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Abstract

Background: The BAHD acyltransferase superfamily exhibits various biological roles in plants, including regulating
fruit quality, catalytic synthesizing of terpene, phenolics and esters, and improving stress resistance. However, the
copy numbers, expression characteristics and associations with fruit aroma formation of the BAHD genes remain
unclear.

Results: In total, 717 BAHD genes were obtained from the genomes of seven Rosaceae, (Pyrus bretschneideri, Malus
domestica, Prunus avium, Prunus persica, Fragaria vesca, Pyrus communis and Rubus occidentalis). Based on the
detailed phylogenetic analysis and classifications in model plants, we divided the BAHD family genes into seven
groups, I-a, I-b, II-a, II-b, III-a, IV and V. An inter-species synteny analysis revealed the ancient origin of BAHD superfamily
with 78 syntenic gene pairs were detected among the seven Rosaceae species. Different types of gene duplication
events jointly drive the expansion of BAHD superfamily, and purifying selection dominates the evolution of BAHD
genes supported by the small Ka/Ks ratios. Based on the correlation analysis between the ester content and expression
levels of BAHD genes at different developmental stages, four candidate genes were selected for verification as assessed
by qRT-PCR. The result implied that Pbr020016.1, Pbr019034.1, Pbr014028.1 and Pbr029551.1 are important candidate
genes involved in aroma formation during pear fruit development.

Conclusion: We have thoroughly identified the BAHD superfamily genes and performed a comprehensive comparative
analysis of their phylogenetic relationships, expansion patterns, and expression characteristics in seven Rosaceae species, and
we also obtained four candidate genes involved in aroma synthesis in pear fruit. These results provide a theoretical basis for
future studies of the specific biological functions of BAHD superfamily members and the improvement of pear fruit quality.
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Background
Pear is an important temperate Rosaceae fruit tree
worldwide. According to historical records, pears origi-
nated between 55 and 65 million years ago, and their
cultivation history can be traced back for more than 30,
000 years [1]. In 2012, the genome sequence of pear

(Pyrus bretschneideri cv. ‘Dangshansuli’) was released,
providing a resource for research on genomics and mo-
lecular biology in pear. At present, genome sequences of
six other Rosaceae fruit species are also available, allow-
ing comparative genomics studies among economically
important Rosaceae species. Fruit quality including sugar
content, fruit size, fruit aroma, is tightly coupled with
consumer choice and commercial value. Fruit aroma is
an inherent quality/characteristic, which distinguishes
the different fruit species even different cultivars within
a species. In apple, the main aromatic components were
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1-hexanol [2]. In red-fleshed peach fruit, fruity note
latone �-hexalactone is the major aroma components
[3].In banana, 2-pentyl acetate, 3-methylbutyl acetate
were the most important contributors to the aroma [4].
In European pear cultivars, the volatile organic com-
pounds mainly belong to primary esters, alcohols and al-
kanes [5]. Moreover, it has been pointed out that esters
and aldehydes were key volatile compounds shared by
33 cultivars of the Chinese pear Pyrus ussuriensis [6]. It
can be conclude that the fruit aroma is a complex mix-
ture of a large number of volatile compounds, but the
esters seem to be the most extensive.
Four pathways were reported involved in volatile

aroma compounds biosynthesis, including fatty acids
pathway, amino acid pathway, terpenoids pathway and
carotenoid pathway. Among them, fatty acids are major
precursors of aroma volatiles in most fruit species [7],
fatty acid-derived straight-chain alcohols, aldehydes and
esters are important aroma compounds responsible for
fresh fruit flavors and are consisted by three processes:
�-oxidation, �-oxidation and the lipoxygenase pathway
[8]. �-oxidation of fatty acids is the primary biosynthetic
process providing alcohols and acyl coenzyme A (CoAs)
for ester formation [7]. Previous study showed that fruit
aromas volatiles are were formatted through �-oxidation
in pear and apple [9]. Multiple enzymes have been re-
ported involved in �-oxidation. For example, acyl CoAs
can be reduced by acyl CoA reductase to aldehyde,
which was continually reduced by alcohol dehydrogenase
to alcohol, finally, the alcohols were used to produce es-
ters by alcohol acyltransferase (AAT) [10]. Moreover, in
amino acid pathway, these amino acids can also be the
precursors of acyl-CoAs, involved in alcohol esterifica-
tion reactions catalyzed by AATs [11]. Once the basic
skeletons were produced through these pathways, the di-
versity of these volatile compounds can be achieved via
acylation, decarboxylation, glycosylation, oxidation/re-
duction, hydroxylation and methylation, which expand
the basic skeletons and modify enzymes [12].
Acylation is an important process of modification of sec-

ondary metabolites in plant growth and development. BAHD
acyltransferase family mainly uses coenzyme A thioester as
acyl donor and uses alcohols or amines as receptors to
catalyze acylation to form all kinds of acylation products, in-
cluding lignin monomers, anthocyanins, terpenoids, esters
and so on [13–15]. The BAHD (benzylalcohol O-acetyl
transferase, anthocyanin O-hydroxycinnamoyl transferase,
N-hydroxycinnamoyl anthranilate benzoyl transferase and
deacetylvindoline 4-O-acetyltransferase [16]) superfamily is
composed of enzymes having two common domains
(HXXXD and DFGWG) and similar amino acid sequences
[17]. The HXXXD motif region is located in the reaction
channel center and participates in catalysis. As an indispens-
able motif for the reaction, the DFGWG motif is located far

from the active site [18]. Benzylalcohol O-acetyl transferase
identified from the Californian wildflower Clarkia breweri
can produce the floral volatile benzylacetate [13, 19],
deacetylvindoline 4-O-acetyltransferase identified from Cath-
aranthus roseus is related to the synthesis of the alkaloid
vindoline [13, 20], N-hydroxycinnamoyl anthranilate benzoyl
transferase identified from Dianthus caryophyllus is respon-
sible for producing a class of phytoalexins known as
anthramides [21], and anthocyanin O-hydroxycinnamoyl
transferases identified from Gentiana triflora can catalyze
anthocyanin synthesis [22, 23].
In recent years, members of the BAHD acyltransferase

family related to ester metabolism have been discovered,
such as the AAT genes MpAAT1 in apple [24], FaAAT2
and SAAT in strawberries [25, 26], they play a role in
the final step of ester biosynthesis, catalyzing the pro-
duction of ester compounds with coenzyme A thioester
as the donor and alcohol as the receptor. The potential
roles of BAHD acyltransferase family members in fruit
ester synthesis need to be further investigated in pear
and other fruit species. Hence, systematically identifying
BAHD gene family in pear and screening candidate
genes that regulate the synthesis of esters are of great
significance for artificially regulating the content of pear
esters and improving the quality of pears. In this study,
we aimed to identify the repertoires of BAHD superfam-
ily members in the genomes of pear and six other Rosa-
ceae fruit species. In order to unravel the evolution and
expansion mechanisms of BAHD superfamily, and
screen candidate BAHD acyltransferases related to fruit
aroma biosynthesis especially ester synthesis, we per-
formed comprehensive analysis on evolutionary and ex-
pression patterns using genome and transcriptome
resources. Gene structure, conserved motifs, phylogeny,
gene duplication, selection pressure and spatiotemporal
expression profiles of BAHD genes were analyzed in this
study. Furthermore, we verified gene expression patterns
by qRT-PCR, and several candidate BAHD genes that
are closely associated with the pear volatile ester content
were determined. These results provide insights into the
evolution, expansion and functional roles of the BAHD
superfamily and will aid in further studies of their mo-
lecular functions in these fruit species.

Results
Identification of BAHDgenes in seven Rosaceae species
The BAHD superfamily’s characteristic domain (Pfam:
PF02458) and the BAHD Hidden Markov Model
(HMM) configuration file (PF02458) were used to iden-
tify the BAHD members. The online site SMART
(http://smart.embl-heidelberg.de/) was used to analyze
protein sequences of candidate genes and to determine
the presence of the BAHD domain. As a result, 773 pu-
tative BAHD family candidate genes were obtained in
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the seven species with E-values <1e− 10. Furthermore, a
multiple sequence alignment was conducted to verify
the presence of two characteristic conserved domains
(HXXXD and DFGWG) in the BAHD family genes [17].
Because they lacked the two domains, three, six, six, six,
seven, eight and 20 genes were removed from Prunus
persica (peach), P. bretschneideri (Chinese white pear),
Pyrus communis (European pear), Rubus occidentalis
(black raspberry), Fragaria vesca (strawberry), Malus
domestica (apple) and Prunus avium (sweet cherry), re-
spectively. Finally, 56 sequences were removed, 717
BAHD genes were identified and analyzed (Table 1). De-
tailed information on the features of BAHD genes is
available in Additional file 1: Table S1.

Phylogenetic and conserved motif analyses of BAHD
genes in Chinese white pear
The amino acid sequences encoded by BAHD genes in Chin-
ese white pear, Arabidopsis and Populus were used to con-
struct a phylogenetic tree with maximum-likelihood (ML)
method. The Chinese white pear BAHD family protein genes
were classified into five clades (I, II, III-a, IV and V; Fig. 1).
Clade I consisted of two subclades (clades I-a and I-b). The
Arabidopsis genes belonging to clade I-a are involved in
modifying aromatic and aliphatic alcohols in Arabidopsis and
Populus [27, 28]; therefore, we speculated that the BAHD
genes clustered into clade I-a in Chinese white pear might
encode proteins with similar functions. The members of
clade I-b had functions related to the biosynthesis of lignin
monomeric intermediates [29, 30], including tobacco and
Arabidopsis shikimate hydroxycinnamoyltransferases [31].
Clade II consisted of two subclades (clades II-a and II-b).
The functions of the Arabidopsis genes belonging to clade II-
a are unknown. Clade II-b contained two Arabidopsis genes,
AT3G29590.1 (At5MAT) and AT1G03940.1 (At3AT1),
which are associated with anthocyanin biosynthesis [15, 32].
Clade III-a contained few members, including four genes
from Chinese white pear, three genes from Arabidopsis, and
one gene from poplar. Clade V contained nine members, in-
cluding one well-studied Arabidopsis gene AT4G24510.1
(CER2) involved in regulating the cuticular wax biosynthesis

[33]. Clade IV contained many members involved in catalyz-
ing the acetylation of aromatic alcohols and acetylating
small- or medium-chain alcohols [28]. Additionally, only
three and four members clustered in clades III-a and V.
However, ~ 28.1% (32 of 114) BAHD genes were in clade I
and 36.0% (41 of 114) were in clade IV, respectively. BAHD
genes closely related to pear volatile ester contents, such as
AAT, belonged to clades I and IV.
The ML phylogenetic tree of BAHDs for European pear

with Arabidopsis and Populus as outgroups was also con-
structed (Fig. 2). Paralleling the phylogenetic tree built for
Chinese white pear, the European pear’s BAHD genes were
divided into five clades. Clades V and III-a only contained
four members, respectively. However, ~ 36.1% (35 of 97)
genes clustered in clade IV, and 26.8% (26 of 97) clustered in
clade I. Additionally, five function-known acyltransferases of
Arabidopsis [AT3G0480.1 (CHAT), AT2G23510.1 (SDT),
AT5G48930.1 (AtHCT), AT3G29590.1 (At5MAT) and
AT1G03490.1 (At3AT1)] were classified into two subgroups
(I-a and II-b). These results provided putative candidates for
the study of gene functions.
Furthermore, in order to verify the accuracy of the clas-

sification of the phylogenetic analysis of the ML method,
we also constructed the tree using the neighbor-joining
(NJ) method (Additional file 2: Figure S1; Additional file 3:
Figure S2). The results show that the NJ phylogenetic tree
can also be divided into five clades. In European pear, the
type and numbers of the subclades was consistent with
the ML phylogenetic tree. In the NJ phylogenetic tree of
Chinese white pear, Pbr034977.1 was clustered in clade II-
b, Pbr029351.1 was clustered in clade V, however, in ML
phylogenetic tree of Chinese white pear, these two mem-
bers were classified in class IV with a bootstrap value of
100, so we speculate that these two members might be-
long to clade IV. Similarly, three members (AT4G31910.1,
Pbr020016.1, Pbr019034.1) in subclade I-b in NJ tree
might belong to subclade I-a, since the bootstrap value of
the ML tree is higher than that of NJ tree. In addition to
the above genes, other genes were divided into the same
subclades in both the NJ method and the ML method of
Chinese white pear. Moreover, we also found that the

Table 1 Genomic information and identified BAHD gene numbers in Rosaceae species

Common name Scientific name Chromosome number (2n) Release version Genome gene number Identified BAHD genes

Chinese white pear Pyrus bretschneideri 34 NJAU, v1.0 42,341 114 (120)

Apple Malus domestica 34 JGI, v1.1 63,541 141 (149)

Strawberry Fragaria vesca 14 GDR, v4.0 32,831 89 (96)

European pear Pyrus communis 34 GDR, v2.0 37,445 97 (103)

Sweet cherry Prunus avium 16 GDR, v1.0 43,679 125 (145)

Peach Prunus persica 16 JGI, v1.1 27,864 82 (85)

Black raspberry Rubus occidentalis 14 GDR, v3.0 33,286 69 (75)

The database addresses were listed below: NJAU (http://peargenome.njau.edu.cn/); GDR (http://www.rosaceae.org/); JGI (http://www.jgi.doe.gov/); The numbers in
parentheses show the count of genes before filtering for unanchored and missing conserved domain genes
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