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Abstract: BAHD acyltransferases are involved in catalyzing and regulating the secondary metabolism
in plants. Despite this, the members of BAHD family and their functions have not been reported in
the Taxus species. In this study, a total of 123 TWBAHD acyltransferases from Taxus wallichiana var.
mairei genome were identified and divided into six clades based on phylogenetic analysis, of which
Clade VI contained a Taxus-specific branch of 52 members potentially involved in taxol biosynthesis.
Most TWBAHD:s from the same clade shared similar conserved motifs and gene structures. Besides
the typical conserved motifs within the BAHD family, the YPLAGR motif was also conserved in
multiple clades of T. mairei. Moreover, only one pair of tandem duplicate genes was found on
chromosome 1, with a Ka/Ks ratio < 1, indicating that the function of duplicate genes did not
differentiate significantly. RNA-seq analysis revealed different expression patterns of TwBAHDs in
MeJA induction and tissue-specific expression experiments. Several TwBAHD genes in the Taxus-
specific branch were highly expressed in different tissues of T. mairei, suggesting an important role in
the taxol pathway. This study provides comprehensive information for the TWBAHD gene family
and sets up a basis for its potential functions.

Keywords: genome-wide identification; TWBAHD acyltransferases; Taxus mairei; expression pattern;
taxol biosynthesis

1. Introduction

Taxus (known as yews) are evergreen coniferous shrubs or trees in the family Taxaceae,
and are rare and endangered gymnosperm species [1]. Taxus has served as a natural
source of paclitaxel (trade name taxol), a tetracyclic diterpenoid compound, which first
gained marketing approval from the U.S. Food and Drug Administration (FDA) for the
clinical treatment of leukemia, Kaposi’s sarcoma, lung, breast, ovarian, and non-small-cell
lung cancers [2-4]. However, plant-derived taxol is far from meeting the growing market
demand due to the extremely low abundance in Taxus. For the foreseeable future, multiple
strategies and promising progress for taxol supply issues will depend directly or indirectly
on the elucidation of Taxus biosynthesis [5].

The taxol biosynthesis consists of 19 enzymatic steps, which could be divided into
three stages: the formation and modification of the core taxane skeleton, the synthesis of
B-phenylalanyl-CoA side chain, and the assembly of taxol [6]. Among them, the acylation
reactions in the taxol pathway mediated by a series of specialized taxane acyltransferases,
including taxadiene-5x-ol-O-acetyl transferase (TAT), taxane-2x-O-benzoyl transferase
(TBT), 10-deacetylbaccatin III-10-O-acetyl transferase (DBAT), baccatin III: 3-amino, 3-
phenylpropanoyl transferase (BAPT), and N-benzoyl transferase (DBTNBT) [7-9], are
crucial for the yield of taxol. For example, TAT catalyzes the conversion of taxadien-
5x-ol to taxadien-5x-yl acetate, which is a slow step for the downstream hydroxylation
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reactions [10-12]. The enzyme DBAT, catalyzing the acetylation of 10-deacetyl baccatin
III (10-DAB) to yield baccatin 1III, is considered a key rate-limiting enzyme of the taxol
pathway [13]. Notably, these taxane acyltransferases were all from the BAHD acyltrans-
ferase family and form a Taxus-specific branch [14]. However, the limited genetic infor-
mation of Taxus has limited research on the origin, characteristics, and phylogeny for
these acyltransferases.

The BAHD acyltransferase family is a group of proteins that use acyl-coenzyme A as
the acyl donor and catalyze a series of oxygenated and nitrogenous compounds to produce
various volatile lipids, modified anthocyanins, and compounds related to plant resistance
to pathogenic microorganisms in plants [15]. It was named according to the first letter of
each of the first four biochemically characterized enzymes within this family: benzylal-
cohol O-acetyltransferase (BEAT), anthocyanin O-hydroxycinnamoyltransferase (AHCT),
anthranilate N-hydroxycinnamoyl/benzoyltransferase (HCBT), and deacetylvindoline 4-
O-acetyltransferase (DAT) [16-19]. Members in this family share two conserved motifs:
HXXXD and DFGWG [20]. The HXXXD motif is located near the center of each enzyme,
which is essential for catalysis, while the DFEGWG motif is located near the C-terminal of
the protein and plays an important role in the binding of CoA [21]. Moreover, the BAHDs
responsible for the synthesis of anthocyanins often contain an additional conserved motif,
YFGNC [22].

In our previous study, the BAHD family was divided into six clades based on
the type of substrates or the activity conditions of the enzymes [23]. The members of
Clade I are mostly involved in the acylation of flavonoids, anthocyanins, and phenolic
glucosides. Clade II is involved in the elongation of epicuticular waxes for preventing
tissue moisture loss and resisting pathogen attack [24]. Clade III contains a series of
alcohol acyltransferases involved in the biosynthesis of volatile lipids in flowers and
mature fruits. Clade IV shares agmatine coumaroyltransferases (ACTs), whose DFGWG
motif is slightly altered with glycine instead of tryptophan [25-28]. Clade V mainly
contains members with hydroxycinnamoyl transferase (HCT) activity [29]. Clade VI
shows diverse activities which utilize substrates ranging from terpenoids to medium-
chain alcohols. Specialized taxane acyltransferases were in association with major
phylogenetic branches within this clade. However, studies on BAHD acyltransferases of
Taxus have not been further described.

In the current study, a comprehensive investigation of Taxus wallichiana var. mairei
BAHD (TwBAHD) acyltransferases was conducted, and the sequence features, analysis
of phylogenetic relationships, motif recognition, identification of exon/intron struc-
tures and cis-acting promoter elements, chromosome distribution, and gene replication
were performed based on the whole genome of T. mairei [30]. Moreover, for identi-
fied TWBAHD genes, an induction expression analysis in T. mairei cells as well as a
tissue-specific expression analysis in T. mairei trees using previous RNA-seq data were
also performed. The expression levels of representative TWBAHD genes within the
species-specific clade were also evaluated by qRT-PCR analysis. These findings should
not only provide a characterization of the TWBAHD family, but also provide valuable
information for further functional elucidation of these members in Taxus, which laid
a foundation for the protection of Tuxus resources and the mass production of taxol
through genetic engineering.

2. Results
2.1. Identification of TwBAHD Family

To identify putative TWBAHD members, HMMER was performed to search the
BAHD protein in the genome of T. mairei, and 124 putative protein sequences were
obtained. Then, the SMART database and NCBI conservative domain database were
applied to verify the conserved domains. A total of 123 TWBAHD protein sequences
were finally retained, and were designated as TWBAHD1 to TwWBAHD123 after deleting
redundant sequences. The gene ID and protein ID for each sequence derived from



Int. J. Mol. Sci. 2024, 25,3777

30f22

T. mairei are provided in Table S2. The basic physical and chemical properties of the
TwBAHD proteins such as amino acid number, molecular weight (MW), isoelectric
point (pl), instability index, hydrophobicity prediction, and subcellular localizations
are summarized in Table S3. In this study, the TWBAHD proteins ranged from 53 to
576 amino acids, with molecular weights between 5.87 and 63.85 kDa, and pI values
between 5.30 and 10.00. The GRAVY of TwWBAHD proteins ranged from —0.666 to 0.319,
with 54% (67/123) being lower than zero, indicating that half of the proteins in the
family were hydrophilic. Moreover, 59% (73/123) of TwBAHDs exhibited an instability
index higher than 40, and no protein had a signal peptide. The subcellular location
predicted result showed that 62 TwBAHD genes could be located in the cytoplasm,
32 were located in the chloroplast, 15 in nucleus, 7 in peroxisome, 3 in mitochondrion,
2 in cytoplasm-nucleus, 1 in cytoskeleton, and 1 in extracellular.

2.2. Phylogenetic Analysis of TwvBAHD Family

To investigate the evolutionary relationships of the TWBAHD:s to those from other
species, a phylogenetic tree was constructed based on the aligned amino acid sequences of
212 BAHD proteins, including 123 TWBAHDs and 89 characterized BAHDs from 31 species
reported in our previous review, which have been summarized in Table S4. The results
showed that these BAHD proteins were classified into six clades, and 123 TwBAHDs
were distributed in five of them. Regarding TWBAHD proteins, Clade I contained sixteen
members, Clade II only had one member; and there were no members TWBAHDs in Clade
III. Moreover, Clade IV and Clade V had 13 and 7 TWBAHDs, respectively. Clade VI
contained the largest number of TWBAHD proteins, with 86 members, 52 of which formed
a specific branch that was potentially related to taxol biosynthesis. Based on phylogeny
and sequence alignment, TWBAHD6, TWBAHD?73, TwWBAHD27, and TwBAHDS83 were
identified as TBT, DBAT, BAPT, and DBTNBT, respectively, the key acyltransferases on the
taxol pathway, while others possessed lower sequence similarity with TAT (no more than
80%) (Figure 1).

2.3. Conserved Gene Structure and Protein Motif Analysis of TwBAHD Family

As shown in Figure 2, a phylogenetic tree for 123 TWBAHD proteins was also estab-
lished, followed by gene structure and protein motif analysis. The TWBAHDs were divided
into five clades but were marked in a manner consistent with the phylogenetic tree in
Figure 1. Within the TWBAHD genes, the number of exons ranged from 1 to 5, and genes
that were clustered together generally had a high similarity in gene structure. Moreover,
there was some variation among individual genes. A total of 28 intron-free TwBAHDs were
detected, including 5 genes belonging to Clade I, 2 belonging to Clade IV, 1 belonging to
Clade V, and 20 belonging to Clade VI. Most members of Clade IV had two exons and one
intron, while TwBAHDS87 had five exons and four introns, which was quite different from
the others.
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Figure 1. Phylogenetic tree of 123 BAHD proteins in T. mairei and 89 representative BAHD proteins
in 31 species. An un-rooted phylogenetic tree of BAHD gene family among T. mairei and 31 other
species was constructed using the maximum likelihood method with a bootstrap test (replicated
1000 times). Different colors represent different clades.

The motif analysis of TWBAHD protein sequences was assayed using MEME, and a to-
tal of 15 motifs were predicted (Figure 2; Table S5). The results showed that most TwBAHDs
contained motif 2 and (or) motif 7, corresponding to motif HXXXD and DFGWG, respec-
tively, which was considered the signature sequence for BAHD members. Interestingly,
motif 1, corresponding to motif YPLAGR, was also highly conserved in TWBAHDs. More-
over, motif 5, motif 8, motif 10, motif 11, motif 12, and motif 14 only existed in Clade VI
members, suggesting that these motifs within the same subfamilies presumably performed
specific functions in Taxus. The type and distribution of conserved motifs in the same sub-
family of TwBAHDs were similar, which was consistent with the clade classification results.
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Figure 2. Phylogenetic tree, protein motifs, and gene structures of TWBAHDs. (A) Phylogenetic tree of

TwBAHD:s in T. mairei. (B) Fifteen conserved motifs of TWBAHD proteins, each small box indicating a

motif. (C) The structures of introns and exons are shown in black line and yellow boxes, respectively.
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2.4. Chromosomal Location and Duplication Events of TuBAHDs

The chromosome map of TwBAHDs was constructed based on the genomic sequences
of T. mairei (Figure 3). The results showed that 109 of 123 identified TwBAHDs were mapped
on the 12 chromosomes, designated as TwBAHD1 to TwBAHD109 according to the physical
location, while the remaining genes (designated as TwBAHD110 to TwBAHD123) were
located on the contigs. Chromosome position analysis showed that these genes were
unevenly distributed on all 12 chromosomes. Chromosomes 4 and 6 only contained one
BAHD gene, while chromosome 1 contained the majority of BAHD members.
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Figure 3. Chromosomal distribution of TwBAHDs.

Further research of 109 genes located on chromosomes was performed and only one
possible pair of tandemly duplicated genes was found (Figure 4), namely TwBAHD1/
TwBAHD3, according to the results of gene duplication analysis. Moreover, chromosome
1 was found to have a gene cluster, which was speculated to be a possible gene cluster
of tandem duplication. The evolutionary selection pressure on the TwWBAHD family was
investigated by calculating the Ka/Ks ratio values. The results showed that the Ka/Ks
ratio of the homologous gene pairs was <1.0, indicating that purifying the selection plays
an important role during gene replication. The BAHD orthologous gene pairs in Taxus and
Arabidopsis, as well as in Taxus and rice, were also investigated. However, no orthologs
were found within these species.
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Sequence Ka Ks Ka/Ks

TwBAHD1-TwBAHD?3 0.532594 2.4278 0.219354

Figure 4. Collinearity analysis of BAHD gene family in T. mairei and Ka/Ks ratio values. The red line
represents the homologous gene pairs in T. mairei.

2.5. Cis-Acting Element Analysis in the Promoters of TuBAHD Genes

The analysis of cis-acting regulatory elements identified 20 conserved cis-acting ele-
ments in the promoter sequence of all the 123 TwBAHDs (Figure 5; Table S6). Among them,
biotic and abiotic stress-responsive elements, including MYB, MYC, and WRE3, accounted
for the largest proportion (60.8%), while light-responsiveness cis-regulatory elements were
the second-largest category (21.1%), and hormone-related elements, such as ABA (ABRE),
ethylene (ERE), and methyl jasmonate (MeJA) (TGACG-motif and CGTCA-motif), were
also widely distributed in the promoter regions, accounting for 18.1%. Among the 20 cis-
regulatory elements, ABRE and ERE were found in all five clades, while TGACG-motif and
CGTCA-motif were distributed in four (absent in Clade II), which suggested a potential
regulation of TWBAHD function by these hormones. In the TWBAHD family, TwBAHD104
contained the most cis-acting elements, with a total of 67. TwBAHD105 possessed eight
TGACG motifs and CGTCA motifs.
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Figure 5. Promoter cis-regulatory element analysis of the TWBAHD gene family. Different color boxes
represent different cis-regulatory elements. Some cis-regulatory element may overlap with others.

2.6. Expression Profile of TuBAHD Genes by RNA-seq

The transcriptome data of the MeJA induction experiment in T. mairei cells were
used to analyze the expression patterns of the TwBAHD genes. Through expression level
clustering, the levels of 19 genes were significantly upregulated after 2 h of MeJA treatment;
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in contrast, TwBAHD50, TwuBAHD97, TwBAHD38, and TwBAHD46 were highly expressed
in their respective no-MeJA treatments, but were significantly down-regulated after 2 h of
MeJA treatment. The levels of 28 genes were significantly upregulated under treatment
of MeJA+(4 h), while TwvBAHD16 and TwBAHD98 were highly expressed in MeJA—(4 h),
but were significantly down-regulated in MeJA+(4 h). TwBAHD119 and TwBAHD28 were
highly expressed in MeJA—(24 h), but their expression levels were down-regulated in
MeJA+(24 h). The levels of TwBAHD78, TwBAHD48, TwBAHD105 and TwBAHD?2 were
significantly upregulated after 24 h of MeJA treatment. Moreover, TWBAHD12, TwuBAHD?24,
TwBAHD45, TwBAHD95, and TwBAHD121 showed similar expression patterns with taxane
acyltransferase genes under MeJA treatments (Figure 6).
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Figure 6. Expression profiles of BAHD acyltransferase genes in cell lines of T. mairei at set intervals
(at 0, 2,4, 8 and 24 h) with (+) or without (—) MeJA treatment.

The expression patterns of TWBAHD genes in different tissues (roots, barks, and
leaves) of T. mairei were analyzed by previous RNA-seq data (Figure 7). The results
showed that the TWBAHD genes possessed obvious tissue specificity. Among them, eight
genes were not expressed in any tissues. A total of 34 genes were highly expressed in
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roots, while 16 were only highly expressed in males (mtr), and TwBAHD16, TwBAHD44
and TwBAHD71 were only highly expressed in females (mfr). Seventeen genes were
highly expressed in barks, while TwBAHD3, TwuBAHD87, TwBAHD106, and TwBAHDS81
were only highly expressed in mfb, and TwBAHD29 and TwBAHDS55 were only highly
expressed in mtb. Nineteen genes were highly expressed in leaves, while TWBAHD19,
TwBA1D78, TwuBAHD102, TwBAHD?0, and TwBAHD?75 were only highly expressed in mfl,
and TwBAHD105, TuBAHD52, TwBAHD10, and TwBAHD91 were only highly expressed
in mtl. Moreover, TwBAHD11, TuBAHD12, TuBAHD15, and TwBAHD17 showed similar
species-specific expression patterns to those of taxane acyltransferase genes.
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Figure 7. Expression profiles of BAHD acyltransferase genes in six different tissues in T. mairei. mfr:
female root; mtr: male root; mfb: female bark; mtb: male bark; mfl: female leave; mtl: male leave.

2.7. Gene Expression Analysis of TouBAHDs by gRT-PCR

The tissue-specific expression patterns of 12 TWBAHD genes from the Taxus-specific
branch were randomly verified by qRT-PCR. As shown in Figure 8, the relative expression
levels of TwBAHD15, TwBAHD62, TuBAHD83 and TwBAHD118 in mtr and TwBAHD114
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and TwBAHDI116 in mfr were significantly higher than those in other tissues. TwBAHD?2,
TwBAHD12, TwBAHD18 and TwBAHD?79 showed higher relative expression levels in mtb,
while TwBAHD10 and TwBAHD?27 showed higher levels in mfb. Notably, TwBAHD18 was
highly expressed in both mtb and mfl.
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Figure 8. Expression of BAHD acyltransferase genes in six different tissues in T. mairei. Tissue-specific
expression of BAHD genes in T. mairei was examined using qRT-PCR. The TWwBAHD gene was used
as an internal standard. Error bars represent standard deviations of the means of three replicates of
each sample (n = 3). mfr: female root; mtr: male root; mfb: female bark; mtb: male bark; mfl: female
leave; mtl: male leave.

2.8. Content of Taxanes in Different Tissues of T. mairei

As shown in Figure 9, the content of different taxanes showed obvious tissue specificity
in T. mairei. Among them, the content of 10-DAB ranged from 0.0314 to 1.8398 mg/g, while
its highest level was observed in mtr. The level of baccatin III accumulated in different
tissues ranged from 0.0010 to 0.3993 mg/g, with the highest level being observed in mfr.
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For taxol, the highest content was detected in mtr, up to 0.5585 mg/g, while the lowest
content was in mfb, about 0.0218 mg/g. Overall, 10-DAB, baccatin III and taxol were
mainly accumulated in the roots of T. mairei; the former two also have higher content in
male leaves and female barks, respectively.
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Figure 9. Content of 10-DAB, baccatin III, and taxol in different tissues of T. mairei. Error bars
represent standard deviations of the means of three replicates of each sample (n = 3). mfr: female
root; mtr: male root; mfb: female bark; mtb: male bark; mfl: female leave; mtl: male leave.

2.9. Correlation Analysis between TwBAHD Gene Expression and Taxane Levels

The correlation analysis was performed to evaluate the relationships between Taxus-
specific TWBAHD gene expression and taxane levels within different tissues of T. mairei
(Figure 10). In this study, 10-DAB was highly positively correlated with TwBAHD16
(p < 0.01); baccatin III was highly positively correlated with TwBAHD95, TwBAHD?73,
TwBAHD?76, and TwBAHD62 (p < 0.01); and taxol was highly positively correlated with
21 TwBAHD genes (p < 0.01). Moreover, T. mairei demonstrated positive correlations
between baccatin III and 8 TWBAHD genes (p < 0.05), as well as taxol and TwBAHD114 (p <
0.05), and negative correlations between baccatin III and TwBAHD?79 (p < 0.05), as well as
taxol and TwBAHD19 (p < 0.05).
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Figure 10. Correlation analysis between TWBAHD gene expression and taxane levels. Shown are the
heatmap of correlation coefficient between Taxus-specific TWBAHD genes and representative taxanes
in T.mairei. * indicates significant correlations at p < 0.05 level; ** indicates significant correlations at
p <0.01 level.
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2.10. 3D Modeling of TwBAHD76 and TwBAHD121

To understand the protein differences among TAT and selected TWBAHDs, we used
SWISS-MODEL to model TWBAHD?6 and TwBAHD121 (Figure 11). The results showed
that both TWBAHD76 and TWBAHD121 are transferases; the homology of the tertiary
structure of TWBAHD76 and TWBAHD121 constructed by the AOAOM4G1D0.1.A (Taxadien-
5-alpha-ol-O-acetyltransferase) model was 89.14% and 99.32%, respectively, with more «-
helices and random coils. These results further suggest that TWBAHD76 and TwWBAHD121
function as TAT activity.

(A) TWBAHD76 (B) TWBAHD121

Figure 11. The 3D models of selected TWBAHDs constructed using the SWISS-MODEL. (A) The 3D
model of TWBAHD?76. (B) The 3D model of TWBAHD121.

2.11. Subcellular Localization of TwuBAHD76 and TwBAHD121 Genes

The TwBAHD76 and TwBAHD121 genes were fused into the N-terminal of GFP to
construct vector pPCAMBIA1302-TwBAHD76 and pCAMBIA1302-TwBAHD121, respec-
tively. The transient expression of tobacco leaves was analyzed with the A. tumefaciens
method, and the fluorescence signal was observed by a laser confocal microscope. It
was observed that the green fluorescence signal mainly existed in the cell nucleus and
cell periphery in both constructed vectors, while empty 1302-GFP was observed in the
nucleus, intercellular and cell membrane (Figure 12), indicating that both TwBAHD76
and TwBAHD121 underwent functional and morphological changes in the nucleus and
cell membrane. These observations established the potential role of TWBAHD76 and
TwBAHDI121 proteins in the taxol pathway and their influence on taxane intermedi-
ate synthesis.
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Figure 12. Subcellular localization of TWBAHD76 and TwBAHD121 proteins. Selected TWBAHD-GFP
fusion protein and GFP-Empty as the control were independently transiently expressed in tobacco
leaves and imaged under a confocal microscope. Bars = 10 um.

3. Discussions

The BAHD acyltransferases possess a huge and diverse family in plants, and numerous
studies have reported that BAHD members are involved in multiple biological processes
in plant growth, development, and stress responses [31], and they also showed distinct
patterns of evolution in particular species, such as the Taxus [32]. However, a systematic
characterization of BAHDs in the Taxus species has not been performed. In this study, the
genome-wide identification and characterization of BAHD family members in T. mairei
were carried out. A total of 123 TWBAHDs have been identified and divided into five clades
based on phylogeny and conserved motif analyses.

There were no more than five BAHDs in the common ancestor of land plants and
algae. The BAHD family expanded significantly during plant evolution, which also re-
sulted in plant functional and metabolic diversity [33]. Genome-wide identification of
the BAHD family has been reported in many model plants such as Arabidopsis [34], bar-
ley [25], rice [35], and poplar [36]. In comparison, Taxus mairei possessed more BAHD
acyltransferase genes than Arabidopsis, but had similar numbers to those of barley, rice,
and poplar. Based on the phylogeny, most of the TWBAHD members in Clade I are the likely
orthologs of enhanced pseudomonas susceptibilityl (EPS1), which is involved in salicylic
acid biosynthesis [37], while TWBAHD24, TwBAHD59, TWBAHDS84, and TwBAHD119
potentially have malonyltransferase or aromatic acyltransferase activity, participating in
the acylation of anthocyanins and phenolic glucosides. In Clade V, the TWBAHDs function
as hydroxycinnamoyl transferase, which is involved in lignin synthesis, mediating plant
growth and development [38]. In Clade VI, TwWBAHD21, TWBAHD92, and TWwBAHD108
are orthologs of aliphatic suberin feruloyl transferase, feruloyltransferase, and deficient in
cutin ferulate [39]; also in this clade, TWBAHD23, TWBAHD42, TWBAHD56, TWBAHD97,
and TwBAHD98 are orthologs of alcohol acyltransferase, which is required to produce
volatile esters [40]. However, in most cases, the clade members of T. mairei clearly pos-
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sess their own branch in phylogeny compared with the identified members from other
species, which further indicated that these TWBAHDs may also be functionally different
from orthologs in other species. Moreover, the number of TWBAHD:s in different clades
was also different from that of other species. For example, Clade II only contained one
member in T. mairei, which could be the orthologous gene of ECERIFERUM?2 [41]. Clade
III did not include the BAHD gene of T. mairei. Clade VI, containing 86 TWBAHD genes,
was the largest clade, which also contained a Taxus-specific branch with 52 genes related
to taxol biosynthesis. These combined results indicated that the BAHD family plays an
important role in plant evolution, while the BAHD genes could have been either acquired
and expanded or specially lost in T. mairei during the evolution process. Notably, the
number of TWBAHD genes reported in this study was inconsistent with the preliminary
results by Xiong et al. [30], who reported 127 TWBAHDs with 53 members related to taxol
biosynthesis. Considering the loss of several TWBAHDs, including TAT, a key enzyme in
the taxol pathway [42], further optimization and improvement are very necessary for the
genomic data of T. mairei in the future.

Gene duplications, including whole-genome duplication (WGD), tandem duplication
(TD), chromosomal segmental duplication (SD), and retrotransposition (TRD), are considered
the main driving forces in the evolution of genomes and genetic systems [43—45]. Previous
studies have reported that no recent WGD event occurred in the T. mairei genome, while
Taxus only shared the common ancient WGD with other coniferophyte lineages [30]. In
this study, the duplicate genes in the T. mairei genome were analyzed, and only one pair of
duplicate genes (TwBAHD1/TwBAHD3) were found on chromosome 1 with Ka/Ks ratios <
1. This indicated that the TD contributed to the expansion of TWBAHD family genes [46],
and the duplicate genes have undergone purifying selection without serious functional dif-
ferentiation [47]. Moreover, multiple TWBAHD members of a subfamily were also observed
to cluster in the same or adjacent intergenic regions on a single chromosome, which were
probably potential tandem duplicate genes. The results in this study were not consistent
with those reported by Tuominen et al. [48], who observed a large number of SD events in
the Hordeum vulgare BAHD family. This indicated a species-specific expansion of BAHD
genes. A previous study has proven that secondary metabolic genes are more likely than the
average to experience lineage-specific diversification via TD events [47]. Due to evolutionary
constraints for balanced stoichiometry, enzymes acting at different locations in the same
pathway would likely retain a specific number of gene copies across the taxa [49-52]. This
could explain the species-specific expansion patterns occurred in T. mairei.

Gene structure variation plays an important part in gene evolution. The exon/intron
composition analysis showed that the number of exons varied from 1 to 5 for all TWBAHD
genes, while most of the TwBAHDs only possess one or two introns. Moreover, the TWBAHD
members within the same subfamily shared similar exon/intron patterns. These observa-
tions were consistent with previous findings in other plants [53]. The conserved motifs
further reveal the grouping specificity of motif distribution of T. mairei. The two known
conserved motifs, the HXXXD and DFGWG, are involved in the binding of acyl-CoA donor
and the structural integrity of the enzyme—donor complex in the BAHD family [54-56].
They are also highly conserved in the TWBAHD family, which has been identified to contain
at least one of the two conserved motifs in the amino acid sequences of family members.
Interestingly, the YPLAGR motif was also conserved in multiple clades of T. mairei. This
motif was first reported in the Populus paralogues BAHD (PpBAHD) family, which cor-
responds to a small «-helix-3 on vinorine synthase, but there has been no mutagenesis
analysis for this region [57]. Its lower conservation in Clade Ia of the PpBAHD family was
associated with a lack of this «-helix and an extra string of 9-14 residues corresponding to
Gly and Arg residues of this motif on vinorine synthase [58]. For TwBAHDs, this motif was
also less conserved in Clade II and individual subfamily members of Clade VI. Moreover,
the clade-specific motifs in the TWBAHD family should be of value in future studies to
understand the diverse enzyme functions.



Int. J. Mol. Sci. 2024, 25,3777

16 of 22

The cis-regulatory element analysis can potentially reveal the gene function of
TwBAHDs. In this study, the upstream promoter of BAHD genes in T. mairei mainly con-
tained three types of cis-elements, including stress-, light-, and hormone-responsive elements,
which indicated that the TWBAHD genes are likely to participate in responses against various
adverse environmental stresses. This was consistent with findings in other species [59]. Cis-
regulatory elements related to ABA and ethylene are frequently observed in promoter sites,
indicating that TWBAHD genes are more induced by hormones associated with the response
to stress stimuli, and thus play a role in the regulation of plant structure and function, cell
stability, and the production of secondary metabolites [16]. The response of plants to biotic
and abiotic stresses involves a very complex network of gene regulation, and this process
is usually mediated by multiple transcription factors. The presence of transcription factor
binding sites related to MYB and MYC in TwBAHD:s further suggested that transcription
factor-based signal transduction networks were crucial in regulating the response of T. mairei to
stress [60]. Moreover, previous studies also reported the critical role of BAHD acyltransferases
in response to fungal infection [61]. These combined results showed that promoters could
control structural and morphological changes in plant-environment interactions to adapt
to unfavorable external environments. Notably, we identified several TGACG and CGTCA
motifs, which mainly function as MeJA response elements. Previous studies have reported
that MeJA treatment could increase the accumulation of alkaloids and phenolic substances
in plants and, in the case of Taxus, is also key to regulating taxol levels [62,63]. In the present
study, RNA-seq data of MeJA treatment in T. mairei cells showed that most of the TWBAHD
genes respond positively to MeJA within 24 h of treatment, which was basically consistent
with BAHD function in the secondary metabolism. The expression levels of identified key
acyltransferase genes on the taxol pathway were up-regulated 2—4 h after MeJA treatment,
which provided a basis for Me]A-mediated increase in taxol content in Taxus. Simultaneously,
the TWBAHD members, which showed similar expression patterns and were clustered in
the same subfamily with those taxane acyltransferase genes, are considered newly candidate
genes for taxol biosynthesis. Certainly, further experiments are needed to ascertain which
members are associated with taxol biosynthesis and whether this directly coincides with the
presence of cis-elements.

In this study, the accumulation of taxanes in T. mairei showed obvious tissue specificity,
while a similar pattern was also observed in the expressions of TWBAHD genes. The
qRT-PCR results further confirmed the expression difference of representative TWBAHD
genes in the species-specific branch. According to the results of correlation analysis,
the levels of many TwBAHDs in the Taxus-specific branch were significantly associated
with the accumulation of taxanes, which provided important clues for further screening
candidate acyltransferase genes involved in the taxol pathway. The high levels of taxane
acyltransferase genes in the roots of male plants also provided a reasonable explanation
for the high content of taxol in the roots of T. mairei [64]. Interestingly, the TWBAHD genes
that exhibited consistent expression patterns with taxane acyltransferase genes in MeJA
induction and tissue-specific expression experiments were different and overlapped only
in a small part. This indicated diverse and complex accumulation patterns of taxol in
Taxus in response to environmental changes. Moreover, the TAT showed relatively low
sequence similarity compared with TWBAHDs in Taxus-specific branches; however, the
tertiary structures of TWBAHD121 and TWBAHD?76 were found to be 99% and 89% similar
with that of TAT, suggesting that they may function as TAT enzymes. This was consistent
with the results reported by Xiong et al. [30]. TAT has no organelle-targeting sequences,
thus suggesting a cytosolic localization [65], while subcellular localization results showed
that both TwBAHD121 and TwBAHD?76 genes were localized in the cell nucleus and cell
periphery. We do not rule out the possibility that these two TwBAHD-mediated acylation
steps help to control flux through the pathway to produce taxoid variants likely also
possessing distinct biological roles [66]. Subsequent studies should focus on the in vivo
and in vitro functional validation of these TWBAHDs, which will provide new insights into
taxol biosynthesis.
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4. Materials and Methods
4.1. Plant Materials

Trees of T. mairei were grown in the arboretum of Nanjing botanical garden Mem. Sun
Yat-Sen (32°3' N, 118°49’ E). For samples used for quantitative real-time PCR, young leaves,
roots, and barks were collected from male and female trees with the same tree ages and
relatively consistent growth conditions. Three biological replicates were prepared, whereas
each of samples was from three individual plants. All samples were immediately frozen in
liquid nitrogen and stored at —80 °C until used.

4.2. Identification of BAHD Family Members in Taxus mairei

In this study, the genome of T. mairei was obtained from the NCBI (https://www.ncbi.
nlm.nih.gov/datasets/genome/GCA_019776745.2/, accessed on 31 November 2022). To
identify members of the BAHD family in T. mairei, the Hidden Markov Model (HMM) file
of the BAHD acyltransferase domain (PF02458) was downloaded from the protein family
(Pfam) (https:/ /www.ncbi.nlm.nih.gov/datasets/genome/GCA_019776745.2/, accessed
on 31 November 2022) database, and used to query the T. mairei genome database with
an E-value threshold of 1 x 10> of HMMER 3.0 to search for candidate BAHDs [67].
These candidate BAHDs were further verified by the SMART database (http://smart.embl-
heidelberg.de/, accessed on 30 June 2023) and NCBI conservative domain database (https:
/ /www.ncbinlm.nih.gov/cdd, accessed on 30 June 2023) [68,69]. Then, all the identified
BAHDs were named by adding a prefix of “Tw” for Taxus wallichiana and followed by Arabic
numbers serially starting from 1. Their physical and chemical characteristics, including
amino acid number, molecular weight (MW), isoelectric point (pI), hydrophobicity, and
instability index were analyzed using Prosite ExXPASy server (http://web.expasy.org/
protparam/, accessed on 31 May 2023), and subcellular localizations were predicted by the
online software WoLF PSORT (https:/ /wolfpsort.hgc.jp/, accessed on 30 June 2023) [70].
Moreover, three-dimensional (3D) modeling of representative TWBAHD proteins was
performed using the SWISS-MODEL with default settings (https://swissmodel.expasy.
org/, accessed on 30 June 2023).

4.3. Phylogenetic Analysis

Multiple amino acid sequence alignment of TWBAHDs was performed using mafft
(v7.427) with default parameters, and the output data were saved in MEGA format. The
phylogenetic tree was constructed with the identified TwBAHDs and representative BAHDs
from our previous reported review [23] by MEGA10 software (version 10.0.2) using the
maximum likelihood (ML) method with the optimal replacement model and 1000 bootstrap
replications [71]. The constructed phylogenetic tree was optimized by iTOL v6 (https:
/ /itol.embl.de/, accessed on 30 June 2023) [72].

4.4. Analysis of Gene Structures and Conserved Motifs

The positions of exons and introns of each TWBAHD gene were obtained from genome
of T. mairei. Conserved motifs in the TWBAHD proteins were analyzed by MEME suite
(http:/ /meme-suite.org/tools/meme, accessed on 30 June 2023) [73] with the following
parameters: maximum motif number was 15; minimum motif width was 6; maximum motif
width was 100; and the distribution of motif occurrences was zero or one per sequence. The
motif corresponding to the pfam domain was indicated by the Pfam database. The gene
structures and protein motifs were visualized by TBtools software (version 1.108) [74].

4.5. Chromosomal Distribution and Synteny Analysis

The chromosome location of each identified TWBAHD gene was retrieved from the
genome of T. mairei. Then, the chromosome location map was visualized using the MG2C
server (http://mg2c.iask.in/mg2c_v2.1/, accessed on 31 May 2023) [75]. Homologous gene
pairs and syntenic relationships of BAHD family genes in T. mairei were identified using
Multiple Collinearity Scan toolkit (MCScanX) (https://github.com/wyp1125/MCScanX,
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accessed on 25 March 2024) with default parameters. The Ka/Ks calculator 2.0 was used to
calculate the ratio between the non-synonymous rate (Ka) and the synonymous substitution
rate (Ks) of homologous genes [76].

4.6. Analysis of Promoter Cis-Regulatory Element

A 2000 bp sequence upstream of the translation start site of TWBAHD genes was
extracted from the genome of T. mairei as the promoter sequence, and its cis-regulatory
elements were predicted using PlantCARE (https:/ /bioinformatics.psb.ugent.be /webtools/
plantcare/html/, accessed on 31 May 2023) [77]. The results were visualized using TBtools
software (version 1.108).

4.7. Expression Patterns of the ToBAHD Gene Family Based on RNA-Seq Databases

The transcriptome databases of T.mairei cell lines under MeJA treatment (Oh,2h, 4 h,
8 h, and 24 h) [30] were used to analyze the induction expression patterns of the TWBAHD
family. Moreover, the RNA-Seq data of six different tissues of T.mairei, including female
root (mfr), male root (mtr), female bark (mfb), male bark (mtb), female leaf (mfl), and
male leaf (mtl) [30], were used to analyze the tissue expression patterns of the TWBAHD
family. All the data were mapped to the T.mairei genome with TWBAHD genes as the
queries. According to the BLAST search, genes from transcriptome that were more than
90% similar with identified TWBAHD members were selected, and gene expression levels
were represented by fragments per kilobase of exon per million fragments mapped (FPKM).
Heat maps were plotted using TBtools software (version 1.108).

4.8. RNA Extraction and gRT-PCR Analysis

Total RNA was extracted from various tissues of T.mairei using Plant RNA Extraction
Kit (Huayueyang, Beijing, China) following the manufacturer’s protocol. The first-strand
cDNA was synthesized by PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, Dalian,
China). Then, real-time quantitative PCR (qQRT-PCR) was performed by SYBR Premix
Ex TagTM Kit (TaKaRa, Dalian, China) in 20 puL reaction volumes using ABI StepOne
Plus system (Thermo, MA, USA). The program was conducted as follows: 90 °C for 30 s,
followed by 40 cycles of 95 °C for 5 s and 60 °C for 30 s in 96-well optical reaction plates.
Three replicates were performed for each selected gene. The actin was taken as a reference
gene. The relative expression levels were calculated by the 2-44Ct method [78]. Primers
used in this study were designed by Primer5.0 [79], and are listed in Table S1.

4.9. Taxanes’ Determination and Correlation Analysis

The powder (0.2 g) from mfr, mtr, mfb, mtb, mfl, and mtl of T. mairei was weighed
with high precision and added to 3 mL methanol for ultrasonic extraction using an ultra-
sonic apparatus (KQ5200DE, Kunshan Ultrasound Instrument Company, Kunshan, China)
according to the method of Li et al. [80]. The sample was then centrifuged at 10,000 rpm for
7 min to collect the supernatant. After drying using a nitrogen-blowing instrument, the
dried residue was dissolved in 1 mL of methanol solution and was filtered by a 0.22 um
microfiltration membrane. The taxanes’ determination was carried out using Agilent
1100 high-performance liquid chromatography (HPLC) and an Agilent diode array detec-
tor (DAD). The separation of taxanes was achieved on a penomenex Curosil-PFP column
(250 mm X 4.6 mm, 5 um). The mobile phase was composed of methanol and water through
the following gradient eluted program: 0-2 min, 35:65 (v/v); 2-6 min, 55:45 (v/v); 6-24 min,
65:35 (v/v); 24-40 min, 100:0 (v/v); 4046 min, 35:65 (v/v). The detection wavelength was
227 nm with the flow rate of 1 mL/min under 40 °C, and an injection volume of 10 puL. A
mixed standard solution of taxanes was employed to create a standard curve for quantifica-
tion. The standards, including 10-DAB (>98%, CAS: 32981-86-5), baccatin III (>98%, CAS:
27548-893-2), and taxol (>99.9%, CAS: 33069—-62-4), were purchased from the National
institutes for food and drug control (Beijing, China). Moreover, correlation analysis was
performed to reveal a correlated degree between the expression of Taxus-specific TWBAHD
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genes and the levels of taxanes in different tissues of T. mairei by using an online tool
ChiPlot (https://www.chiplot.online/, accessed on 31 May 2023).

4.10. Subcellular Localization of the TwBAHD Genes

The fusion constructs of BAHD and GFP were set up to confirm the subcellular
localization of TWBAHD76 and TWBAHD121. Primer sequences are provided in Table S1.
The amplified fragment was introduced into the pCAMBIA1302 to generate the recombinant
expression vector pPCAMBIA1302-TwBAHD?76 and pCAMBIA1302-TwBAHD121. Then,
the vectors were transformed into Agrobacterium tumefaciens strain GV3101, and infiltrated
into leaves of 4-week-old tobacco (Nicotiana benthamiana) plants using an A. tumefaciens
method. After dark conditions for two days, the injected leaves were mounted in water
and observed through a laser confocal microscopy (Zeiss LSM900, Jena, Germany) with
empty 1302-GFP as a control.

5. Conclusions

In this study, 123 TWBAHD genes were identified in the T. mairei genome and were
classified into six clades based on sequence similarity and phylogenetic relationships.
Conserved motifs, gene structure, and evolutionary relationships of TWBAHD genes were
established and analyzed, while a Taxus-specific branch containing 52 genes was related
to taxol biosynthesis. The investigation of the cis-regulatory elements of TWBAHD genes
indicated that many TWBAHD genes involved responses to biotic and abiotic stresses,
which was consistent with BAHD function in the secondary metabolism. RNA-seq analysis
comprehensively revealed multiple expression patterns of TWBAHD genes, and a series of
candidate genes potentially associated with taxol biosynthesis could provide a basis for
the subsequent functional characterization and future improvement of mass production of
taxol by genetic engineering.
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