in the biosynthesis of 

362 hydroxycinnamoyl spermine and lignin monomeric intermediates. 
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363 whereas, NtBAHD33 and NtBAHD36 were excluded due to their 

364 distinct role as spermidine hydroxycinnamoyl transferases involved 

365 in the biosynthesis of various other secondary metabolites, including 

366 terpenoids, and alkaloids [2]. Among the remaining Clade I-b 

367 members (NtBAHD19, 23, 31, 34, 37, 56, 71, 87, and 88), only 

368 NtBAHD31, 34, 37, and 71 possessed the conserved HTLSD (HXXXD) 

369 and DEFEG motifs characteristic of HQT (Supplementary Figure S3) 

370 [10]. 

371 The genes NtBAHD31, 71, 34, and 37 (NCBI references: 

372 XM_009800234.1, XM_016628801.1, AJ582651, XM_009626002.3) 

373 were designated as NtHQT1, NtHQT2, NtHQT3, and NtHQT4, 

374 respectively. Sequence analysis revealed a high degree of pairwise 

375 similarity among these four NtHQTs. Specifically, NtHQT1 and 

376 NtHQT2 shared 95.04% identity, indicating strong conservation, 

377 while NtHQT3 and NtHQT4 showed a comparatively lower identity 

378 of 82.61%.

379 Expression analysis and subcellular localization of NtHQTs

380 The expression profiles of the NtHQTs at various stages of tobacco 

381 development were examined through RNA-seq (Figure 5A, 

382 Supplementary data 1). High expression of NtHQT1 was detected in 

383 young leaves, whereas NtHQT2 was highly expressed in mature 
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384 flowers. The expression levels of NtHQT3 and NtHQT4 were 

385 significantly elevated in the roots. Each NtHQT gene expression was 

386 determined by qRT-PCR at the flowering stage. NtHQT1 and 

387 NtHQT2 exhibit elevated expression levels in leaves, especially in 

388 young and middle leaves (Figure 5A, B). However, NtHQT3 and 

389 NtHQT4 were mainly expressed in the lateral and fibrous roots 

390 (Figure 5C, D). 

391 Subcellular localization of NtHQT1–NtHQT4 was assessed by 

392 infiltrating N. benthamiana leaves with agrobacteria harboring 

393 35S:NtHQT1–4:GFP or a 35S:GFP control vector. The four NtHQT 

394 GFP-tagged proteins were observed to localize in both the nucleus 

395 and the cytoplasm, with nuclear localization confirmed by co-

396 localization with DAPI staining. Additionally, these proteins 

397 accumulated at the cell periphery, exhibiting a distribution pattern 

398 similar to that of 35S:GFP (Figure 6). 

399 Biochemical characterization of recombinant NtHQT enzymes

400 Given that extensive efforts to enhance the soluble expression of 

401 NtHQT1—including the optimization of induction conditions, the 

402 testing of alternative expression vectors, and fusion with a SUMO 

403 tag—yielded only insoluble protein (Supplementary Figure S4). 

404 NtHQT2, NtHQT3, and NtHQT4 were successfully expressed in a 



20

405 prokaryotic system at concentrations ranging from 0.24 to 0.64 

406 mg/mL. The expressed fusion proteins, with theoretical molecular 

407 weights of 49.68, 49.29, and 42.36 kDa respectively, were confirmed 

408 by SDS-PAGE and western blot analysis (Supplementary Figure S5).

409 Despite extensive optimization of key reaction parameters, 

410 including protein concentration, buffer composition, temperature, 

411 and pH, HQT4 exhibited no detectable catalytic activity. In contrast, 

412 NtHQT2 and NtHQT3 displayed stronger activity. We therefore 

413 conducted in vitro experiments to assess the pH dependence and 

414 temperature sensitivity of their reduction activity (Figures 7A–D). 

415 Specifically, NtHQT2 showed peak activity at pH 9.0 and 40 °C, 

416 while NtHQT3 was most active at pH 8.5 and maintained high 

417 activity over a broader temperature range (37–45 °C). The kinetic 

418 parameters of the recombinant enzymes NtHQT2 and NtHQT3 were 

419 determined with quinic acid and caffeoyl-CoA [14]. The two enzymes 

420 displayed distinct substrate affinities: NtHQT2 exhibited a lower Km 

421 for quinic acid (0.35 mM) than for caffeoyl-CoA (0.91 mM), while 

422 NtHQT3 showed the opposite preference, with a lower Km for 

423 caffeoyl-CoA (0.26 mM) than for quinic acid (0.85 mM, Figures 7E, 

424 F). Consistent with this substrate preference, NtHQT3 demonstrated 

425 significantly higher catalytic efficiency (kcat/Km), which was 5.21-
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426 fold and 30.57-fold greater than that of NtHQT2 for quinic acid and 

427 caffeoyl-CoA, respectively (Figures 7G, H).

428 Predicted protein structures of NtHQTs

429 Homology modeling of NtHQT1, NtHQT2, NtHQT3, and NtHQT4 was 

430 performed using AlphaFold3, followed by substrate docking with 

431 quinic acid and caffeoyl-CoA. The four models and the corresponding 

432 docking structures exhibited a high degree of similarity. The 

433 reaction cavity of NtHQT1, NtHQT2, NtHQT3, and NtHQT4 contains 

434 two distinct intervals, which specifically bind to quinic acid and 

435 caffeoyl-CoA, respectively (Figure 8). The protein sequence 

436 surrounding the cavity exhibits a relatively high degree of 

437 conservation. Take HQT1 as an example, upon the entry of quinic 

438 acid (orange) into the upper reaction site, TYR-404 and ASN-370 

439 facilitate its binding through hydrogen bonding interactions. 

440 Subsequently, the caffeoyl group of caffeoyl-CoA (red) enters and 

441 occupies the lower reaction site, where it is stabilized by π-bonding 

442 with THR38, along with support from adjacent sites. This interaction 

443 ultimately leads to the formation of chlorogenic acid as a product of 

444 the reaction. The protein sequence retained by NtHQT1, NtHQT2, 

445 and NtHQT3 (yellow region) further restricts the reaction cavity, 

446 positioning the substrate quinine acid in a more reactive location, 
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447 thereby enhancing the efficiency of the reaction (Supplementary 

448 Figure S6A-C). In model NtHQT4, the absence of the yellow protein 

449 sequence creates a cavity in the upper part of the reaction chamber 

450 (Supplementary Figure S6D). Quinic acid can detach from the 

451 reaction site through this missing position, while caffeoyl-CoA 

452 deviates from its original binding site due to the lack of 

453 corresponding residue (THR38). This results in differences in 

454 activity compared to other HQT variants.

455 NtHQT modulate the biosynthesis of CGA  

456 Transgenic tobacco plants were generated in which NtHQT1, 

457 NtHQT2, NtHQT3, and NtHQT4 were silenced using VIGS. However, 

458 these plants exhibited no obvious phenotypic alterations (Figure 9A). 

459 Furthermore, qRT-PCR analysis confirmed the silencing efficacy, 

460 demonstrating significant downregulation of NtHQT1, NtHQT2, 

461 NtHQT3, and NtHQT4 in leaves (Supplementary Figure S7). The 

462 total polyphenol content in wild-type (WT) tobacco leaves was 

463 measured at 209.86 μg/g. In comparison, the polyphenol content in 

464 VIGS-NtHQT1, VIGS-NtHQT2, VIGS-NtHQT3, and VIGS-NtHQT4 

465 leaves exhibited a decrease ranging from 66.41% to 72.25% (Figure 

466 9B). Compared to the control group, the CGA content in the leaves 

467 of VIGS-NtHQT1, VIGS-NtHQT2, VIGS-NtHQT3, and VIGS-NtHQT4 
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468 showed significant decreases of 62.02%, 66.25%, 64.64%, and 

469 71.33%, respectively (Figure 9C). The rutin and scopoletin content 

470 in the leaves of VIGS-NtHQT1, VIGS-NtHQT2, VIGS-NtHQT3, and 

471 VIGS-NtHQT4 plants did not exhibit a significant difference (Figure 

472 9D, E). 

473 Lignin content and G, H, and S lignin monomers in the NtHQT1, 

474 NtHQT2, NtHQT3, and NtHQT4-silenced plants were also analyzed. 

475 No H monomers were detected in any of the samples (Table 2). The 

476 lignin content, the levels of G and S units, did not exhibit significant 

477 changes when compared to the WT tobacco as well as the S/G ratio. 

478 These findings indicate that NtHQT1, NtHQT2, NtHQT3, and 

479 NtHQT4 are essential for CGA biosynthesis.

480 Diverse roles of NtHQTs in abiotic and biotic stress responses

481 To investigate the potential functions of NtHQTs in plant regulatory 

482 networks, 1500-bp upstream regions of these two genes were 

483 defined as putative promoters. Cis-regulatory elements within these 

484 promoters were analyzed using the PlantCare database [43]. The 

485 identified elements were systematically categorized into three major 

486 groups: light signaling, phytohormone response, and biotic/abiotic 

487 stress responses (Figure 10A). Fourteen light-responsive elements 

488 were detected, among which the G-Box and GT1-motif were present 
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489 in all four NtHQT promoters, suggesting a crucial role in light-

490 mediated transcription. Phytohormone response elements 

491 comprised six types, including ABA-responsive elements (ABRE and 

492 O2-site), JA/SA-related elements (TCA-motif and TGA-motif), and GA-

493 responsive elements (GARE-motif, and TATC-box). Specific cis-

494 elements mediate responses to different environmental stresses: 

495 LTR (low-temperature responsive element) to cold stress, ARE 

496 (antioxidant response element) to oxidative stress, GGTCA-motif to 

497 pathogen infection, and TC-rich repeats to pathogen/wounding 

498 stress. Additionally, several MYB-binding elements such as MBS and 

499 MRE were identified, known to participate in stress responses, light 

500 signaling, and phenylpropanoid-derived metabolism..

501 To functionally link the cis-elements with potential gene regulation, 

502 we further analyzed the transcriptional profiles of NtHQT genes in 

503 response to diverse stress and hormone stimuli. Under various stress 

504 conditions, NtHQT1 and NtHQT2 displayed similar expression 

505 patterns, with both genes up-regulated under cold and drought 

506 stress while down-regulated in response to darkness and P. 

507 nicotianae infection (Figure 10B). Similarly, NtHQT3 and NtHQT4 

508 showed comparable expression profiles, as both were induced by 

509 cold stress and P. nicotianae infection but repressed under dark 

510 conditions. Furthermore, NtHQT4 expression was also up-regulated 
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511 under drought stress. These results highlight the distinct roles of 

512 NtHQTs in tobacco's response to biotic and abiotic stress. As shown 

513 in Figure 10C, the expression of NtHQT1 was significantly up-

514 regulated following treatment with abscisic acid (ABA), gibberellin 

515 (GA), and salicylic acid (SA). In contrast, NtHQT2 expression was 

516 upregulated only after SA treatment, whereas methyl jasmonate 

517 (MeJA) treatment led to a significant downregulation of NtHQT2. 

518 The expression of NtHQT3 was induced following treatments with 

519 ABA, GA, SA, and MeJA. Meanwhile, NtHQT4 expression was 

520 upregulated in response to GA and MeJA treatments.

521 Discussion

522 Tobacco is widely recognized as a vital economic crop and is 

523 frequently used as a model system for investigating the metabolism 

524 of secondary metabolites, including alkaloids, terpenoids, 

525 phenylpropanoids [44]. The acylation of secondary metabolites 

526 represents a widespread and biologically important modification in 

527 plants [2]. BAHD enzymes are key contributors to the acetylation 

528 process of various plant secondary metabolites [2, 3, 10]. In this 

529 study, 94 BAHDs were identified in tobacco. The identified NtBAHDs 

530 exhibited significant diversity in gene structure, chromosomal 

531 distribution, physicochemical properties, and putative functions, 

532 consistent with previous findings regarding the BAHD family [2, 3, 
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533 10]. 

534 The tobacco and Arabidopsis NtBAHD family was categorized into 

535 five clades: I, II, III, IV, and V. This classification aligns with the 

536 results observed for BAHDs in  Arabidopsis and pears [23, 45]. 

537 Clade I includes the Arabidopsis gene AT4G24510.1 (CER2), which 

538 regulates cuticular wax biosynthesis [46]. Clade II-b is characterized 

539 by 42 NtBAHDs that catalyze the acetylation of small- to medium-

540 chain and aromatic alcohols [45]. The functional roles of Arabidopsis 

541 genes in Clade IV-a involve the biosynthesis of hydroxycinnamoyl 

542 spermine and lignin monomeric intermediates, including shikimate 

543 hydroxycinnamoyl transferase activity [14, 41, 47]. Clade IV-b has 

544 been functionally linked to the modification of aromatic and aliphatic 

545 alcohols [45, 48]. In Clade V, the two Arabidopsis genes AT3G29590 

546 (At5MAT) and AT1G03940 (At3AT1) are established contributors to 

547 anthocyanin biosynthesis [2, 49]. Furthermore, an analysis of the 

548 conserved motifs in NtBAHDs showed that their type and 

549 distribution were similar within the same subfamily. This 

550 observation further supported the authenticity of the classification 

551 results.

552 Different gene duplication patterns make distinct contributions to 

553 the expansion of gene families [50]. In this study, WGD or segmental 

554 duplication (68.09%) significantly contributed to the expansion of 
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555 BAHDs in tobacco, while other modes of replication played a 

556 relatively minor role. WGD, TD, and DSD play a pivotal role in 

557 eukaryotic genome evolution by facilitating the genesis of novel 

558 functions within genetic systems [51, 52]. The majority of gene 

559 expansion in the Arabidopsis pedigree is believed to be due to WGDs, 

560 which accounts for approximately 90% of the observed expansion 

561 [53]. Notably, WGD and DSD were key factors in expanding BAHDs 

562 in apple, and different varieties of pears [23]. 

563 As the key enzyme catalyzing the final step of chlorogenic acid 

564 (CGA) biosynthesis [14, 16], HQT is widely conserved and essential 

565 for CGA production in diverse species, including artichoke, tobacco, 

566 potato, and tomato. A finding consistently observed across these 

567 species is that the suppression of HQT expression results in 

568 markedly reduced CGA levels [14, 15, 16, 18]. NtHQT1 and NtHQT2 

569 were highly expressed in tobacco leaves, while NtHQT3 and NtHQT4 

570 showed elevated expression in roots. Similarly, potato HQT and 

571 Taraxacum antungense TaHQT2 were predominantly expressed in 

572 leaves, whereas TaHQT1 demonstrates peak expression levels in 

573 roots [16, 54]. In globe artichoke, HQT1, HQT2, and HQT3 all 

574 displayed low expression in leaves, with HQT3 showed high 

575 expression levels in stems [10]. In contrast, the Lonicera japonica 

576 HQT gene was most highly expressed in flower buds, followed by 
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577 leaves. Notably, the tissue-specific distribution of HQT expression 

578 correlates with chlorogenic acid (CGA) accumulation patterns across 

579 these species [47]. 

580 Unlike the primarily cytosolic localization of most BAHD members 

581 [2, 5], the four NtHQT-GFP fusion proteins displayed localization to 

582 both the cytoplasm and the nucleus. A similar localization pattern 

583 was also reported for the HQT2-GFP fusion protein in globe 

584 artichoke and the GFP-TaHQT2 fusion in Taraxacum antungense [10, 

585 54]. Typically, molecules weighing less than 40 kDa can easily enter 

586 and exit the nucleus through nuclear pores [55]. However, the size 

587 of the four NtHQT-GFP fusion proteins is too large for passive 

588 nuclear import, implying the requirement for active nuclear 

589 localization signal (NLS)-dependent transport through the nuclear 

590 pore complex [56]. Computational analysis using WoLF PSORT 

591 predicted that NtHQT1, NtHQT2, NtHQT3, and NtHQT4 all contain 

592 putative nuclear localization signals (data not shown). This suggests 

593 that the four NtHQT-GFP fusion proteins likely enter the nucleus via 

594 an active, signal-dependent mechanism. To date, however, there is 

595 no clear biochemical evidence for chlorogenic acid (CGA) 

596 accumulation within the nucleus.

597 Among the four investigated HQT proteins, only NtHQT2, NtHQT3, 

598 and NtHQT4 were successfully obtained as soluble forms; of these, 
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599 only NtHQT2 and NtHQT3 displayed detectable enzymatic activity. 

600 The optimal pH for NtHQT2 and NtHQT3 was determined to be 9.0 

601 and 8.5, respectively, aligning with the pH optimum of 8.8 reported 

602 for the recombinantly expressed rice serotonin N-acetyltransferase 

603 [57]. Notably, NtHQT3 exhibited a significantly higher catalytic 

604 efficiency than NtHQT2, yet its efficiency was comparable to that of 

605 the well-characterized tomato SlHQT [14]. Structural analysis via 

606 homology modeling suggested that the loss of activity in NtHQT4 

607 may be due to a cavity above the active site, formed by the absence 

608 of a specific protein sequence, which could permit premature 

609 substrate release. Collectively, these findings suggest that NtHQT3 

610 plays a more prominent role in chlorogenic acid biosynthesis in 

611 tobacco.

612 CGA, rutin, and scopoletin represent the major polyphenols in 

613 tobacco leaves, all biosynthesized through the phenylpropanoid 

614 pathway [58]. Leaves of VIGS-silenced NtHQTs plants exhibited 

615 significantly reduced levels of both CGA and total polyphenols, 

616 consistent with the established role of HQT in phenolic metabolism 

617 [16, 18]. In contrast, no significant changes were observed in the 

618 contents of rutin or scopoletin. Conversely, in tomato, knockout of 

619 HQT resulted in decreased CGA accumulation, while leading to 

620 elevated levels of hydroxycinnamoyl-glucose and flavonoids [59]. 
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621 Furthermore, the leaves of NtHQT-silenced lines showed no 

622 significant alterations in total lignin content or in the levels of G, H, 

623 and S monomers. This finding is consistent with previous reports 

624 that HQT suppression does not impact lignin biosynthesis in tobacco 

625 [18]. Collectively, these results indicate that the metabolic flux 

626 diverted from CGA biosynthesis was channeled toward the 

627 production of phenylpropanoid compounds other than rutin, 

628 scopoletin or lignin.

629 CGA, the predominant polyphenol in solanaceous plants, plays a 

630 protective role against biotic and abiotic stresses [14, 59, 60]. This 

631 function is supported by studies across species: in tomato, slhqt 

632 mutants with reduced CGA accumulation exhibit enhanced 

633 sensitivity to UV-B irradiation [59], while cold and drought stress 

634 induce the expression of certain HQTs in sweet potato [60]. 

635 Consistent with these reports, our findings demonstrate that 

636 NtHQTs are significantly upregulated in response to cold, drought, 

637 and P. nicotianae infection. Furthermore, their expression is closely 

638 associated with key stress-related phytohormones such as ABA, GA, 

639 SA, and MeJA [22, 61, 62]. In line with previous findings that ABA 

640 and GA alleviate biotic and abiotic stresses by modulating plant 

641 metabolism [63], our results implicate NtHQTs in both chlorogenic 

642 acid (CGA) biosynthesis and stress response pathways.
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643 Conclusions

644 This study identified 94 BAHD genes in the N. tabacum genome, 

645 from which four putative NtHQT genes were pinpointed through 

646 phylogenetic and conserved motif analyses. Consistent with the 

647 established HQT-dependent pathway for CGA biosynthesis in 

648 solanaceous plants, expression profiling showed that NtHQT1 and 

649 NtHQT2 were highly expressed in leaves, while NtHQT3 and 

650 NtHQT4 were predominantly expressed in roots. In vitro enzyme 

651 assays confirmed that both NtHQT2 and NtHQT3 use quinic acid and 

652 caffeoyl-CoA as substrates, with NtHQT3 exhibiting the highest 

653 catalytic efficiency. Functional studies demonstrated that 

654 downregulating the four NtHQT genes significantly reduced total 

655 polyphenol and CGA content, whereas the levels of rutin, scopoletin, 

656 lignin, and lignin monomers were largely unaffected. Furthermore, 

657 the expression of different NtHQT genes was variably induced by 

658 cold, drought, and P. nicotianae infection, and displayed distinct 

659 responses to various phytohormones. In summary, our findings 

660 provide a comprehensive characterization of the NtBAHD family and 

661 underscore the central role of four NtHQT enzymes in CGA 

662 biosynthesis and stress adaptation. Future research should focus on 

663 identifying the phenylpropanoid derivatives that accumulate upon 

664 the redirection of metabolic flux following NtHQT suppression.
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965 Fig. 1 The location of each NtBAHD on the chromosomes of 

966 Nicotiana tabacum. Scale represents Mb chromosomal distance.
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967

968 Fig. 2 Phylogenic analysis of tobacco and Arabidopsis BAHD 

969 isoforms. The branches show the percentage of bootstrap values.

970

971 Fig. 3 Phylogeny, gene structure, and conserved motifs of BAHD 

972 genes in tobacco. A Neighbor-joining analysis of NtBAHD proteins, 

973 lines of varying colors denote distinct groups; B Gene structure of 

974 NtBAHDs, the yellow rectangle represents non-coding regions, the 

975 green rectangle signifies exons, and the black line denotes introns; 

976 C Distribution of conserved motifs into NtBAHD proteins, different 

977 colored rectangles represent different motifs.

978

979 Fig. 4 Collinearity analysis of BAHD family members in Nicotiana 

980 tabacum. A Intra-genomic synteny analysis of NtBAHD genes, red 

981 lines connect syntenic gene pairs; B Comparative synteny between 

982 N. tabacum and A. thaliana, gray lines indicate all syntenic regions, 

983 while red lines highlight syntenic BAHD gene pairs.

984

985 Fig. 5 Analysis of NtHQTs expression in various tobacco tissues. A 

986 The color scale represents the relative gene expression (Z-scores); 

987 B-E Relative expression levels of NtHQTs in lateral roots, fibrous 

988 roots, stems, old leaves, middle leaves, new leaves, axillary buds, 
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989 flower buds, calyces, crowns, pistils, and stamens. Bars with 

990 different letters represent statistically differences at P < 0.05 based 

991 on Duncan’s multiple test.

992

993 Fig. 6 Subcellular localization of NtHQTs. pCAMBIA1300-GFP was 

994 used as the empty vector control. 4',6-Diamidino-2-Phenylindole 

995 (DAPI) was used to label the nucleus. Scale bar = 20 μm.

996

997 Fig. 7 Enzymatic characterization of NtHQTs. A-D Optimal pH and 

998 temperature for NtHQT activity; E-H Kinetic analysis of NtHQTs 

999 using quinic acid and caffeoyl-CoA as substrates.

1000

1001 Fig. 8 Structural modeling and molecular docking of NtHQT 

1002 proteins. Computational docking analysis of A NtHQT1, B NtHQT2, 

1003 C NtHQT3, and D NtHQT4 with the ligands caffeoyl-CoA (red) and 

1004 quinic acid (orange).

1005

1006 Fig. 9 Effects of VIGS-mediated silencing of NtHQT genes on 

1007 tobacco growth (A) and polyphenolic substances contents (B-E). B 

1008 The contents of total polyphenols, C chlorogenic acid, D rutin, and E 

1009 scopoletin were measured. Bars labeled with different letters 

1010 indicate statistically significant differences (P < 0.05) as determined 

1011 by Duncan's multiple range test.

1012
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1013 Fig. 10 Analysis of cis-acting elements and expression profiles of 

1014 NtHQT genes. A cis-acting elements identified in the NtHQT 

1015 promoters; B Expression patterns of NtHQT genes in response to 

1016 phytohormone treatments; C Expression patterns of NtHQT genes 

1017 under various abiotic stress conditions.
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