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Abstract

Background The auxin response factor (ARF) is a key regulator involved in plant growth, development, and stress
response. In this study, we systematically identified the ARF gene family using a pan-genomic approach based on 47
high-quality potato genomes.

Results Among the 28 members of the potato ARF pan-gene family, no core or private genes were identified.

Only one gene was classified as near-core, while the remaining genes were considered non-essential. Ka/Ks analysis
indicated that a single gene was under positive selection, whereas the rest of the family members were subject to
purifying selection. Structural variations across the 21 potato genomes did not significantly alter the expression of ARF
pan-gene family members, and no notable expression differences were detected. However, these structural variations
did lead to changes in conserved domains in certain strains. RNA-seq analysis revealed differential expression of ARF
family members under drought stress compared to control conditions, with variation in expression levels among
different genes. Further investigation suggested that transcription factors are involved in regulating the expression of
ARF gene family members.

Conclusions Our findings revealed the function of the auxin response-factor family members in biological processes
in potato, and provide a new theoretical reference for drought resistance-breeding in this important crop species.
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Background

Auxin is an indispensable plant hormone, and changes
in its concentration regulate plant growth and develop-
ment, and various life activities [1]. For example, changes
in auxin concentration can control cell division and dif-
ferentiation, thereby regulating the development of seed
embryos [2]. Indeed, auxin polar transport and local
biosynthesis are essential for plant meristem formation
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their uptake and promoting their chelation and seques-
tration by plant tissues [5]. Furthermore, auxin bio-
synthesis plays an important role in plant resistance to
drought and salinity [6].

Auxin signal transduction comprises two components:
the classic, nuclear auxin signal-transduction system
and the recently discovered extranuclear auxin signal-
transduction system [7]. In turn, the core auxin signal-
transduction system consists of three parts: receptors,
inhibitors, and transcriptional export regulators [8].
In this context, the auxin response factor (ARF) is an
important component of auxin signal transduction that
plays an important role in determining the specificity of
the auxin response [9]. Particularly, ARF transcription
factors (TFs) include three categories: transcription acti-
vators A, and transcription inhibitors B and C. Different
types of ARF TFs regulate distinct auxin responses [10].
Thus, class A ARFs are the core components of nuclear
auxin signaling, and their functions are closely related
to auxin concentration. In this case, ARF activates gene
expression under the presence of auxin and suppresses
gene expression in its absence [11]. Studies have shown
that the special relationship between class A ARFs and
auxin plays an important role in specific developmental
processes, such as embryogenesis and lateral root forma-
tion [12]. Furthermore, ARF expression regulates plant
responses to abiotic stress factors, such as drought and
salinity, and enhances plant resistance to stress [13].

Auxin response factors have been identified as key TFs
that regulate the auxin response, and their functions in
many plants have been elucidated. Further, the expression
patterns of 25 ARF family members identified in sweet
potatoes indicate that they play an important role in reg-
ulating root development in this species [14]. Similarly,
81 ARF family members identified in alfalfa (Medicago
sativa) were specifically expressed under abiotic stress,
including drought, salt, and high and low temperatures,
and their expression was closely related to stress dura-
tion [15]. In all, 660 ARF family members were identified
in the blueberry genome as playing important roles in
fruit development and the pH stress response [16]. These
reports highlight the fact that ARFs are widely involved
in plant physiological processes such as organ develop-
ment and responses to various abiotic stress factors.

Previously, 20 ARF members were identified in a single
reference potato genome as playing important roles in
growth and development, and plant stress responses [17].
These findings revealed the evolutionary relationship
between ARF family members in a single potato refer-
ence genome; however, the presence or absence of ARF
family members in different potato genomes were not
verified. The potato pan-genome contains the presence-
deletion and structural variation (SV) information of 46
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potato reference genomes. However, it has yet to become
a valuable resource for potato gene family research [18].

A comprehensive analysis of the ARF family in potatoes
is necessary to further verify the functions of ARF family
members in this crop species. Therefore, this study aimed
to identify ARF family members based on the potato
pan-genome and compare the results with those of pre-
vious studies. In particular, we determined the presence
or absence of ARF family members in each genome and
analyzed the effects of gene SV on gene structure, gene
expression, conserved domains, and the expression of
ARF family members under drought stress.

Results

Pan-genome identification and presence/absence
variation analysis

In this study, 28 ARF family members were identified
in the potato pan-genome, with significant differences
detected in the number of ARF family members among
the genomes. Among them, PG6359 contained the larg-
est number of members (14), whereas PG1013 contained
the smallest (6) number (Fig. 1A). Further analysis of
the presence/absence of ARF family members revealed
that ARF5 and ARF6 are soft-core genes(present in
42-46 samples), while all other members were shell
genes(present in 2—41 samples). No core(present in all
samples) or accession-specific genes(present in 1 sam-
ple) were found. ARF21 was present only in PG6002 and
PG6241, which may be related to its specific function
(Fig. 1B). The potato ARF family member ID and gene
names correspond to Table S1.

Phylogenetic analysis of ARF in potato

To further understand the evolutionary relationships
among ARF family members, phylogenetic trees of Ara-
bidopsis and potato were constructed and divided into
six components. In addition to G1, potato ARF family
members were unevenly distributed across all compo-
nents, among which G2 contained 13 potato ARF fam-
ily members and was the only soft-core gene. Arabidopsis
and potato ARF family members were most abundant
in G6, suggesting that these genes may be more closely
related (Fig. 2).

Auxin response-factor pressure analysis

To explore the selective pressure on ARF family members
in potatoes during evolution, we calculated the Ka/Ks
ratio values for ARF members in the potato pan-genome.
The peak of ARF24 in some varieties was between 1 and
2, which had a positive selection effect. The remaining
ARF family members had a peak Ka/Ks value between
0~ 1, but there were significant differences in the location
of the peak, among which ARF22 had the highest peak.
(Fig. 3A). Among the 28 ARF family members, ARF2,
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Fig. 1 Number of ARF family members according to presence/absence analysis. (A) ARF family members in different strains; (B) Presence/absence analy-
sis of ARF family members(Dark blue represents presence, Light blue represents absence)

ARF4, ARF5, ARF6, ARF8, ARF9, ARF11, ARF15, ARF19
and ARF24 had Ka/Ks values greater than 1 in some lines,
indicates that these genes were under the influence of
purifying selection, and the Ka/Ks values of the remain-
ing genes were less than 1 in all lines(Fig. 3B).

Influence of structural variants on ARF genes

Huang et al. used read mapping and assembly-based
methods to identify structural variants >50 bp in length,
including insertions, deletions, inversions, duplications,
and translocations. The analysis of the effect of structural
variation on gene expression using the structural varia-
tion files provided in the study of Huang et al., showed
that no significant difference was found between genes
with and without SV, indicates that SV did not affect
the expression of ARF family members in the reference
genome (DM) in potato stolons. (Table S2). For con-
served domain analysis, we selected the lines with the
highest SV overlap, PG1011 and PG6241 (Fig. 4). The
results showed that there were seven conserved domains
corresponding to DM(reference genome) and three
non-corresponding domains between DM and PG1011
(Fig. 4A); additionally, eight conserved domains corre-
sponded to DM, and two did not correspond to DM or
PG6241 (Fig. 4B). Lastly, the amino acid sequences of the
corresponding conserved domains changed, indicating
that the conserved domain was significantly affected by
SV.

The response of ARFs to drought stress

Owing to their shallow root system, potatoes are
extremely sensitive to drought stress [19]. Analysis of the
transcriptome expression data showed that ARF family

members were differentially expressed under drought
stress. Thus, at 3 h after drought stress, ARF6, ARFS,
ARF10, ARF24 and ARF26 were significantly downregu-
lated, whereas the expression levels of ARF5 and ARF25
were significantly upregulated after 6 h of drought stress,
and those of ARF2,ARF4,ARF9,ARF1,ARF23 and ARF28
were significantly upregulated after 12 h of drought stress
(Fig. 5A). Further analysis of the correlation between
ARF family members and TFs showed that bZIP, WRKY,
bHLH, GATA, and ERF were involved in the regulation
of ARF5 after 3 h of drought stress (Fig. 5B). Meanwhile,
at 6 h after drought stress, bZIP, WRKY, bHLH, GATA,
and ERF were found to be involved in regulating ARF5
and ARF25 (Fig. 5C). However, no TFs involved in the
regulation of ARF family members were observed after
12 h of drought treatment.

Discussion
Plant genome sequences provide valuable information
for studying the significance of genes or gene families for
evolution. Gene family analysis based on a single refer-
ence genome includes the identification of family mem-
bers, gene structure, evolutionary relationships, and
expression patterns [20, 21]. However, this analysis has
some limitations and cannot fully explain gene differ-
ences among different genomes. Thus, the construction
of pan-genomes in many species can supplement the lack
of information on the presence/absence of genes [22].
In this study, we systematically analyzed the ARF family
members based on the potato pan-genome constructed
by Huang et al. [18].

Gene presence/absence variation (PAV) is common
in plants and plays an important role in the study of
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Fig.2 Phylogenetic tree of ARFs from Arabidopsis and potato (Colored circ
40)

plant genetic diversity, gene identification, and molecu-
lar marker development [23]. Furthermore, dispensable
genes resulting from PAV variation in Amborellaceae
can enhance resistance to abiotic stress and improve
environmental adaptability [24]. Further, PAV variants
have been identified in other species; thus, for example,
in a pan-gene family analysis of maize TPS, only 20 of
32 family members were identified as core genes; that
is, they were present in all genomes [25]. Similarly, in a
rice TPS pan-gene family analysis, 32 TPS family mem-
bers were found in all genomes [26]. Meanwhile, in the

les represent subgroupds, bootstrap values are only shown to be greater than

analysis of the cucumber WOX pan-gene family, the 9930
genomes reportedly contained 11 family members, which
was the most common, and XTMC contained nine fam-
ily members, which was the least common [27]. As for
this study, 28 ARF family members were identified in 47
potato genomes. The reference genome DM contained 13
ARF family members, with PG6359 containing the largest
number (14) of ARF family members, whereas PG1013
contained the smallest number (6). At the same time, this
study identified a larger number of ARF family members
than the single reference genome (8 more members than
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Fig. 4 Effects of structural variation on conserved domains(The same Motif is connected by the black lines). (A) Conserved domains of DM and PG1011;

(B) Conserved domains of DM and PG6042

the single reference genome), and Presence/Absence
variants are prominent in the potato pan-genome, these
results indicated that ARF family members were lost dur-
ing evolution, which led to the differences in characteris-
tics among different strains.

As the main source of genetic diversity, including inver-
sions, duplications, deletions, and translocations, SVs
play an important role in improving plant agricultural
traits and analyzing evolutionary events [28, 29]. Thus,
for example, Xie et al. found that structural variation
had a significant impact on peach fruit traits, with a 1.67
Mb heterozygous inversion leading to the separation of
flat fruit shapes [30], and pan-genome studies of tomato
have found that structural variation plays an important
role in gene expression, phenotypic differences between
different lines, and in improving plant resistance to stress
[31]. Comparing the genomes of cultivated and wild
potato species, structural variation has been identified

as the key to potato genome diversity. Moreover, struc-
tural variation has been determined to play an impor-
tant role in improving potato resistance to biotic and
abiotic stress factors [32]. No significantly differentially
expressed genes were found in the stolon expression pro-
file of the 21 potato lines, indicating that structural varia-
tion did not affect the expression of ARF family members
in stolon of these lines. Therefore, we speculated that the
function of ARF family members in regulating stolon
development was not affected by SV during the evolution
of these potato lines, and ARF was involved in regulating
stolon development in these lines to ensure the normal
operation of potato growth and development, the effect
of structural variation on the expression of other tissues
needs to be further verified. However, other studies have
reported that SV does affect the conserved domains of
ARF. Compared to the reference genome DM, PG1011,
and PG6241 had seven and eight conserved domains,
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Fig.5 Response of potato ARF to drought stress. (A) Heatmap of differential gene expression in ARF under drought treatment(CK: Drought stress O h, D3:
Drought stress 3 h, Dé: Drought stress 6 h, D12: Drought stress 12 h.); (B) Interaction network between ARF and transcription factors after a 3 h drought
treatment; (C) Interaction network between ARF and transcription factors after a 6 h drought treatment

respectively. However, the amino acids of the corre-
sponding conserved domains did not fully match, indi-
cating that the latter were affected by SV. As described
in a maize TPS pan-gene family study, the conserved
domains of TPS family genes were significantly affected
by SV, resulting in a large number of atypical genes [25].
Consistently, a rice TPS pan-gene family study found that
the effect of SV on conserved domains led to the genera-
tion of many atypical genes in the rice TPS family [26].
As key components of the auxin signaling pathway,
ARFs are involved in the regulation of plant growth and
development, and stress responses. In particular, when
the inhibitory factor ARF2 was knocked out, tomato
stress-related genes such as reactive oxygen species
(ROS)-scavenging and defense-related genes were sig-
nificantly upregulated, thereby improving stress resis-
tance [33]. Concomitantly, Hao et al. found that when
the ARF4 gene was knocked out, tomato stomatal mor-
phology and vascular bundle development were affected,
thereby enhancing drought resistance [34]. In addition,
ARF1 acts as a stress response factor, with its overex-
pression significantly improving crop tolerance to abiotic
stress [35]. In short, different types of ARFs play different
roles in plant growth and development, and stress resis-
tance. Meanwhile, Based on the transcriptome results,
we found that ARF6, ARF8, ARF10 and ARF24 may be

transcriptional represses. ARF5 and ARF25 may be the
response factors of ARF family to drought stress.

The function of TFs is to control gene expression in the
appropriate cells to ensure normal plant biological pro-
cesses [36]. TFs such as NAC, MYB, WRKY, and ERF
improve soybean resistance to biotic and abiotic stresses
by regulating N-acetylserotonin O-methyltransferase
expression and soybean auxin activity [37]. The analysis
of the interaction network between transcription fac-
tors and ARF family(Spearman’s correlation coefficients:
p < 0.05,|r|>0.5) showed that transcription factors such
as bZIP, WRKY, bHLH, GATA and ERF were involved in
regulating the expression of ARF family members, which
ensured the normal operation of life activities under
drought stress and resisted the damage of potato under
drought stress.

Conclusions

In this study, ARF family members were identified for the
first time within the potato pan-genome, yielding a total
of 28 ARF genes. Phylogenetic analysis classified these
28 members into six distinct subfamilies. Further analy-
ses were conducted to assess selection pressure acting on
the ARF family and to evaluate the impact of structural
variations on these genes. Transcriptome data revealed
a potential mechanism through which ARF members
respond to drought stress, and indicated the involvement
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of transcription factors—including bZIP, WRKY, bHLH,
GATA, and ERF—in regulating ARF expression. In sum-
mary, this work expands the known repertoire and func-
tional understanding of the ARF gene family in potato,
and provides a more comprehensive theoretical founda-
tion for investigating mechanisms of potato development.

Materials and methods

Identification and presence/absence variation in the ARF
gene family

From the Pan-Potato Database (http://solomics.agis.or
g.cn/potato/, http://218.17.88.60/potato/) to download
the Potato 46 pan-genome and gene annotation files,
Potato reference genome (DM v6.1) and gene annotation
files were obtained from Spud DB (http://spuddb.uga.ed
u/). The ARF domain (PF06507) hidden Markov model
file was downloaded from the Pfam database (http://pp
fam.xfam. org), Pan-genome ARF family members were
confirmed by searching ARF domains (parameters: e <
1E-5) with the HMMER program and by homology align-
ment [38]. The preliminary genome-wide ARF members
of the family were submitted to the SMART CDD (http
://smart.embl.de/) database (https://www.ncbi.nlm.ni
h.gov/cdd/) [39, 40]. The presence of ARF domains was
verified to confirm the final ARF family members in the
pan-genome.

Huang et al. used a reannotation approach to reidentify
gene families in the potato pangenome. The ARF family
pan-gene list was extracted from the potato pan-gene
list provided in the study by Huang et al., to obtain the
presence/absence information of ARF family members
in different genomes. The ggplot2 package was then used
to map the presence and deletion of ARF genes in the
potato pan-genome [41].

Phylogenetic tree analysis of ARF gene family

The protein sequences of Arabidopsis and potato ARF
family members were extracted to construct phyloge-
netic trees. Multiple sequence alignments of Arabidop-
sis and potato protein sequences were performed using
Muscle comparison method, and phylogenetic trees
were constructed using IQ-TREE (Maximum Likelihood,
Bootstrap: 1000) [42]. The obtained evolutionary tree was
submitted to iTOL V6 (https://itol.embl.de/) for graphica
I enhancement [43].

Ka/Ks ratio calculation for ARF genes

Auxin response-factor member protein sequences and
CDS sequences of each genome were extracted from the
potato pan-genome, and Ka/Ks values for the ARF mem-
bers were calculated using KaKs_ Calculator 2.0 [44].
Then, the R packages ggridge and ggplot2 were used to
draw Ka/Ks ridge maps and heat maps of the ARF family
members with Ka/Ks >1.
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Influence of structural variation among ARF family
members on ARF expression

From the Pan - Potato Database (http://solomics.agis.org
.cn/potato/, http://218.17.88.60/potato/) to download the
Potato structure variation information file (http://solomi
cs.agis.org.cn/potato/ftp/variation/potato_VCF_44sp.vcf
.gz), and the ARF members in the family structure infor
mation were extracted. Huang et al. detected the expres-
sion levels in different tissues of potato, but did not cover
all strains. We used stolon expression data from different
potato lines reported by Huang et al. (PRJNA754534) to
calculate the effect of structural variation on the expres-
sion of ARF family members. Wilcoxon and t-tests were
used to determine whether there was a significant dif-
ference in ARF expression between structural and non-
structural variants. The structure showed that there was
no significant difference among ARF family members.

Effect of structural variation on conserved domains

We reasoned that SV affected the conserved domain of
the ARF gene. Therefore, we selected the genome lines
PG6011 and PG6241 with the most structural vari-
ant gene family members and submitted the protein
sequences of the reference genome to meme suite//
meme-suite org/meme/tools/meme). weblogos mapping
the protein sequences of the three genomic ARF fam-
ily members (conserved base number: 10) to test our
hypothesis [45].

Analysis of the expression of ARF family members under
drought stress

We downloaded potato drought-stress treatment RNA-
seq data (PRJNA728834) from the NCBI database and
calculated ARFs expression using the DM strain as the
reference genome [46]. The expression of potato ARFs
under drought stress at 0 h(CK), 3 h(D3), 6 h(D6), and
12 h (D12) was analyzed and an expression heatmap was
drawn using the pheatmap package. Spearman’s cor-
relation coefficients of TFs and their family members
were calculated using the Psych software package (p <
0.05,|r|>0.5). Finally, cytoscape v3.10.1 was used to plot
the co-expression network of TFs and ARF family mem-
bers [47].
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