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Abstract 

Background  ATP-binding cassette (ABC) transporter proteins constitute a plant gene superfamily crucial for growth, 
development, and responses to environmental stresses. Despite their identification in various plants like maize, rice, 
and Arabidopsis, little is known about the information on ABC transporters in pear. To investigate the functions of ABC 
transporters in pear development and abiotic stress response, we conducted an extensive analysis of ABC gene family 
in the pear genome.

Results  In this study, 177 ABC transporter genes were successfully identified in the pear genome, classified 
into seven subfamilies: 8 ABCAs, 40 ABCBs, 24 ABCCs, 8 ABCDs, 9 ABCEs, 8 ABCFs, and 80 ABCGs. Ten motifs were 
common among all ABC transporter proteins, while distinct motif structures were observed for each subfamily. 
Distribution analysis revealed 85 PbrABC transporter genes across 17 chromosomes, driven primarily by WGD and dis-
persed duplication. Cis-regulatory element analysis of PbrABC promoters indicated associations with phytohormones 
and stress responses. Tissue-specific expression profiles demonstrated varied expression levels across tissues, sug-
gesting diverse functions in development. Furthermore, several PbrABC genes responded to abiotic stresses, with 82 
genes sensitive to salt stress, including 40 upregulated and 23 downregulated genes. Additionally, 91 genes were 
responsive to drought stress, with 22 upregulated and 36 downregulated genes. These findings highlight the pivotal 
role of PbrABC genes in abiotic stress responses.

Conclusion  This study provides evolutionary insights into PbrABC transporter genes, establishing a foundation 
for future research on their functions in pear. The identified motifs, distribution patterns, and stress-responsive expres-
sions contribute to understanding the regulatory mechanisms of ABC transporters in pear. The observed tissue-
specific expression profiles suggest diverse roles in developmental processes. Notably, the significant responses to salt 
and drought stress emphasize the importance of PbrABC genes in mediating adaptive responses. Overall, our study 
advances the understanding of PbrABC transporter genes in pear, opening avenues for further investigations in plant 
molecular biology and stress physiology.
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Introduction
ATP-binding cassette (ABC) transporters constitute a 
versatile family of membrane proteins that play pivotal 
roles in the transport of various substrates across cellular 
membranes [1–3]. These transporters are characterized 
by a conserved structural motif comprising two trans-
membrane domains (TMDs) and two nucleotide-binding 
domains (NBDs), forming the core structure responsi-
ble for substrate translocation and ATP hydrolysis [4, 
5]. ABC transporters are widely distributed across the 
domains of life, from prokaryotes to eukaryotes, and have 
been extensively studied for their significance in diverse 
biological processes [6–11].

In various species, extensive research has been devoted 
to ABC transporters due to their multifaceted roles [6, 
9–14]. In mammals, they are renowned for their involve-
ment in drug resistance, exemplified by the P-glyco-
protein encoded by the ABCB1 gene, which confers 
resistance to anticancer drugs [15–17]. In yeast, trans-
porters like Pdr5p are critical for the efflux of xenobi-
otics, including drugs and toxins, thus contributing to 
cellular detoxification [18, 19]. In plants, ABC transport-
ers have garnered substantial attention due to their vital 
functions in growth, development, and stress responses 
[12–14, 20]. For instance, the ABCB19 gene in Arabidop-
sis thaliana encodes a transporter that regulates the polar 
transport of the phytohormone auxin, crucial for plant 
development and tropisms [21–24]. In addition, Arabi-
dopsis ABCG27 plays an essential role in flower and leaf 
development by modulating abscisic acid content [25]. 
In wheat, the suppression of the ABCC13 transporter 
unveils its role in grain development, the accumulation of 
phytic acid, and the formation of lateral roots [26]. Fur-
thermore, the ATP-binding cassette (ABC) transporter 
OsABCG3 is essential for pollen development in rice 
[27]. These examples illustrate the diversity of roles ABC 
transporters play in plant growth and development.

One of the most challenging aspects of plant growth 
is the ability to withstand environmental stressors such 
as salinity and drought. These stress factors can severely 
affect plant growth and yield. ABC transporters have 
emerged as key players in plant stress responses by facili-
tating the transport of toxic ions, heavy metals, and other 
stress-related molecules out of the cell, thereby alleviat-
ing the detrimental effects of stress [14, 20, 28]. In Arabi-
dopsis, the AtABCC1 gene encodes an ABC transporter 
involved in the detoxification of heavy metals, including 
cadmium and mercury [29]. Additionally, the ABCG36 
gene in rice plays a crucial role in exporting toxic heavy 

metals such as arsenic from roots to shoots, thereby 
reducing their accumulation in edible parts of the plant 
[20]. In Artemisia annua, AaABCG40 enhances arte-
misinin content and modulates drought tolerance [30]. 
Furthermore, ABC transporters have been implicated 
in temperature stress responses. For example, in thel-
lungiella salsugineum, overexpression of TsABCG11 
exhibited higher photosynthetic rates and water-use effi-
ciency under cold stress (4 °C) than control plants [31]. 
These findings underscore the pivotal role of ABC trans-
porters in plant stress responses.

Pear (Pyrus bretchneideri) stands as an economi-
cally significant fruit crop with growing global impor-
tance. However, the genetic and molecular mechanisms 
underlying stress responses in pear remain insufficiently 
explored. Given the crucial roles of ABC transporters 
in stress mitigation and plant growth, comprehensively 
analyzing the ABC transporter family in pear holds 
immense potential for advancing our understanding of 
stress tolerance mechanisms and enhancing pear cultiva-
tion. This study embarks on a genome-wide identification 
and expression analysis of ABC transporters in pear to 
shed light on their biological functions, with a particular 
focus on their involvement in regulating stress responses. 
Through this investigation, we aim to provide a theo-
retical foundation for further research into the biological 
functions of ABC transporters in pear and their potential 
applications in stress-resistant pear breeding programs.

Results
Identification and characterization of ABC transporters 
in pear
For the genome-wide identification of ABC transport-
ers in pear, we utilized the Hidden Markov Model 
(HMM) profile of the ABC transport (PF00005) as que-
ries to search against the pear genome database. In addi-
tion, potential PbrABC members were extracted using 
the BLAST tool, which utilized the 131 Arabidopsis 
ABC proteins as queries against the pear genome. After 
removing redundant sequences, the SMART database 
was used to examine the presence of the ABC transport 
and ABC transmembrane domains for each identified 
candidate. As a result, a total of 177 PbrABC genes were 
identified in pear. The identified PbrABC genes encoded 
proteins ranging from a minimum of 160 (PbrABC) to a 
maximum of 847 (PbrABC) amino acids, with molecu-
lar weights varying between 20.29 and 277.34 kDa. Fur-
thermore, the isoelectric points of these ABC proteins 
displayed considerable variation, spanning from 4.89 to 
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10.63. Chromosome mapping offers evidence that 177 
PbrABC genes are nonrandomly distributed in the pear 
genome, with the fewest ABC genes located on chromo-
somes 4, only containing two genes, while the highest 
number of PbrABC genes was identified on chromosome 
7, totaling 16 genes. The details for the PbrABCs, includ-
ing the subgroup names, gene names, and gene IDs are 
summarized in Table S1.

Phylogenetic and conserved motif analysis of pear ABC 
proteins
To investigate the evolutionary relationships of ABC 
transporters, we constructed a neighbor joining phylo-
genetic tree in MAGA 7.0 using the full-length protein 
sequences of 177 PbrABCs from pear and 144 AtABCs 
from Arabidopsis. According to the phylogenetic tree 
(Fig.  1), the ABC transporters from pear and arabidop-
sis were divided into seven major groups based on their 
similarities and relationship with 130 Arabidopsis mem-
bers. Within the pear genome, the ABC transporter gene 
subfamilies exhibit distinct sizes: ABCA comprises 8 
members, ABCB encompasses 40 members, ABCC con-
sists of 24 members, ABCD is represented by 8 members, 

ABCE includes 9 members, ABCF has 8 members, and 
ABCG stands out as the most substantial subfamily with 
80 members.

To unveil the diversification among pear ABC genes 
more effectively, we conducted an analysis of their con-
served motifs. We employed the MEME online tool to 
predict the composition of conserved motifs within the 
PbrABCs (Fig. 2). The number of motifs ranged from 3 to 
19. Notably, Motif 1, representing the ABC domain, was 
detected in all PbrABCs. The PbrABC proteins within 
each group exhibited significant similarity among orthol-
ogous members but displayed notable distinctions from 
members in the other groups, suggesting a divergent evo-
lution from a shared ancestor or their origin from gene 
duplication events.

Chromosomal distribution and collinearity analysis 
of PbrABC genes
Based on the genomic positions of 177 pear ABC genes 
on pear chromosomes, we assessed the chromosomal 
distribution of the PbrABC gene family (Fig. 3). The find-
ings reveal that among these 177 PbrABC genes, 148 
PbrABC genes are heterogeneously distributed across 

Fig. 1  Phylogenetic relationships of ABC transporters in Arabidopsis and pear. Full-length ABC transporters sequences were aligned using 
the Clustal X software, and the neighbor-joining (NJ) phylogenetic tree was constructed using MEGA 7.0 with 1000 bootstrap replicates. Different 
subfamilies are highlighted in different colors
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17 chromosomes, displaying varying quantities on each 
chromosome. Notably, chromosome 11 emerges as the 
chromosome harboring the highest number of PbrABC 
genes, boasting a total of 16 members. Conversely, chro-
mosome 4 hosts the fewest members, containing only 2 
PbrABC genes. The remaining chromosomes exhibit dis-
tinct numbers of PbrABC gene members, such as chro-
mosome 1 (4 members), chromosome 2 (6 members), 
chromosome 3 (15 members), chromosome 5 (8 mem-
bers), chromosome 6 (7 members), chromosome 7 (6 
members), chromosome 8 (4 members), chromosome 9 
(12 members), chromosome 10 (15 members), chromo-
some 12 (13 members), chromosome 13 (5 members), 
chromosome 14 (7 members), chromosome 15 (7 mem-
bers), chromosome 16 (7 members), and chromosome 17 
(12 members). This comprehensive distribution analysis 
underscores the chromosomal variations in the abun-
dance of PbrABC genes across the pear genome. Moreo-
ver, it’s intriguing to note that numerous PbrABC genes 
are arranged into clusters of different sizes, signifying 
occurrences of gene duplication during the evolutionary 
journey of PbrABC genes. The mechanisms potentially 

contributing to gene expansion during evolution encom-
pass whole-genome duplication, tandem repeats, and dis-
persed duplication [32]. These mechanisms are pivotal in 
enabling functional diversification and gene separation. 
Scrutinizing the patterns of gene duplication is impera-
tive for comprehending the evolution of gene families.

To reveal the expansion mechanisms of PbrABC genes 
within the pear genome, we conducted an analysis of 
gene duplication patterns. The results indicate that in 
the pear genome, 177 PbrABC genes partake in 84 (47%) 
WGD duplications and 64 (36%) dispersed duplications 
(Fig. S1), hinting at WGD and dispersed duplication as 
the predominant driving force behind the expansion of 
the ABC family in pear. Furthermore, our analysis high-
lights that chromosomes 3, 10, 11, 12 and 17 exhibit 
the highest repetition rates, which likely account for the 
increased abundance of PbrABC genes on these chromo-
somes. Identifying homologous genes is important for 
understanding the evolutionary history of gene families. 
To delve deeper into the origins and evolutionary rela-
tionships of PbrABC genes in pear, we conducted a col-
linearity analysis (Fig. 3). The outcomes unveil 48 pairs of 

Fig. 2  Distributions of conserved motifs in ABC transporters from Arabidopsis and pear. The motif of ABC transporters was analyzed by MEME tool. 
Ten motifs (1–10) were identified and are indicated by different colors
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collinear genes among PbrABC genes in the pear genome, 
with a heightened concentration of ABC homologous 
genes identified on pear chromosome 11. Consequently, 
this analysis offers valuable insights into the evolution 
and expansion of the pear ABC gene family, tailored to 
the linguistic standards of botanists and biologists.

Analysis of cis‑acting elements in the promoter region 
of pear ABC gene family
Cis-regulatory elements (CREs) are a family of non-
coding DNA molecules that influence the transcription 
of neighboring genes, thereby controlling gene expres-
sion during different developmental stages [33, 34]. To 
gain a deeper understanding of the transcriptional regu-
lation mechanisms of PbrABC genes, we characterized 
cis-regulatory elements within the 2000 bp upstream 
region of transcription start sites using the PlantCARE 
and PLACE databases (Fig.  4). Our results reveal that 
these identified cis-regulatory elements can be catego-
rized into four primary functional groups: light response, 
hormone response, developmental regulation, and stress 
response. Notably, all 177 PbrABC genes contain at least 

one hormone-responsive element, including auxin and 
gibberellin-responsive elements. Furthermore, 150 cis-
regulatory elements are associated with responses to 
abscisic acid, methyl jasmonate, ethylene, and salicylic 
acid, highlighting the crucial role of the PbrABC gene 
family in complex hormone regulatory networks. In addi-
tion, the promoter sequences of some PbrABC genes also 
harbor elements related to both biotic and abiotic stress 
responses, including defense elements (rich in AT and 
TC repeats), drought-responsive elements (MBS), cold-
responsive elements (DRE and LTR), and anaerobic stress 
elements (ARE). This suggests potential functions of 
PbrABC genes in biological and abiotic stress responses. 
These findings enhance our understanding of the regu-
latory mechanisms of PbrABC genes, particularly their 
roles in plant growth and stress responses.

Tissue‑specific expression of PbrABC genes
The gene expression patterns can provide direction and 
strategies for predicting gene biological functions. In 
order to explore the biological functions of PbrABC genes 
in pear, we downloaded transcriptome data from eight 

Fig. 3  Chromosomal localization and syntenic relationships of ABC transporters in pear. PbrABC transporter genes are mapped on different 
chromosomes and syntenic gene pairs are linked by colored lines
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different tissues of pear from a public RNA-seq data-
base and used it for a systematic analysis of expression 
patterns in the following tissues: stem, leaf, bud, petal, 
fruit, pollen, ovary, and sepal. The results of the analy-
sis, as shown in Fig.  5, reveal that most PbrABC genes 
exhibit constitutive expression patterns. For instance, 
seven genes are significantly expressed in pear pollen 
(PbrABCC20, PbrABCG11, PbrABCG18, PbrABCB18, 
PbrABCG74, PbrABCG23, PbrABCG42), indicating 
potential crucial roles for these seven PbrABC genes in 
the growth and development of pear pollen tubes. In 
leaf tissue, nine PbrABC genes (PbrABCA4, PbrABCC3, 
PbrABCC6, PbrABCC7, PbrABCD4, PbrABCG9, 
PbrABCG20, PbrABCG32, PbrABCG75) exhibit a pro-
nounced tissue-specific expression pattern, suggest-
ing their involvement in leaf development. Forty-nine 
PbrABC genes show high expression in petals, implying 
their potential role in the development of floral organs.

Expression analysis of PbrABCs in response to drought 
and salt stress
The ABC transporters have been reported to be widely 
involved in response to abiotic stress [20, 29, 31]. To 
investigate the expression patterns of the pear ABC 
transporters in response to abiotic stress, we conducted 
an analysis of expression changes in pear leaf tissues 
under drought and salt stress, based on the RNA-Seq 
data. As shown in Fig. 6, for salt stress, 82 of 177 PbrABC 
genes were sensitive to salt stress, the majority of which 
exhibited different expression profiles at different stages 
of salt treatment. For example, 21 PbrABC genes tended 
to be observably up-regulated at 12 h and decreased 
at 24 h. After salt treatment, PbrABCC9, PbrABCC14, 
PbrABCC21, PbrABCD7 and PbrABCF1 are continu-
ously up-regulated. Interestingly, in the context of salt 
treatment, several PbrABC members exhibit expression 
trends resembling peaks or ‘V’-shaped expression pat-
terns. For instance, 19 PbrABC genes exhibit an initial 
upward trend in expression, followed by either stabiliza-
tion or a decline, whereas 12 PbrABC genes initially expe-
rience a continuous decrease in expression, subsequently 
stabilizing or increasing, this may be attributed to a com-
plex adaptive strategy that plants employ in response to 
salt stress. As shown in Fig.  7, 91 PbrABC genes were 
responsive to the drought stress. Under drought treat-
ment, the expression of 8 PbrABC genes increased first, 
then decreased after water recovery, while 17 PbrABC 

Fig. 4  Cis-regulatory element analysis of PbrABC transporter genes. 
The cis-acting elements were predicted in the promoter sequences 
of the PbrABC transporter genes. Rectangular boxes of distinct 
colored boxes represent the different types of cis-acting elements
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genes decreased first, then increased after water recov-
ery. To validate the results obtained from the RNA-seq 
data, 12 PbrABC genes were selected for further valida-
tion by qRT–PCR. As shown in Fig.  8A, B, the expres-
sion trends of selected PbrABC genes from the qRT–PCR 
results were consistent with the RNA-seq data. The 
expression profiles of six selected PbrABC transporter 
genes (PbrABCA3, PbrABCA4, PbrABCB3, PbrABCC8, 
PbrABCF4, and PbrABCG31) were upregulated at 12 h or 
24 h (0 h-12 h or 0 h-24 h) and then gradually decreased, 
with the expression of three PbrABCs (PbrABCB27, 
PbrABCC2, and PbrABCF2) were downregulated and 
then increased under salt treatment. For drought treat-
ment, the expression levels of four genes (PbrABCA3, 
PbrABCA4, PbrABCF4, and PbrABCG31) were upregu-
lated at 3 h or 6 h, and then decreased after rehydration, 
with eight genes (PbrABCB3, PbrABCB27, PbrABCC2, 
PbrABCC8, PbrABCD5, PbrABCD8, PbrABCF2, and 
PbrABCG64) were downregulated at 3 h or 6 h, and then 
increased after rehydration. The qRT–PCR results gener-
ally confirmed the RNA-seq results. Taken together, the 

diverse expression patterns observed suggest potential 
functional distinctions among PbrABC genes in response 
to abiotic stress.

Discussion
ABC transporters are a multifunctional family of pro-
teins found across various organisms, playing critical 
roles in the transport of a wide range of substrates [2–
4]. In plants, these transporters have been implicated in 
the translocation of phytohormones, lipids, secondary 
metabolites, and ions, thus influencing plant growth, 
development, and stress responses [12, 13, 20–31]. The 
number of ABC transporters have been extensively stud-
ied in many species, such as Arabidopsis thaliana [25, 35, 
36], Fragaria vesca [37], Linum usitatissimum [38], Zea 
mays [39] and Oryza sativa [20, 40]. However, the knowl-
edge of the ABC gene family is very limited in pear. In the 
present study, we conducted an extensive analysis of ABC 
gene family in pear genome, a total of 177 ABC gene fam-
ily members of Pyrus were identified genome wide, local-
ized on 17 chromosomes (Fig.  3). The number of ABC 

Fig. 5  Expression file of PbrABC transporter genes in pear different tissues. Relative expression of PbrABC transporter genes in stem, leaf, bud, sepal, 
petal, overy, pollen and fruit were determined by RNA-Seq data from pear. Blue indicates low expression, and red indicates high expression. The 
heatmap was generated with TBtools
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Fig. 6  Expression levels of PbrABC transporter genes under salt stress. RNA-seq data were used to measure the expression level of PbrABC 
transporter genes under salt treatment. Blue indicates a low expression level and red indicates a high expression level. The heatmap was generated 
using TBtools
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transporter genes in Pyrus was more than that observed 
in the other model species such as Arabidopsis thaliana 
[41], Oryza sativa [42], Solanum lycopersicum [43] and 

Zea mays [39], this may be due to recent whole-genome 
duplication (WGD) events occurred in pear [44]. Phy-
logenetic results showed that these PbrABC transport-
ers were divided into seven subfamilies (Fig. 1), of which 
the PbrABCG subfamily contains the most members in 
Pyrus. Furthermore, Members of the same subfamily 
have similar sequence lengths and motif distributions, 
the presence of conserved motifs within PbrABC pro-
teins suggests the conservation of structural domains 
critical for their functions (Fig. 2).

Gene duplication is a prevalent mechanism occurred 
in a wide range of organisms, which furnish a reservoir 
of novel genes enables organisms to accommodate them-
selves to new environments. Whole-genome duplication 
(WGD), tandem duplication (TD), proximal duplication 
(PD), transposed duplication (TRD), and dispersed dupli-
cation (DSD) are the primary forms of gene duplication 
[32]. In this study, duplication analysis showed that most 
PbrABC transporter members in pear were duplicated 
from WGD or dispersed duplication events (Fig. S1), sug-
gesting the WGD or dispersed duplications contributed 
to the expansion of PbrABC transporters gene family.

Understanding tissue-specific expression patterns of 
PbrABC transporters will provide a more nuanced pic-
ture of their biological roles. In the case of pear, our anal-
ysis of previously obtained RNA-seq data has unveiled 
diverse expression patterns exhibited by PbrABC across 
distinct tissues (Fig.  5). Interestingly, different PbrABC 
family members exhibit distinct expression profiles. The 
diversity in these expression patterns of PbrABCs high-
lights the intricate regulatory mechanisms involved in 
various tissues of pear, emphasizing the complexity of 
ABC gene regulation. Additionally, the identification of 
specific expression patterns is noteworthy, such as the 
specificity observed in seven genes expressed uniquely 
in pear pollen and nine genes showing tissue-specific 
expression in leaves. The diversity observed in these 
unique expression patterns strongly indicates the multi-
faceted roles played by PbrABC transporters across dif-
ferent stages of pear growth and development.

Drought and salt stress are two major abiotic stress-
ors that significantly impact plant growth and crop 
productivity. Several studies have provided compelling 
evidence of the involvement of specific ABC transporters 
in regulating plant responses to abiotic stress, particu-
larly drought and salt stress. For instance, the Arabi-
dopsis ABCG22, 25 and 40 transporters (also known 
as AtABCG22, AtABCG25 and AtABCG40) has been 
shown to mediate abscisic acid (ABA) transport, a criti-
cal regulator of stomatal closure during drought stress 
[45–48]. Furthermore, the Arabidopsis ABCC transport-
ers, AtABCC1 and AtABCC2, have garnered attention 
for their roles in ion detoxification and sequestration 

Fig. 7  Expression levels of PbrABC transporter genes under drought 
stress. RNA-seq data were used to measure the expression level 
of PbrABC transporter genes under drought treatment. Blue indicates 
a low expression level and red indicates a high expression level. The 
heatmap was generated using TBtools
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[29]. Additionally, knockout of OsABCG36 resulted in 
increased Cd accumulation in root cell sap and enhanced 
Cd sensitivity in rice [20], indicating the biological func-
tion of OsABCG36 in cadmium tolerance. To better 
understand the potential functions of PbrABC trans-
porters in pear responses to abiotic stresses, we exam-
ined the cis-element distribution in promoter regions. In 
the present study, we identified the cis-acting elements 
in promoter regions contained a variety of components 
involved in the stress response (drought response, low-
temperature response, and defense and stress response) 
and phytohormone responses (gibberellin, auxin, abscisic 
acid, salicylic acid, and methyl jasmonate) (Fig. 4). These 
results indicated the potential functions the PbrABC 

transporters in environmental stress and plant devel-
opment. Furthermore, we explored the expression pat-
terns of PbrABC transporters after drought stress and 
salt stress treatment. A transcriptome analysis revealed 
that a large number of PbrABC genes were up-regulated 
in leaf tissues after drought or salt treatment (Fig. 6 and 
7). For example, PbrABCC9, PbrABCC14, PbrABCC21, 
PbrABCD7 and PbrABCF1 are continuously up-regu-
lated after salt treatment, 17 PbrABC genes decreased 
first under drought treatment, then increased after water 
recovery. Additionally, except for up-regulated genes, 
some PbrABC transporters were down-regulated in 
response to drought or salt stress. This dynamic expres-
sion pattern may indicate that these particular PbrABC 

Fig. 8  qRT–PCR analysis of 12 PbrABC transporter genes under salt and drought stress. A. Expression pattern of 12 PbrABC transporter genes 
under salt treatment for 0 h, 4 h, 6 h, 12 h, 24 h and 48 h, respectively. B. Expression pattern of 12 PbrABC transporter genes under drought treatment 
(10% PEG6000) for 0 h, 1 h, 3 h, 6 h and rehydration for 24 h, respectively. All experiments were performed independently at least three times



Page 11 of 14Kou et al. BMC Genomics          (2024) 25:169 	

transporters could potentially function as positive or 
negative regulators in the context of drought or salt 
stress, previous research confirmed this phenomenon in 
other species. For example, In Arabidopsis, AtABCB40, 
also known as AtPDR12, is an exemplary case of a posi-
tive regulator in drought stress responses [45]. Its over-
expression enhances drought tolerance by mediating the 
efflux of stress-related compounds, thereby reducing ion 
accumulation and preventing stress-induced damage 
[45]. In addition, overexpression of AtABCG36 improves 
drought and salt stress resistance [49]. In rice, under salt 
stress, five genes (OsABCF5, OsABCG27, OsABCG34, 
OsABCG36, and OsABCG45) were up-regulated, and 
four genes (OsABCB21, OsABCC17, OsABCG16, and 
OsABCG17) were down-regulated harbors genes, sug-
gesting that these ABC transporters may be involved 
in salt tolerance [50]. The intricate regulatory roles of 
specific ABC transporters in salt and drought stress 
responses highlight the complexity of plant adaptation 
to abiotic stressors. These transporters influence ion 
transport, osmotic adjustment, and the balance of stress-
related hormones, collectively shaping the plant’s ability 
to cope with adverse environmental conditions.

However, it is crucial to recognize that the regulatory 
mechanisms of ABC transporters are not yet fully under-
stood. Future research endeavors should aim to unravel 
the intricacies of these mechanisms, including their 
interactions with other stress-responsive genes and sign-
aling pathways. Additionally, the potential for harnessing 
ABC transporters to improve stress tolerance in crops 
holds significant promise for sustainable agriculture.

Conclusion
In summary, A total of 177 ABC transporter genes were 
identified in pear genome, which were divided into seven 
subfamilies, including 8 ABCAs, 40 ABCBs, 24 ABCCs, 8 
ABCDs, 9 ABCEs, 8 ABCFs, and 80 ABCGs. Duplication 
analysis showed that WGD and dispersed duplication 
contributed to the expansion of the PbrABC gene fam-
ily. Cis-regulatory element analysis of PbrABC promoters 
indicated associations with phytohormones and stress 
responses. Furthermore, tissue expression pattern and 
expression profile analyses under salt and drought stress 
indicated the biological functions of PbrABC transporter 
genes involved in the development and response to abi-
otic stresses. Overall, these findings provide a theoretical 
basis for further research biological roles of the PbrABC 
genes in pear.

Materials and methods
Plant materials and stress treatment
The “Duli” pear seeds used in this study were sourced 
from the pear germplasm orchard at the Pear 

Engineering Technology Research Center of Nanjing 
Agricultural University, located in Baima, Nanjing, with 
proper authorization. The seeds were initially placed 
on moistened gauze in a growth chamber under con-
trolled conditions: temperature maintained at 25 ± 1 °C, 
darkness, and 60% relative humidity. After germina-
tion, the seedlings were transplanted into plastic pots 
and grown in a growth chamber for a period of five 
weeks, with a photoperiod of 16/8 hours and a tempera-
ture of 25 ± 1 °C. Subsequently, the seedlings were sub-
jected to various stresses. For NaCl and drought stress, 
the seedlings were exposed to 200 mM NaCl and 20% 
PEG 6000, respectively. Pear leaves were systematically 
collected at specific time points following salt stress 
treatment, including 0 h, 4 h, 6 h, 12 h, 24 h, and 48 h. 
Additionally, for drought stress, the seedlings were 
sampled at continuous intervals of 0, 1, 3, 6 hours, and 
after 24 hours of rehydration. To preserve the samples, 
they were promptly frozen in liquid nitrogen and stored 
at − 80 °C.

Genome‑wide identification of ABC transporters in pear
To identify PbrABC transporters in pear, two meth-
ods were applied. First, 130 reference protein sequences 
of ABC transporter of Arabidopsis thaliana from the 
TAIR software (https://​www.​arabi​dopsis.​org/) were used 
as query with the BLAST tool against the pear genome 
(http://​pearo​mics.​njau.​edu.​cn/). Then, the Hidden 
Markov Model of the PF00005 domain from the Pfam 
database was used to obtain the candidate PbrABC genes 
in pear [51]. After removing redundancy sequence, the 
putative PbrABC candidates were further verified using 
SMART (http://​smart.​embl-​heide​lberg.​de/) [52], and 
Pfam search (http://​pfam.​xfam.​org/​search) [53]. As the 
culmination of our systematic exploration, we success-
fully pinpointed a total of 177 PbrABC transporter genes 
in pear genome.

Phylogenetic analyses and conserved motif determination
The ABC protein sequences respectively obtained from 
Arabidopsis and pear genome. To construct phyloge-
netic trees for Arabidopsis and pear ABC transport-
ers, several amino acid sequences were aligned using 
the ClustalX 2.0 program. Following this alignment, we 
constructed phylogenetic trees using Neighbor-Joining 
(NJ) method with the Poisson model and 1000 boot-
strap replications [54]. The MEME online tool (http://​
meme-​suite.​org/) was used to determine the conserved 
motifs of PbrABC transporters [55]. TB tools software 
was then used for the motif visualization [56, 57].

https://www.arabidopsis.org/
http://pearomics.njau.edu.cn/
http://smart.embl-heidelberg.de/
http://pfam.xfam.org/search
http://meme-suite.org/
http://meme-suite.org/
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Chromosomal distribution and gene duplication 
of the PbrABC genes
To determine location information of ABC transporter 
genes, chromosome positions of all ABC transporter 
genes were confirmed in the pear database. Addition-
ally, the gene duplication analysis was identified using the 
MCScanX software [58]. The circos project (http://​circos.​
ca/) mapped the chromosomal location and the synteny 
relationships using TB tools software.

Analysis of cis‑acting elements in the promoter region 
of pear ABC family genes
To examine the role of the PbrABC gene’s regulatory 
region in pear, an upstream sequence within a 2000 bp 
distance from the start codon was retrieved from pear 
genome [44]. The promoter region sequences were ana-
lyzed for the presence cis-acting regulatory elements 
(CAREs) using the PlantCARE program (http://​bioin​
forma​tics.​psb.​ugent.​be/​webto​ols/​plant​care/​html/) [59], 
and then TBtools was used for visual analysis.

Expression profiling of ABC transporter genes in different 
tissues of pear
The expression levels of PbrABC genes in different tissues 
were analyzed through RNA-seq data, obtained from our 
previously published studies and unpublished data [44, 
60, 61], including pollen, seed, petal, sepal, ovary, stem, 
bud, leaf and fruit (80 days after full blooming). The raw 
RNA-seq reads were cleaned by removing low-quality 
reads (quality score < 15), poly (A/T) tails, and adapter 
sequences. Finally, the values of fragments per kilobase 
million (FPKM) were used to indicate the expression 
levels of PbrABC genes. The heatmap of PbrABC gene 
expression was visualized using TB tools software. The 
RPKM values of PbrABC genes in different tissues of 
pear were shown in Table S2.

Expression profiling of PbrABC transporter genes 
under drought or salt stress
RNA-seq data for PbrABC transporter gene under 
drought or salt stress was obtained from our lab. The 
sample for salt stress were taken at 0, 4, 6, 12, 24 and 48 h 
after sodium chloride (NaCl) treatment. The sample for 
drought stress were taken at 0, 1, 3, 6 and rehydration 
for 24 hours after drought treatment. Log transforma-
tion was carried out for reading/kilobase/million mapped 
values, and heatmap was constructed using software 

package TB tools. The RPKM values of PbrABC genes 
under salt and drought stress were respectively shown in 
Table S3 and S4.

Quantitative real‑time PCR (qRT‑PCR)
Following the outlined protocol for total RNA extrac-
tion and genomic DNA contamination elimination, we 
designed qRT-PCR primers using Primer 5.0. The qRT-
PCR was performed on the LightCycler-480 Detec-
tion System (Roche, Penzberg, Germany) using AceQ® 
qPCR SYBR® Green Master Mix (Vazyme, Nanjing, 
China). The qRT-PCR protocol included an initial 
5-minute phase at 95 °C, followed by 45 cycles of 3 sec-
onds at 95 °C, 10 seconds at 60 °C, and 30 seconds at 
72 °C.

To ensure experimental rigor, all qRT-PCR analyses 
were carried out with strict adherence to three biologi-
cal and technical replicates. PbrTUB were selected as 
reference genes for qRT-PCR using the 2-ΔΔCt method 
[62]. It’s noteworthy that all steps, from RNA extraction 
to cDNA synthesis and subsequent analyses, were per-
formed in triplicate. Refer to Table S5 for a comprehen-
sive list of primers used in this assay.
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