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Abstract

In plants, the diverse enzymes known as BAHD acyltransferases use
acyl coenzyme A (acyl-CoA) as their substrate and fulfill crucial

biological functions. In this study, 94 NtBAHD genes were identified
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in the tobacco (Nicotiana tabacum) genome. These genes displayed
considerable diversity in their physicochemical properties,
phylogenetic relationships, gene structures, and conserved motifs.
Chlorogenic acid (CGA), which is the predominant polyphenol found
in tobacco leaves, is mainly synthesised via the hydroxycinnamoyl-
CoA:quinate hydroxycinnamoyl transferase (HQT) pathway. Four
HQT genes (NtHQTI1-NtHQT4) were identified in the BAHD gene
family of V. tabacum. Of these, NtHQT1 and NtHQTZ were highly
expressed in leaves, while NtHQT3 and NtHQT4 were root-specific.
Following heterologous expression in vitro, three of the four HQT
proteins (NtHQT?2, NtHQT3, and NtHQT4) were obtained in soluble
form; however, only NtHQT2 and NtHQT3 exhibited enzymatic
activity. Downregulation of NtHQTI1, NtHQTZ2, NtHQT3,
and NtHQT4 significantly reduced both total polyphenol and
chlorogenic acid (CGA) content, whereas the levels of rutin,
scopoletin, and lignin remained unchanged. Furthermore, the
expression of NtHQT genes was differentially induced under abiotic
and biotic stresses, including drought, cold, and Phytophthora
nicotianae infection. In contrast, their responses to various
phytohormones exhibited distinct expression profiles. These results
suggest that whereas in vitro assays identified NtHQT?2 and NtHQT3

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

Trial registration This study does not involve clinical trials or
human participants and, as such, does not require clinical trial
registration.

Keywords: Tobacco; BAHD gene family; HQT; CGA; abiotic and
biotic stresses

Introduction

The growth, development, and defense mechanisms of plants are
profoundly affected by secondary metabolites [1]. The acylation of
substrates containing nitrogen and oxygen to produce amides and
esters is a prevalent and biologically significant process for the
modification of secondary metabolites [2]. The BAHD
acyltransferase superfamily, characterized by the use of coenzyme A
(CoA) thioesters as acyl donors and amines or alcohols as acceptors,
is essential for the biosynthesis of diverse plant secondary
metabolites, including esters, anthocyanins, terpenoids, and lignin
monomers [2, 3]. The acronym BAHD is derived from the
combination of initials representing th e initial four enzymes that
have been biochemically characterized: benzylalcohol O-acetyl
transferase (BEAT) synthesizes the floral ester benzyl acetate [4];

anthocyanin O-hydroxycinnamoyl transferase (AHCT) plays a crucial
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role in catalyzing anthocyanin synthesis [5]; N-hydroxycinnamoyl
anthranilate benzoyl transferase (HCBT) is pivotal in initiating
dianthramide biosynthesis [6]; Deacetylvindoline 4-0O-
acetyltransferase (DAT) is involved in the last stage of producing the
alkaloid vindoline [7]. The BAHD family encompasses a diverse array
of enzymes with varied functions, exhibiting considerable
divergence in their primary sequences, with only a 10-30% amino
acid similarity. However, it is noteworthy that the majority of
enzymes within the BAHD family possess two conserved motifs:
HXXXD and DFGWG [2, 3]. Most characterized BAHD enzymes
exhibit both motifs; however, deletions or modifications of either
motif results in a substantial reduction in enzymatic activity [8].
The BAHD genes are essential for producing suberin, wax, cutin,
and polyphenols, which are crucial for plant defense mechanisms [9,
10]. Chlorogenic acid (CGA) is widely present in the human diet and
is one of the most abundant polyphenols, which are primarily
sourced from coffee [11], tea [12], fruits [13], vegetables [14-16],
and medicinal plants [17, 18]. CGA is recognized for its strong
antioxidant properties, specifically, its capacity to defend against
and potentially mitigate DNA damage [19, 20]. Therefore, CGA
exhibits several therapeutic effects, such as its ability to act as an

antioxidant, antihypertensive, anti-inflammatory, hepatoprotective,
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cardioprotective, antibacterial, antiviral activities, and anti-obesity
[21].

The biosynthesis of CGA is a multi-step process within the
phenylpropanoid pathway, relying on the coordinated action of
several key enzymes [16]. HQT, a BAHD-family enzyme, is
responsible for the biosynthesis of CGA from its precursors, quinic
acid and caffeoyl-CoA. In solanaceous plants, this conversion is
widely recognized as the principal pathway for the synthesis of CGA
[14, 16, 18]. Alternative pathways include p-coumarate 3'
hydroxylase (C3H) and hydroxyl cinnamoyl CoA:shikimate/quinate
hydroxycinnamoyl transferase (HCT). However, despite the
expression of C3H and HCT in Arabidopsis, CGA is absent, thereby
challenging this hypothesis [16, 18]. A potential alternative pathway
for CGA biosynthesis exists, in which hydroxyl cinnamoyl D-glucose:
quinate hydroxycinnamoyl transferase (HCGQT) utilizes caffeoyl-D-
glucose as a substrate [16].

The BAHD family has been identified and studied across various
species through genetic and biochemical research, including
Arabidopsis and populus [22], pear [23], cacao [24], banana [25],
onion [26], and 7axus mairei[27]. However, information on tobacco,
an economically important crop and model plant, is limited [28].

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

biosynthesis and stress responses.

Materials and methods

Plant materials

Common tobacco (Nicotiana tabacum) cultivar K326 seeds were
acquired from Guizhou Academy of Tobacco Science (Guiyang, China)
and treated with 10% sodium hypochlorite for surface sterilization.
After rinsing the seeds several times with distilled water, they were
planted in 1/2 MS medium for germination. Transplanting and
cultivation conditions for tobacco seedlings followed previously
described methods [29]. Once the seedlings developed 5-6 true
leaves, they were transferred to open fields to facilitate further
growth. Various plant tissues at the flowering stage were collected
for RNA extraction, including lateral roots, fibrous roots, stems, old
leaves, middle leaves, new leaves, leaf veins, axillary buds, flower
buds, calyces, crowns, pistils, and stamens.

Tobacco seedlings (3-5 leaves) cultivated under controlled growth
conditions, were subjected to drought (10 d), cold (4 °C, 24 h), and
dark (7 d) streses. Phytophthora nicotianae Breda de Haan
zoospores were prepared and inoculated as previously described

[30]. The tobacco seedling roots were placed in 10 uM abscisic acid
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(ABA), 10 uM gibberellin A3 (GA3), 50 utM methyl jasmonate (Me]JA),
or 100 pM salicylic acid (SA) solution containing 1/2 Hoagland
solution for a period of 2 h. Seedlings treated with only the 1/2

Hoagland solution served as controls.

Identification and classification of NtBAHDs

Candidate genes of the BAHD family were identified from the
tobacco database (http://lifenglab.hzau.edu.cn/Nicomics/index.php)
using a Hidden Markov Model search in TBtools, with the
characteristic PF02458 domain as the query and an E-value
threshold of 10-5. Domain presence was confirmed using Pfam
(http://pfam-legacy.xfam.org/) and NCBI CD-search
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).

Furthermore, the characteristic conserved motifs (HXXXD and
DFGWG) were verified via the online tool MEME (http: //meme-
suite.org/tools/meme). Sequences containing the HXXXD and
DFGWG motifs were included in the study due to their crucial role in
BAHD enzyme functionality [23]. The length of amino acids,
molecular weight (MW), and isoelectric point (pI) were analyzed

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

Chromosome mapping

Physical maps for each tobacco chromosome were acquired from

7
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Nicomics (http://lifenglab.hzau.edu.cn/Nicomics/). These maps
provided information on the length of the chromosomes, number of
NtBAHDs, and their start/end sites. Subsequently, simple maps
were created to visually depict the distribution of NtBAHDs across

tobacco chromosomes.

Phylogeny, gene structures, and conserved proteins of BAHD

A Maximum Likelihood phylogenetic tree was constructed in
MEGA12 based on the protein sequences, supported by 1,000
bootstrap replicates, and visualized using iTOL v5 [31]. To determine
the locations of the exons and introns, sequence alignment between
each BAHD genomic DNA sequence and its corresponding cDNA
sequence was performed. Ten conserved motifs (6-30 amino acids

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

Gene duplication analyses of NtBAHDs

The MCScanX algorithm in TBtools was applied to identify gene
duplication events within the NtBAHD family [33]. Collinear blocks
were identified both within the allotetraploid N. tabacum genome
and between N. tabacum and A. thaliana to assess intra-species and
inter-genome homology. The syntenic relationships were visualized
using the Advanced Circos module in TBtools, facilitating the

interpretation of gene duplication patterns and evolutionary

8
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divergence.

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

The coding sequences of NtHQT1-4 were cloned by PCR
amplification from cDNA isolated from tobacco leaves and roots with
gene-specific primers (Supplementary Table S1). Total RNA isolation
and first-strand cDNA synthesis were performed following
established protocols [29]. TB Green kit (TaKaRa Bio Inc.) was used
for qRT-PCR analysis with a Bio-Rad CFX96 instrument (Bio-Rad,
Laboratories, Hercules, CA, USA). The reference gene used in the
study was NtL25 [34]. The primers used for gRT-PCR are listed in

Supplementary Table S1.

RNA-Seq analysis

The RNA-seq data were obtained from the NCBI database
(https://www.ncbi.nlm.nih.gov/bioproject/PRJNA208209). The
processing of mRNA-Seq data was conducted in accordance with the
methods described [35]. Gene expression levels and differential gene
expressions (DEGs) were calculated and identified using Cufflinks
(v2.2.1) and Cuffdiff 2, respectively. TB-Tools were utilized to create

a heat map illustrating gene expression levels [36].

Subcellular localization analysis of NtHQTs
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The four NtHQT genes were cloned into the pCAMBIA1300-GFP
plasmid using the Cloning Kit (Wuhan Genenode Biotechnology Co.,
Ltd.) to create N-terminal green fluorescent protein (GFP)-tagged
NtHQT proteins. After sequence confirmation, we transformed
Agrobacterium tumefaciens LBA4404 with the 35S::NtHQT1-GFP,
35S::NtHQT2-GFP, 35S::NtHQT3-GFP, 35S::NtHQT4-GFP, and
empty 35S::GFP vectors. Tobacco (Nicotiana benthamiana) plants
aged 4-5 weeks were chosen for subcellular localization experiments.
Agrobacterium infection of N. benthamiana was conducted following
previous methods [37]. Observations and photography were
conducted with a Carl Zeiss AG LSCM 800 confocal laser-scanning

microscope (Germany).

Structural modeling, molecular docking and enzyme activity

analysis of NtHQT's

AlphaFold3 was used to generate 3D structural models of NtHQT's
using established methods [38]. A homology model was constructed
based on the crystal structure of Helianthus annuus HQTS3.
Subsequent model optimization and assessment were carried out
using the Modeler program and the Profiles-3D module integrated
into Discovery Studio 4.5 (Accelrys Inc., San Diego, CA, USA). This

software suite was further used for 3-D visualization and molecular

10
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docking simulations involving caffeoyl-CoA and quinic acid as

ligands.

Prokaryotic expression and purification of NtHQT's

Using a One Step Cloning Kit (Beijing Creative Spark Technology Co.,
Ltd.), the coding sequences of NtHQTs were directionally cloned into
a O6xHis-tagged pET-28a(+) vector to generate recombinant
plasmids. After sequence verification, the resulting constructs (pET-
28a-NtHQT1 to -NtHQT4) were transformed into Escherichia coli
BL21(DE3) cells. Transformants were cultured in LB-kanamycin
medium at 37 °C until the ODeoo reached 0.6-0.8. Protein expression
was then induced with 0.1 mM IPTG at 15 °C for 12 h. Cells were
harvested by centrifugation (4,000 X g, 15 min, 4 °C) and stored at -
20 °C. The His-tagged proteins were purified following a published

protocol and analyzed by SDS-PAGE [39].

Enzymatic activity assays for recombinant NtHQT's

The enzymatic activity of NtHQT was assayed as described with
modifications [14]. The 60 pL reaction mixture, containing 100 mM
sodium phosphate buffer (pH 7.5), 1 mM EDTA, purified enzyme (1-
50 pg), and substrates (50 pyM-10 mM), was initiated by enzyme
addition and incubated at 37 °C for 3 h. Reactions were quenched

with an equal volume of HPLC solvent [0.1% formic acid, 5%

11
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acetonitrile], filtered through a 0.22 pm membrane, and analyzed by
HPLC.

The catalytic properties of purified NtHQT toward quinate and
caffeoyl CoA were characterized by assessing its optimal
temperature (25-60 °C) and pH (5.0-9.0, using NaAC-HAC,
phosphate, and Tris-HCl buffers). Kinetic parameters were
determined by varying substrate concentrations: for the Km of
quinate, reactions contained 5 ng enzyme, 0.5 mM caffeoyl CoA, and
0.05-10 mM quinate; for caffeoyl CoA, they contained 5 pug enzyme,
4 mM quinate, and 0.05-2 mM caffeoyl CoA. The Km and Vmax
values were calculated from Michaelis-Menten plots fitted using

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

Obtaining NtHQTs virus-induced gene silencing (VIGS)

transgenic tobacco

Transgenic tobacco plants exhibiting reduced expressions of
NtHQTswere generated through VIGS following previously reported
methods [29]. For plasmid construction, primers were designed with
gene-specific sequences and a 20-bp pTRV2 homology arm
(Supplementary Table S1). The resulting plasmids (pTRV2-NtHQT1,
pTRV2-NtHQT?2, pTRV2-NtHQT3, pTRV2-NtHQT4) alongside control

vectors (pTRV1, pTRV2) were transformed into A. tumefaciens

12
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LBA4404 using a freeze-thaw method. The subsequent knockdown

efficiency of NtHQTs was then quantified via qRT-PCR.

Measurement of polyphenols

Total phenolic content was quantified with the Folin-Ciocalteu
reagent and expressed as gallic acid equivalents [40]. CGA, rutin,
and scopoletin were analyzed using an Agilent 1260/6490 HPLC
system coupled to a triple quadrupole mass spectrometer, following

established procedures [35].

Determination of lignin content

The lignin assay kit (Sangon Biotech Co., Ltd.) was utilized for the
assessment of lignin content following the manufacturer's
instructions. TRACE™ 1310-ISQ gas chromatography mass
spectrometry (GC-MS; Thermo Fisher Scientific Inc., Waltham, MA,
USA) was used to analyze the content of Syringyl (S), guaiacyl (G),
and p-hydroxyphenyl (H) lignin monomers, following established

methods [29, 41].

Results

Genome-wide identification and chromosomal distribution of

BAHDs in tobacco

13
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Comprehensive analysis of the tobacco genome identified 212
putative BAHD acyltransferases (Supplementary data 1). Among
these, 94 contained the two conserved motifs (HXXXD and DFGWG;
Supplementary Figure S1) [42]. The characteristics of these genes
and their encoded proteins are summarized in Table 1, with CDS
lengths, protein lengths, and molecular weights ranging from 810-
2,961 bp, 269-986 amino acids, and 30.18-108.54 kDa, respectively.
Among these, 49 proteins were predicted to have a plI<6.5,
suggesting that certain BAHD enzymes exhibit alkaline
characteristics, whereas others display acidic properties.

The NtBAHDs was renamed from NtBAHD1 to NtBAHD94 based
on its chromosomal location, starting from chromosome 1. In cases
where multiple genes are on the same chromosome, the first
positioned gene is renamed as “first.” Among the 94 NtBAHD genes,
93 were distributed across the chromosomes as follows: 11 were
found on chromosome 24, nine on chromosome 23, eight each on
chromosomes 4, and 20, seven on chromosome 16, five each on
chromosomes 5, 19, and 21, four each on chromosomes 6, and 17,
three each on chromosomes 1, 3, 9, 11, 14, and 15, and two each on
chromosomes 10, 13, 18, and 22. Only one N{BAHD gene was
identified on chromosome 12 (Figure 1). Additionally, one gene was

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

Phylogenetic analyses of BAHDs

The phylogenetic relationships among the 94 tobacco and 63
Arabidopsis BAHD proteins were inferred using the Maximum
Likelihood (ML) method in MEGA12. The resulting tree classified all
members into five major clades (I-V; Figure 2). Clades II, IV, and V
were further subdivided into two subclades each. Among them,
Clade I consisted of five AtBAHD members, and Clade III contained
two. Clade II comprised 45 NtBAHDs, distributed as three in
subclade II-a and 42 in II-b. Clade IV included 27 NtBAHDs, with 11
in subclade IV-a and 16 in IV-b, while Clade V contained 22 NtBAHDs,

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

Gene structure and conserved motif analyses of NtBAHDs

The gain and loss of introns in NtBAHD genes exhibited diverse
patterns among the three clades in the ML tree, with intron numbers
ranging from zero to four in the same cluster (Figure 3A, B). Clade
[I-a genes uniformly contained a single intron. In contrast, the
majority of Clade II-b genes were intronless, with the exceptions of
seven genes possessing one intron and a single gene possessing four.
Clade IV genes exhibited variation in both intron number (ranging

from one to three) and spatial distribution. Similarly, 11 genes in

15
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Clade V lacked introns, with nine containing one intron and two
containing two.

By using MEME software, we identified ten conserved motifs in
NtBAHD proteins (Figure 3C). All members of the NtBAHD family
possess both motif 4 and motif 8, with the exception of NtBAHD92,
which contains distinct sequences:
GCCLSHKVGDGYSLWNFLNAWAELARGGS and
LTISSLCRFPFYDADFGWGKP, respectively. These two motifs are
associated with the HXXXD and DFGWG motifs, respectively.
Notably, although NtBAHD92 lacks the canonical motif 4, it retains
the essential HXXXD domain. The distribution of other motifs also
varied across phylogenetic subclades. Motifs 9 and 10 were absent
in all members of subclade II-a. In subclade II-b, most members
contained the full complement of ten motifs, while a few possessed
only five to nine. Furthermore, motif 10 was not detected in any
members of subclades IV or V. The conserved motifs within the same
subclades exhibited similar types and distributions, thereby

providing further support for the classification of evolutionary trees.

Synteny analysis of NtBAHD family

Multiple duplication mechanisms, including whole-genome (WGD)

and segmental, proximal (PD), tandem (TD), dispersed (DSD), and

16
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362

transposed (TRD) duplications, collectively drove the evolutionary
expansion of the NtBAHD gene family [23]. MCScanX analysis
revealed distinct contributions of these mechanisms to gene family
expansion: WGD or segmental duplications accounted for 68.09%
(64/94) of duplication events, followed by PDs (12.77%, 12/94), TDs
(12.77%, 12/94), and DSDs (6.38%, 6/94) (Supplementary Figure S2
and Table S2). These results demonstrate that WGD or segmental
duplications serve as the major driver of NtBAHD gene family
expansion, while PD, TD, DSD, and TRD collectively contribute to its
diversification.

Additionally, synteny blocks were detected in the genome. As
shown in Figure 4A, the 94 BAHDs of N. tabacum were distributed
on 21 chromosomes, and 34 syntenic gene pairs in . tabacum were
revealed. The interspecific collinearity analysis between N. tabacum
and A. thaliana identified 15 homologous gene pairs among the
NtBAHD genes, suggesting conserved syntenic relationships

between the two species (Figure 4B).

BAHDSs related to CGA

Our analysis focused on Clade 1IV-a, a subgroup of
hydroxycinnamoyltransferases implicated in the biosynthesis of

hydroxycinnamoyl spermine and lignin monomeric intermediates.
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whereas, NtBAHD33 and NtBAHD36 were excluded due to their
distinct role as spermidine hydroxycinnamoyl transferases involved
in the biosynthesis of various other secondary metabolites, including
terpenoids, and alkaloids [2]. Among the remaining Clade I-b
members (NtBAHD19, 23, 31, 34, 37, 56, 71, 87, and 88), only
NtBAHD31, 34, 37, and 71 possessed the conserved HTLSD (HXXXD)
and DEFEG motifs characteristic of HQT (Supplementary Figure S3)
[10].

The genes NtBAHD31, 71, 34, and 37 (NCBI references:
XM 009800234.1, XM 016628801.1, AJ582651, XM 009626002.3)
were designated as NtHQT1, NtHQTZ2, NtHQT3, and NtHQT4,
respectively. Sequence analysis revealed a high degree of pairwise
similarity among these four NtHQTs. Specifically, NtHQT1 and
NtHQT2 shared 95.04% identity, indicating strong conservation,
while NtHQT3 and NtHQT4 showed a comparatively lower identity

of 82.61%.

Expression analysis and subcellular localization of NtHQTs

The expression profiles of the NtHQTs at various stages of tobacco
development were examined through RNA-seq (Figure 5A,
Supplementary data 1). High expression of NéHQT1 was detected in

young leaves, whereas NtHQT2 was highly expressed in mature
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flowers. The expression levels of NtHQT3 and NtHQT4 were
significantly elevated in the roots. Each N¢éHQT gene expression was
determined by qRT-PCR at the flowering stage. NtHQ71 and
NtHQTZ2 exhibit elevated expression levels in leaves, especially in
young and middle leaves (Figure 5A, B). However, NtHQT3 and
NtHQT4 were mainly expressed in the lateral and fibrous roots
(Figure 5C, D).

Subcellular localization of NtHQT1-NtHQT4 was assessed by
infiltrating N. benthamiana leaves with agrobacteria harboring
35S:NtHQT1-4:GFP or a 35S:GFP control vector. The four NtHQT
GFP-tagged proteins were observed to localize in both the nucleus
and the cytoplasm, with nuclear localization confirmed by co-
localization with DAPI staining. Additionally, these proteins
accumulated at the cell periphery, exhibiting a distribution pattern

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

Biochemical characterization of recombinant NtHQT enzymes

Given that extensive efforts to enhance the soluble expression of
NtHQT1—including the optimization of induction conditions, the
testing of alternative expression vectors, and fusion with a SUMO
tag—yielded only insoluble protein (Supplementary Figure S4).

NtHQT?2, NtHQT3, and NtHQT4 were successfully expressed in a
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prokaryotic system at concentrations ranging from 0.24 to 0.64
mg/mL. The expressed fusion proteins, with theoretical molecular
weights 0f 49.68, 49.29, and 42.36 kDa respectively, were confirmed
by SDS-PAGE and western blot analysis (Supplementary Figure S5).

Despite extensive optimization of key reaction parameters,
including protein concentration, buffer composition, temperature,
and pH, HQT4 exhibited no detectable catalytic activity. In contrast,
NtHQT2 and NtHQT3 displayed stronger activity. We therefore
conducted in vitro experiments to assess the pH dependence and
temperature sensitivity of their reduction activity (Figures 7A-D).
Specifically, NtHQT2 showed peak activity at pH 9.0 and 40 °C,
while NtHQT3 was most active at pH 8.5 and maintained high
activity over a broader temperature range (37-45 °C). The kinetic
parameters of the recombinant enzymes NtHQT2 and NtHQT3 were
determined with quinic acid and caffeoyl-CoA [14]. The two enzymes
displayed distinct substrate affinities: NtHQT2 exhibited a lower Km
for quinic acid (0.35 mM) than for caffeoyl-CoA (0.91 mM), while
NtHQT3 showed the opposite preference, with a lower Km for
caffeoyl-CoA (0.26 mM) than for quinic acid (0.85 mM, Figures 7E,
F). Consistent with this substrate preference, NtHQT3 demonstrated

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

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

Predicted protein structures of NtHQT's

Homology modeling of NtHQT1, NtHQT2, NtHQT3, and NtHQT4 was
performed using AlphaFold3, followed by substrate docking with
quinic acid and caffeoyl-CoA. The four models and the corresponding
docking structures exhibited a high degree of similarity. The
reaction cavity of NtHQT1, NtHQT2, NtHQT3, and NtHQT4 contains
two distinct intervals, which specifically bind to quinic acid and
caffeoyl-CoA, respectively (Figure 8). The protein sequence
surrounding the cavity exhibits a relatively high degree of
conservation. Take HQT1 as an example, upon the entry of quinic
acid (orange) into the upper reaction site, TYR-404 and ASN-370
facilitate its binding through hydrogen bonding interactions.
Subsequently, the caffeoyl group of caffeoyl-CoA (red) enters and
occupies the lower reaction site, where it is stabilized by = -bonding
with THR38, along with support from adjacent sites. This interaction
ultimately leads to the formation of chlorogenic acid as a product of
the reaction. The protein sequence retained by NtHQT1, NtHQT?2,
and NtHQT3 (yellow region) further restricts the reaction cavity,

positioning the substrate quinine acid in a more reactive location,
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thereby enhancing the efficiency of the reaction (Supplementary
Figure S6A-C). In model NtHQT4, the absence of the yellow protein
sequence creates a cavity in the upper part of the reaction chamber
(Supplementary Figure S6D). Quinic acid can detach from the
reaction site through this missing position, while caffeoyl-CoA
deviates from its original binding site due to the lack of
corresponding residue (THR38). This results in differences in

activity compared to other HQT variants.

NtHQT modulate the biosynthesis of CGA

Transgenic tobacco plants were generated in which NtHQTI,
NtHQT?2, NtHQT3, and NtHQT4 were silenced using VIGS. However,
these plants exhibited no obvious phenotypic alterations (Figure 9A).
Furthermore, qRT-PCR analysis confirmed the silencing efficacy,
demonstrating significant downregulation of NtHQT1, NtHQT2,
NtHQT3, and NtHQT4 in leaves (Supplementary Figure S7). The
total polyphenol content in wild-type (WT) tobacco leaves was
measured at 209.86 ng/g. In comparison, the polyphenol content in
VIGS-NtHQT1, VIGS-NtHQT2, VIGS-NtHQT3, and VIGS-NtHQT4
leaves exhibited a decrease ranging from 66.41% to 72.25% (Figure
9B). Compared to the control group, the CGA content in the leaves

of VIGS-NtHQT1, VIGS-NtHQT?2, VIGS-NtHQT3, and VIGS-NtHQT4
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showed significant decreases of 62.02%, 66.25%, 64.64%, and
71.33%, respectively (Figure 9C). The rutin and scopoletin content
in the leaves of VIGS-NtHQT1, VIGS-NtHQT?2, VIGS-NtHQT3, and
VIGS-NtHQT4 plants did not exhibit a significant difference (Figure
9D, E).

Lignin content and G, H, and S lignin monomers in the NtHQT1,
NtHQT?2, NtHQT3, and NtHQT4-silenced plants were also analyzed.
No H monomers were detected in any of the samples (Table 2). The
lignin content, the levels of G and S units, did not exhibit significant
changes when compared to the WT tobacco as well as the S/G ratio.
These findings indicate that NtHQT1, NtHQT2, NtHQT3, and

NtHQT4 are essential for CGA biosynthesis.

Diverse roles of NtHQTs in abiotic and biotic stress responses

To investigate the potential functions of N¢éHQT5s in plant regulatory
networks, 1500-bp upstream regions of these two genes were
defined as putative promoters. Cis-regulatory elements within these
promoters were analyzed using the PlantCare database [43]. The
identified elements were systematically categorized into three major
groups: light signaling, phytohormone response, and biotic/abiotic
stress responses (Figure 10A). Fourteen light-responsive elements

were detected, among which the G-Box and GT1-motif were present
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in all four NtHQT promoters, suggesting a crucial role in light-
mediated transcription. Phytohormone response elements
comprised six types, including ABA-responsive elements (ABRE and
0,-site), JA/SA-related elements (TCA-motif and TGA-motif), and GA-
responsive elements (GARE-motif, and TATC-box). Specific cis-
elements mediate responses to different environmental stresses:
LTR (low-temperature responsive element) to cold stress, ARE
(antioxidant response element) to oxidative stress, GGTCA-motif to
pathogen infection, and TC-rich repeats to pathogen/wounding
stress. Additionally, several MYB-binding elements such as MBS and
MRE were identified, known to participate in stress responses, light
signaling, and phenylpropanoid-derived metabolism..

To functionally link the cis-elements with potential gene regulation,
we further analyzed the transcriptional profiles of N¢HQT genes in
response to diverse stress and hormone stimuli. Under various stress
conditions, NtHQT1 and NtHQTZ2 displayed similar expression
patterns, with both genes up-regulated under cold and drought
stress while down-regulated in response to darkness and P.
nicotianae infection (Figure 10B). Similarly, NtHQT3 and NtHQT4
showed comparable expression profiles, as both were induced by
cold stress and P. nicotianae infection but repressed under dark

conditions. Furthermore, NtHQT74 expression was also up-regulated
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under drought stress. These results highlight the distinct roles of
NtHQTs in tobacco's response to biotic and abiotic stress. As shown
in Figure 10C, the expression of NtHQT1 was significantly up-
regulated following treatment with abscisic acid (ABA), gibberellin
(GA), and salicylic acid (SA). In contrast, NtHQTZ expression was
upregulated only after SA treatment, whereas methyl jasmonate
(MeJA) treatment led to a significant downregulation of NtHQTZ.
The expression of NtHQT3 was induced following treatments with
ABA, GA, SA, and MeJA. Meanwhile, NtHQT4 expression was
upregulated in response to GA and MeJA treatments.

Discussion

Tobacco is widely recognized as a vital economic crop and is
frequently used as a model system for investigating the metabolism
of secondary metabolites, including alkaloids, terpenoids,
phenylpropanoids [44]. The acylation of secondary metabolites
represents a widespread and biologically important modification in
plants [2]. BAHD enzymes are key contributors to the acetylation
process of various plant secondary metabolites [2, 3, 10]. In this
study, 94 BAHDs were identified in tobacco. The identified NtBAHDs
exhibited significant diversity in gene structure, chromosomal
distribution, physicochemical properties, and putative functions,

consistent with previous findings regarding the BAHD family [2, 3,
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101].

The tobacco and Arabidopsis NtBAHD family was categorized into
five clades: I, II, III, IV, and V. This classification aligns with the
results observed for BAHDs in Arabidopsis and pears [23, 45].
Clade I includes the Arabidopsis gene AT4G24510.1 (CER2), which
regulates cuticular wax biosynthesis [46]. Clade II-b is characterized
by 42 NtBAHDs that catalyze the acetylation of small- to medium-
chain and aromatic alcohols [45]. The functional roles of Arabidopsis
genes in Clade IV-a involve the biosynthesis of hydroxycinnamoyl
spermine and lignin monomeric intermediates, including shikimate
hydroxycinnamoyl transferase activity [14, 41, 47]. Clade IV-b has
been functionally linked to the modification of aromatic and aliphatic
alcohols [45, 48]. In Clade V, the two Arabidopsis genes AT3G29590
(AtbMAT) and AT1G03940 (At3AT1) are established contributors to
anthocyanin biosynthesis [2, 49]. Furthermore, an analysis of the
conserved motifs in NtBAHDs showed that their type and
distribution were similar within the same subfamily. This
observation further supported the authenticity of the classification
results.

Different gene duplication patterns make distinct contributions to
the expansion of gene families [50]. In this study, WGD or segmental

duplication (68.09%) significantly contributed to the expansion of
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BAHDs in tobacco, while other modes of replication played a
relatively minor role. WGD, TD, and DSD play a pivotal role in
eukaryotic genome evolution by facilitating the genesis of novel
functions within genetic systems [51, 52]. The majority of gene
expansion in the Arabidopsis pedigree is believed to be due to WGDs,
which accounts for approximately 90% of the observed expansion
[53]. Notably, WGD and DSD were key factors in expanding BAHDs
in apple, and different varieties of pears [23].

As the key enzyme catalyzing the final step of chlorogenic acid
(CGA) biosynthesis [14, 16], HQT is widely conserved and essential
for CGA production in diverse species, including artichoke, tobacco,
potato, and tomato. A finding consistently observed across these
species is that the suppression of HQT expression results in
markedly reduced CGA levels [14, 15, 16, 18]. NteHQT1 and NtHQTZ2
were highly expressed in tobacco leaves, while NeHQT3 and NtHQT4
showed elevated expression in roots. Similarly, potato HQT7 and
Taraxacum antungense TaHQTZ were predominantly expressed in
leaves, whereas 7aHQ71 demonstrates peak expression levels in
roots [16, 54]. In globe artichoke, HQTI1, HQT2, and HQT3 all
displayed low expression in leaves, with HQT73 showed high
expression levels in stems [10]. In contrast, the Lonicera japonica

HQT gene was most highly expressed in flower buds, followed by
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leaves. Notably, the tissue-specific distribution of HQT expression
correlates with chlorogenic acid (CGA) accumulation patterns across
these species [47].

Unlike the primarily cytosolic localization of most BAHD members
[2, 5], the four NtHQT-GFP fusion proteins displayed localization to
both the cytoplasm and the nucleus. A similar localization pattern
was also reported for the HQT2-GFP fusion protein in globe
artichoke and the GFP-TaHQT?2 fusion in 7Taraxacum antungense[10,
54]. Typically, molecules weighing less than 40 kDa can easily enter
and exit the nucleus through nuclear pores [55]. However, the size
of the four NtHQT-GFP fusion proteins is too large for passive
nuclear import, implying the requirement for active nuclear
localization signal (NLS)-dependent transport through the nuclear
pore complex [56]. Computational analysis using WoLF PSORT
predicted that NtHQT1, NtHQT?2, NtHQT3, and NtHQT4 all contain
putative nuclear localization signals (data not shown). This suggests
that the four NtHQT-GFP fusion proteins likely enter the nucleus via
an active, signal-dependent mechanism. To date, however, there is
no clear biochemical evidence for chlorogenic acid (CGA)
accumulation within the nucleus.

Among the four investigated HQT proteins, only NtHQT2, NtHQTS3,

and NtHQT4 were successfully obtained as soluble forms; of these,
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only NtHQT2 and NtHQT3 displayed detectable enzymatic activity.
The optimal pH for NtHQT2 and NtHQT3 was determined to be 9.0
and 8.5, respectively, aligning with the pH optimum of 8.8 reported
for the recombinantly expressed rice serotonin N-acetyltransferase
[57]. Notably, NtHQT3 exhibited a significantly higher catalytic
efficiency than NtHQT2, yet its efficiency was comparable to that of
the well-characterized tomato SIHQT [14]. Structural analysis via
homology modeling suggested that the loss of activity in NtHQT4
may be due to a cavity above the active site, formed by the absence
of a specific protein sequence, which could permit premature
substrate release. Collectively, these findings suggest that NtHQT3
plays a more prominent role in chlorogenic acid biosynthesis in
tobacco.

CGA, rutin, and scopoletin represent the major polyphenols in
tobacco leaves, all biosynthesized through the phenylpropanoid
pathway [58]. Leaves of VIGS-silenced NtHQTs plants exhibited
significantly reduced levels of both CGA and total polyphenols,
consistent with the established role of HQT in phenolic metabolism
[16, 18]. In contrast, no significant changes were observed in the
contents of rutin or scopoletin. Conversely, in tomato, knockout of
HQT resulted in decreased CGA accumulation, while leading to

elevated levels of hydroxycinnamoyl-glucose and flavonoids [59].
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Furthermore, the leaves of NtHQT-silenced lines showed no
significant alterations in total lignin content or in the levels of G, H,
and S monomers. This finding is consistent with previous reports
that HQT suppression does not impact lignin biosynthesis in tobacco
[18]. Collectively, these results indicate that the metabolic flux
diverted from CGA biosynthesis was channeled toward the
production of phenylpropanoid compounds other than rutin,
scopoletin or lignin.

CGA, the predominant polyphenol in solanaceous plants, plays a
protective role against biotic and abiotic stresses [14, 59, 60]. This
function is supported by studies across species: in tomato, slhqt
mutants with reduced CGA accumulation exhibit enhanced
sensitivity to UV-B irradiation [59], while cold and drought stress
induce the expression of certain HQTs in sweet potato [60].
Consistent with these reports, our findings demonstrate that
NtHQTs are significantly upregulated in response to cold, drought,
and P. nicotianae infection. Furthermore, their expression is closely
associated with key stress-related phytohormones such as ABA, GA,
SA, and MeJA [22, 61, 62]. In line with previous findings that ABA
and GA alleviate biotic and abiotic stresses by modulating plant
metabolism [63], our results implicate NtHQTs in both chlorogenic

acid (CGA) biosynthesis and stress response pathways.
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Conclusions

This study identified 94 BAHD genes in the N. tabacum genome,
from which four putative NtHQT genes were pinpointed through
phylogenetic and conserved motif analyses. Consistent with the
established HQT-dependent pathway for CGA biosynthesis in
solanaceous plants, expression profiling showed that NtHQT1 and
NtHQT2 were highly expressed in leaves, while NtHQT3 and
NtHQT4 were predominantly expressed in roots. /n vitro enzyme
assays confirmed that both NtHQT?2 and NtHQT3 use quinic acid and
caffeoyl-CoA as substrates, with NtHQT3 exhibiting the highest
catalytic efficiency. Functional studies demonstrated that
downregulating the four NtHQT genes significantly reduced total
polyphenol and CGA content, whereas the levels of rutin, scopoletin,
lignin, and lignin monomers were largely unaffected. Furthermore,
the expression of different NtHQT genes was variably induced by
cold, drought, and P. nicotianae infection, and displayed distinct
responses to various phytohormones. In summary, our findings
provide a comprehensive characterization of the NtBAHD family and
underscore the central role of four NtHQT enzymes in CGA
biosynthesis and stress adaptation. Future research should focus on
identifying the phenylpropanoid derivatives that accumulate upon
the redirection of metabolic flux following NtHQT suppression.
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Fig. 1 The location of each NtBAHD on the chromosomes of

Nicotiana tabacum. Scale represents Mb chromosomal distance.
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Fig. 2 Phylogenic analysis of tobacco and Arabidopsis BAHD

isoforms. The branches show the percentage of bootstrap values.

Fig. 3 Phylogeny, gene structure, and conserved motifs of BAHD
genes in tobacco. A Neighbor-joining analysis of NtBAHD proteins,
lines of varying colors denote distinct groups; B Gene structure of
NtBAHDs, the yellow rectangle represents non-coding regions, the
green rectangle signifies exons, and the black line denotes introns;
C Distribution of conserved motifs into NtBAHD proteins, different

colored rectangles represent different motifs.

Fig. 4 Collinearity analysis of BAHD family members in Nicotiana
tabacum. A Intra-genomic synteny analysis of NtBAHD genes, red
lines connect syntenic gene pairs; B Comparative synteny between
N. tabacum and A. thaliana, gray lines indicate all syntenic regions,

while red lines highlight syntenic BAHD gene pairs.

Fig. 5 Analysis of NtHQTs expression in various tobacco tissues. A
The color scale represents the relative gene expression (Z-scores);
B-E Relative expression levels of NtHQ7Ts in lateral roots, fibrous

roots, stems, old leaves, middle leaves, new leaves, axillary buds,
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flower buds, calyces, crowns, pistils, and stamens. Bars with
different letters represent statistically differences at P < 0.05 based

on Duncan’s multiple test.

Fig. 6 Subcellular localization of NtHQTs. pCAMBIA1300-GFP was
used as the empty vector control. 4',6-Diamidino-2-Phenylindole

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

Fig. 7 Enzymatic characterization of NtHQTs. A-D Optimal pH and
temperature for NtHQT activity; E-H Kinetic analysis of NtHQTSs

using quinic acid and caffeoyl-CoA as substrates.

Fig. 8 Structural modeling and molecular docking of NtHQT
proteins. Computational docking analysis of A NtHQT1, B NtHQT?2,
C NtHQT3, and D NtHQT4 with the ligands caffeoyl-CoA (red) and

quinic acid (orange).

Fig. 9 Effects of VIGS-mediated silencing of N{HQT genes on
tobacco growth (A) and polyphenolic substances contents (B-E). B
The contents of total polyphenols, C chlorogenic acid, D rutin, and E
scopoletin were measured. Bars labeled with different letters
indicate statistically significant differences (P < 0.05) as determined

by Duncan's multiple range test.
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