Zhang et al. BMC Plant Biology ~ (2025) 25:342 BMC Plant B|o|ogy
https://doi.org/10.1186/512870-025-06366-4

Check for
updates

Genome-wide identification and functional
analysis of the ARF gene family in tetraploid
potato reveal its potential role in anthocyanin
biosynthesis
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Abstract

Background Auxin response factors (ARFs) are plant-specific transcription factors that are crucial for flower
development, lateral root formation, leaf senescence, and fruit ripening. Information on the ARF family genes in
tetraploid potato remains unidentified.

Results In this study, we identified 92 StARF genes including alleles in the tetraploid potato genome (C88.v1),
classified into four subfamilies, and unevenly distributed across 48 chromosomes. The promoter regions contained
numerous light, plant hormones, and stress response elements, including those for low-temperature, drought, and
anaerobic-induction cis-elements. Collinearity analysis suggested that StARF family members amplification results
from whole genome and segmental duplications. Tissue-specific expression patterns manifested in most StARF
family genes. RNA-seq data and WGCNA analysis of two tetraploid potato varieties with different-colored tuber flesh
identified 11 differentially expressed StARF genes correlated with key anthocyanin synthesis genes. Protein-protein
interaction predictions highlighted StARF23-1 as a potential key regulator of the anthocyanin biosynthesis pathway,
warranting further investigation.

Conclusions Overall, our study comprehensively analyzes the StARF gene family in tetraploid potato and identifies
candidate genes linked to anthocyanin synthesis, providing a foundation for future research on the regulatory role of
StARF transcription factors in colored potato anthocyanin biosynthesis.
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Introduction

Anthocyanins, a class of water-soluble natural pigments
present in the vacuoles of plants, belong to flavonoid sec-
ondary metabolites and have a wide range of biological
functions in plants. Besides imparting vibrant hues to
plant organs, these compounds confer resilience to low
temperatures, ultraviolet radiation, and pathogens [1].
From a human health perspective, anthocyanins, which
are edible natural pigments, are considered safe and non-
toxic and possess strong antioxidant properties. Further-
more, anthocyanins possess a multitude of physiological
functions, including prevention of cardiovascular disease,
anti-aging, anti-tumor, inhibition of cancer cell growth,
and protection of vision [2, 3]. Anthocyanin biosynthe-
sis is precisely and dynamically regulated, and it depends
crucially on the synergistic action of two gene types:
structural genes and regulatory genes. The structural
genes encode various enzymes required in the anthocy-
anin biosynthetic pathway, such as PAL, CHS, CHI, F3H
and DFR. The transcription factors (TFs) encoded by reg-
ulatory genes serve as the switches for the expression of
these enzyme genes, directly influencing the expression
patterns of these structural genes [4]. At present, MYB,
bHLH, and WD40 are three known transcription factor
families that play a major role in anthocyanin biosynthe-
sis [5]. They can either act independently to regulate the
expression of structural genes involved in anthocyanin
biosynthesis or combine to form an MBW protein com-
plex that regulates the transcription of structural genes.
Besides the aforementioned three TFs, TFs such as bZIP
[6], ERF [7], SPL [8], and WRKY [9] also regulate antho-
cyanin biosynthesis. Additionally, recent evidence has
shown that ARFs also play important roles in regulating
anthocyanin biosynthesis in plants [10-13].

Auxin response factors (ARFs), as key TFs in plant
growth, can specifically bind to TGTCTC auxin response
elements (AuxREs) within the promoter regions of tar-
get genes, activating or inhibiting the expression of
downstream target genes and regulating plant growth
and development [14, 15]. The typical ARF protein fea-
tures three conserved domains [16, 17]. The leading one
is the B3-type DNA-binding domain (DBD), sitting at
the N-terminus and tasked with identifying AuxREs.
The second region is the non-conserved middle region
(MR), which is located in the middle of the protein and
is responsible for the activation or inhibition of auxin-
responsive gene expression. This region is divided into an
activation domain (AD) and repression domain (RD). AD
is characterized by a high proportion of glutamine (Q),
serine (S), and leucine (L) residues, whereas RD predomi-
nantly comprises proline (P), S, and glycine (G) residues.
In addition, the C-terminal dimerization domain (CTD)
encompasses two domains (III and IV), which can form
homodimers or heterodimers with ARF and Aux/IAA
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proteins, facilitating protein-protein interactions [18, 19].
The first ARF transcription factor was identified in Ara-
bidopsis thaliana by Uimasov et al. [20], using the yeast
one-hybrid method, and was designated as AtARF1. Sub-
sequently, a total of 22 AtARF members were identified
in genetic and molecular experiments [21-24]. To date,
researchers have carried out genome-wide identifica-
tion and analysis on ARF gene families across a variety of
crops, including rice [25], tomato [26], maize [27], apple
[28], eggplant [29], castor bean [30], and soybean [14].
Numerous studies have shown that in plants, ARFs
are involved in a variety of biological processes, includ-
ing auxin signaling, growth and development, abiotic
stress responses, and secondary metabolism. For
instance, AtARF6, AtARF8 [31], OsARF19 [32], P¢gARFI14
and PgARF53 [33] have been proven to be involved in
root development in Arabidopsis, rice and Panax gin-
seng. SIARFS, SIARF7, SIARF8A and SIARF8B have been
verified to mediate fruit development in tomato [34].
MAARF17 [35], GmARF16 [36], OsARF17 and OsARF25
[37] have been demonstrated to play regulatory roles in
the responses of apple to drought stress, soybean to salt
stress, and rice to low-temperature stress, respectively.
Recent studies have indicated that members of the ARF
family may play pivotal roles in regulating anthocyanin
biosynthesis. Jiang et al. [10] observed that a loss-of-
function mutant of AARF2 resulted in a notable reduc-
tion in the content of flavonols and proanthocyanidins
in seedlings and seeds. Moreover, the expression of key
flavonoid biosynthetic genes exhibited a notable decline.
However, overexpression of AtARF2 showed the oppo-
site trend, indicating that AfARF2 functions as a positive
regulator of the flavonoid synthesis pathway. In apple, the
transcription factor MdARF13 has been demonstrated
to bind to the AuxRE element in the MdDFR gene pro-
moter region, inhibiting MdDFR expression and reduc-
ing anthocyanin accumulation [11]. Overexpression of
MdAARF2 has been demonstrated to result in a notable
reduction in the expression levels of structural genes
involved in anthocyanin biosynthesis, such as MdDFR,
MdACHS, and MAUFGT, impeding the accumulation
of anthocyanins [12]. Li et al. [13] demonstrated that
MAERES3 is a positive regulator of the anthocyanin bio-
synthesis pathway and that MAARF5-1 can inhibit antho-
cyanin accumulation by antagonizing MAERF3.
Cultivated potato (Solanum tuberosum L.), an autotet-
raploid (2n=4x=48) dicotyledonous plant of the Sola-
naceae family, is one of the important food crops around
the world due to its excellent characteristics such as rich
nutrition, high yield and wide adaptability [38]. Col-
ored potato represents a distinct category of cultivated
potato. The underground storage organs are abundant in
the anthocyanins and have higher nutritional value than
common varieties with white or yellow flesh. Colored
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potato rich in anthocyanins has the potential for develop-
ment and edible value in the extraction of natural edible
pigments, development of safe and efficient antioxidants,
and enhancement of human immune function [39].
Therefore, it is highly significant to conduct research
on the regulatory mechanism of anthocyanin synthesis
in colored potato. However, tetraploid potato cultivars
exhibit a highly heterogeneous genome and a more intri-
cate genetic background, which presents substantial chal-
lenges in genome assembly and considerably impedes the
advancement of genetic analysis and molecular breed-
ing improvement [38]. To the best of our knowledge,
genome-wide identification and analysis of ARF fam-
ily members in tetraploid potato and their involvement
in anthocyanin biosynthesis in colored potato are yet to
be reported. In 2022, Bao et al. [40] published the com-
plete genome of an autotetraploid potato (C88.v1), com-
prising 48 high-quality chromosomes. The decoding of
this genome has not only significantly advanced scien-
tific research pertaining to tetraploid potato genomics,
but also provided a crucial theoretical foundation and
data foundation for genetically analyzing and improving
anthocyanin traits in colored potato.

In this study, bioinformatics tools were employed to
identify StARF family members within the C88.v1 tetra-
ploid potato genome for the first time, followed by a com-
prehensive analysis of their physicochemical properties,
phylogeny, gene structure, gene duplication events, and
tissue expression patterns. Furthermore, this study used
RNA-seq data from purple and yellow potato flesh to
identify differentially expressed StARF genes. Candidate
StARF genes that may be involved in anthocyanin bio-
synthesis in colored potato were further analyzed using
WGCNA. This study offers a theoretical foundation for
understanding the mechanism of anthocyanin biosynthe-
sis mediated by the StARF gene family in colored potato
and provides candidate genes for the molecular breeding
of colored potato.

Results

Identification and protein characterization of StARF family

members

After conducting a local BLASTP alignment and
HMMER search in the potato genome database, and
then verifying conserved domains using NCBI-CDD
and SMART, a total of 92 StARF genes including alleles
were identified. Chromosomal mapping was carried out
for these genes. The results showed that the 92 StARF
genes were distributed across 48 chromosomes in the tet-
raploid potato (Fig. 1). Based on chromosomal location,
the 92 StARF gene alleles were designated as StARFI-
StARF24, with additional -1 to -4 added to the gene
name for their alleles. Among them, 23 StARF genes had
multiple alleles, including 22 genes with 4 alleles, and 1
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gene with 3 alleles. The highest number of StARF genes
was observed on chromosomes 2_2, 23, and 2_4, with
4 StARF genes each. The remaining chromosomes exhib-
ited a range of 1-3 StARF genes. Moreover, the number
of StARF family members on each chromosome was not
directly proportional to the chromosome length.

The physicochemical properties of StARF proteins
were analyzed using ExPASy online software. The results
showed that the StARF protein sequences varied from
602 to 1246 aa in length (Table S1). The molecular weight
(MW) of the proteins ranged from 66.07 to 141.92 kD.
The isoelectric point (pI) ranged from 5.22 to 7.94, with
89% of genes having a pI<7. It indicates that most of the
proteins in question possess acidic characteristics, and
therefore are likely to function optimally in an acidic
environment. The instability index (II) of all StARF pro-
teins was greater than 40, whereas the grand average of
hydropathicity (GRAVY) was negative, indicating that 92
members of the StARF family are unstable hydrophilic
proteins. The subcellular localization prediction results
indicated that most StARF proteins were localized in the
nucleus, with only StARF15-1 and StARF15-3 located on
the plasma membrane. It suggests that the StARF family
members primarily exert regulatory functions within the
nucleus.

Construction of phylogenetic tree and subfamily
classification of StARF gene family

Constructing a phylogenetic tree can help us under-
stand the evolutionary relationships and history of
gene families. Thus, we used 92 StARF proteins and 23
AtARF proteins to build a phylogenetic tree. The clas-
sification of StARF proteins into subfamilies was based
on the classification standard of the AtARF proteins in
Arabidopsis thaliana. These results showed that the 115
ARF proteins could be distinctly classified into five sub-
families (subfamilies I, II, III, IV, and V) (Fig. 2). Subfam-
ily I (AtARF1/2-like) contained 25 StARF proteins and
5 AtARF proteins. Subfamily II (AtARF5/6/7/8/19-like)
contained 39 StARF proteins and 5 AtARF proteins. Sub-
family III (AtARF3/4-like) contained 8 StARF proteins
and 2 AtARF proteins. Subfamily IV (AtARF10/16/17-
like) contained 20 StARF proteins and 3 AtARF proteins,
while subfamily V was devoid of StARF proteins and rep-
resented a distinct branch of eight AtARF proteins.

To delve deeper into the phylogenetic relationship and
history of the ARF gene family, we further established
a phylogenetic tree with the identified StARF and ARF
protein sequences from four reported plants. Analy-
sis of the phylogenetic tree (Fig. S1) revealed that most
StARF proteins clustered closely with the ARF proteins
of dicotyledonous plants (Arabidopsis and tomato). In
contrast, most ARF family members from monocoty-
ledonous plants (rice and maize) could not be grouped
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Fig. 1 Chromosomal distribution of the StARF gene family members. The blue rectangular bars represent the chromosomes of tetraploid potato, and the

number and length of the chromosomes (Mb) are marked

under the same branch as ARF family members from
dicotyledonous plants. These findings further suggest
that the ARF proteins of monocotyledonous and dicoty-
ledonous plants evolved in relatively independent direc-
tions according to their specific requirements for growth,
development, or response to environmental factors dur-
ing plant evolution.

Gene structure, protein domains and conserved motifs
To explore the structural composition and classification
characteristics of the StARF gene family, we conducted

an in-depth analysis of the gene structure, conserved
motifs, and protein domains of StARF family members.
As shown in Fig. S2, most StARF family members had
complex and diverse gene structures, consisting of 2 to
18 exons. Phylogenetic tree analysis revealed that StARF
members within the same subfamily had highly simi-
lar gene structures, while significant differences existed
between different subfamilies. For instance, StARF mem-
bers of subfamily IV exhibited the lowest exon count.
Except for SEARF15-1 and StARFI15-3, all StARF mem-
bers in subfamily I contained 14 exons. Furthermore, the



Zhang et al. BMC Plant Biology (2025) 25:342 Page 5 of 19

=

w @@L g o
e LS > % 0% o
LT >R IE RS T
2222885582855 8 0y
¢ 5 % B2 eIIIITLHELY Y
S R o P Lbhaas SIS LY ~
N - R G T Rl i e < & 5 & &N
Q% B 23 - ‘i x ¥ * & toE‘ TR \t:\,
AN AT R TN
S 8BNS PSSy
AT N FF S
4’7 & " ® * S Q\
< T % ¥ P
%, Yy %, CES e WL
d}ﬂl&\%/ 2 Vo7 \?33 Qr}j}
J}’?,?p 9(7 T Y’?'&?& quqz
Sty i * SR
&‘3/ * Az N
“1[4 s » ?S'L
ey S Ygl\
P,\P‘Ps \
NS \
StAR Y\ql'
F3. (a
StaRp, {x * sxPs"‘ﬂA
Sarrs " GARE2
3- «
S ‘A ARF’)_l
tARF3.4 St
StARF6. 1x AtARF2
-l
StARF6-3 x B & StARF23
StARF6-2 ¥ ‘ L | — ——«~StARF233
StARF4-1 ¥ ‘ | | ——*StARF23-4
—%
StARF4-2 ¥ SStARF23-2
-
StARFA-4* ; ARFS$.4
SUARFA-? StARFg., |/~
St AR‘:'I 2 : StAR.F 8-3
‘{g"l—’l StARF&I
S % AtAR
VS’I’ Fig
S * 4
1’A ARP
I’»‘?‘g 4 17
SPT s “rp,
N pA* » Sty 9
N 8 Y
%\P\aﬂ;\uua x4 /\/9
& »* ‘4}«1 4@’/\
o N K Sy, 8 7
P2 V y* ¥ ‘
\Ygg P ok 03 7@0 SN
& & W . %, %
\Y’ v Vﬁ i(pd} @{\/ J:e
TSy RS
S \ % %, % %
0 & L4 <§\ S ': x * o < \ec\ o v
N $ S ¥y * Q7 B
B PSRN R AR
TSI 10522282 2%45 0
T SEFSIIEEELERA0E >
& oo &) ¢
”cf‘fx%g?éﬁé@@’i“;?ﬁp
« & > 5 f_.’: (S S ., d=
2 v b
Arabidopsis thaliana # Solanum tuberosum

Fig. 2 Phylogenetic tree of ARF gene family in Arabidopsis thaliana and tetraploid potato. Different subfamilies are represented by arcs of different colors.
Blue triangles and purple pentagrams represent ARF proteins in Arabidopsis and potato, respectively

exons in subfamily I were more closely arranged than We analyzed the conserved domains of the StARF
those in other subfamilies. In addition, some genes, such ~ members (Fig. S3C). In total, 55 StARF family members
as StARF4-1, StARF19-1, and StARF20, exhibited rela- contained the B3, Auxin_resp, and AUX_IAA domains,
tively long intron sequences or were mis-annotated as  which included 25 StARF members of subfamily I, 28
a single gene. This may be due to biases in the genomic =~ StARF members of subfamily II, and 2 StARF members
annotation information and awaits further analysis and  of subfamily IV. Meanwhile, 37 StARF members lacked
research. the AUX_IAA domain while retaining the B3 and Auxin_

resp domains, which was observed in 11 members of
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Subfamily II, 18 members of Subfamily IV, and all mem-
bers of Subfamily III. We further conducted a multiple
sequence alignment of StARF proteins using DNAMAN
9.0 (Fig. S4). The results showed these three protein
domains contained numerous highly conserved amino
acid residues. For example, the Auxin_resp domain,
within the central functional region, contained amino
acids phenylalanine (F), proline (P), glycine (G), serine
(S), and tryptophan (W). These highly conserved amino
acid sites are essential for the StARF protein function.
Furthermore, the amino acid composition and content of
this domain exhibited notable differences among distinct
StARF subfamilies, indicating potential differential gene
functions among various StARF subfamily members.

A total of 10 motifs (Motif 1-Motif 10) were identi-
fied in 92 StARF family members through conserved
motifs analysis (Fig. S3B, and Table S2). All members of
the StARF family exhibited conserved motifs 1, 2, 3, 5, 6,
7,9, and 10, indicating these eight motifs demonstrated
a relatively substantial conservation during the evolu-
tionary history of StARF genes. In conclusion, the gene
structures and protein domains distributions observed in
members of the same subfamily were similar, providing
further support for the reliability of the StARF subfamily
classification.

Analysis of cis-acting elements

Analyzing cis-acting elements in gene promoters can help
understand the regulation of gene expression and predict
the potential functions of genes. We performed a cis-
acting element analysis on the 2 kb upstream sequences
of 92 StARF genes, and visualized 36 cis-elements. The
results showed the presence of a considerable number of
light-responsive elements and a multitude of hormone-
responsive elements within the promoter regions of
the StARF genes (Fig. S5), such as G-box, I-box, GARE-
motif, CGTCA-motif. Most of the promoter regions of
StARF genes also contained stress-related responsive ele-
ments, including low-temperature responsive elements
(LTR), drought-inducible elements (MBS), and anaero-
bic-induction cis-elements (ARE). Furthermore, most of
the promoter regions of StARF genes exhibited MYB and
MYC binding sites, indicating the potential regulation
of StARF family member expression by MYB and bHLH
transcription factors.

Gene duplication events and collinearity analysis

To gain insight into the amplification of StARF genes in
tetraploid potato, we analyzed gene duplication events
among StARF family members. The results showed that
gene duplication events were present in all 92 StARF
family members, and 147 collinear pairs were identified,
with 17 pairs of nonalleles and 130 pairs of alleles (Fig. 3,
and Table S3). No instances of tandem duplications
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were observed among the identified duplication events.
These gene duplication events significantly contributed
to the amplification and functional diversification of the
StARF gene family members in tetraploid potato. Whole
genome duplication (WGD) and segmental duplica-
tion events were pivotal driving forces. Furthermore, the
Ka and Ks values of 147 collinear pairs were calculated,
revealing that most duplicated gene pairs exhibited Ka/
Ks ratios of <1 (Table S4). This suggests that purifying
selection played a pivotal role in driving the evolution of
the StARF gene family.

To acquire a deeper understanding about the phyloge-
netic affiliations of ARF genes across diverse plant spe-
cies, we constructed a collinearity map between potato
and four representative plants: two dicotyledonous plants
(Arabidopsis and tomato) and two monocotyledon-
ous plants (rice and maize). The results showed varying
degrees of collinearity between potato and other plants
(Fig. 4, and Table S5). Among these, the number of
homologous gene pairs between SIARF genes and StARF
genes was the highest (144 pairs), indicating a close evo-
lutionary relationship between the tomato and potato. A
total of 73, 33, and 19 pairs of homologous genes were
detected in potato and Arabidopsis, potato and rice, and
potato and maize, respectively. The number of homolo-
gous gene pairs between the potato and monocotyledon-
ous plants exhibited a marked decline. The number of
homologous gene pairs between potato and dicotyledon-
ous plants was markedly higher than between potato and
monocotyledonous plants. These results indicate that
a greater number of gene duplication events may have
occurred in the ARF genes of dicotyledonous plants dur-
ing evolutionary history.

Analysis of the expression patterns of StARF genes

Gene expression patterns typically correlate with gene
functions. In this study, the FPKM values of 12 potato tis-
sues were extracted from the transcriptome data obtained
from the National Genomics Data Center (NGDC),
and the expression patterns of SEARF genes were subse-
quently analyzed. The results showed that the expression
patterns of the StARF family members in diverse tissues
and the expression trends of individual genes exhibited
notable divergence (Fig. S6). A substantial proportion
of StARF genes exhibited pronounced tissue-specific
expression, with the majority displaying elevated levels
of expression in the underground stolons. For example,
the StARF24-1 gene exhibited a distinctive expression
profile, displaying high levels of expression exclusively in
medium tubers (5-10 cm), and relatively low expression
in other tissues. In contrast, the StARF8-4 gene showed
an inverse expression pattern. In addition, the expression
of the StARF family members during flower develop-
ment was analyzed. These results demonstrated that the



Zhang et al. BMC Plant Biology (2025) 25:342

Ehe
Rhe

N

Page 7 of 19

24.00

m oo
®
P @
"4 o
2019 o 34 P
s UL wnt
TORDI00 s 00 @000

Fig. 3 Duplicated events in the StARF gene family. Red lines indicate the StARF duplicated gene pairs. Rectangular boxes of different colors represent
different chromosomes, and the chromosome numbers are displayed on each chromosome. The blue heat map and broken red-line map represent gene

densities on the chromosomes

expression patterns of StARF genes could be classified
into multiple categories. For instance, the gene StLARFI9
exhibited the highest expression levels in the flower
buds. The genes StARF13-1 and StARF13-4 were highly
expressed in stamens and petals. The gene StARFI7
was expressed in flower buds but not in the other two
floral organs. These findings suggest that StARF genes
are involved in several crucial processes during potato
growth and development. The expression of certain genes
was not detected in the 12 tissues. It is postulated that

these genes may exhibit specific spatiotemporal expres-
sion patterns, necessitating further investigation.

To study StARF genes related to anthocyanin synthe-
sis, we analyzed the expression profiles of SEARF genes
in the transcriptome data of Zicai 3 (rich in anthocya-
nins) and Longshu 7 (without anthocyanins) at different
tuber development stages. The results demonstrated that
with the maturation of potato, the anthocyanin content
in the tuber flesh exhibited an initial increase followed
by a subsequent decrease (Fig. S7). During this process,
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we identified a total of 41 differentially expressed StARF
genes (Fig. 5B, and Table S6). Compared with ‘Longshu
7, 27 StARF genes were upregulated, whereas 14 were
downregulated in the purple flesh. Among these genes,
StARF5-4, StARF7-1, StARF14-1, StARF15-4, StARFI19-
3, and StARF24-2 were consistently upregulated in the
four tuber developmental stages of purple flesh, whereas
StARF23-1 was consistently downregulated. In addi-
tion, correlation analysis was conducted between these
differentially expressed StARF genes and the anthocy-
anin content in tuber flesh, as well as between these
genes and the expression levels of key structural genes

in anthocyanin biosynthesis. We identified 27 key struc-
tural genes involved in anthocyanin biosynthesis by ana-
lyzing the RNA-seq data. (Fig. S8). Correlation analysis
indicated that 15 genes were positively correlated with
the anthocyanin content (r=0.708-0.991, p < 0.05). Eight
genes were negatively correlated with the anthocyanin
content, with r ranging from -0.719 to -0.830 (Fig. 5C).
Among these genes, the gene StARF2-4 showed a rela-
tively significant positive correlation with the remain-
ing 23 structural genes (r=0.708-0.913, p < 0.05), except
for one PAL gene (C88_C09H2G035680.1), one 4CL
gene (C88_C03H2G064360.1), and two C4H genes
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Fig. 5 (See legend on next page.)

are likely to be involved in the biosynthesis of anthocya-

0.1).
nins in potato tuber flesh.

and C88 COSH2G04512

(C88_C06H4G114900.1

The gene StARF23-1 exhibited a significant negative cor-

relation with 17 structural genes (r = -0.722 to -0.906,

p<0.05). This indicates that the StARF family members
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(See figure on previous page.)

Fig.5 Expression and WGCNA analysis of StARF genes in different-colored flesh. (A) Cross-sections of tubers from two potato varieties with different flesh
colors. S1 represents the tuber formation stage. S2 represents the tuber bulking stage. S3 represents the starch accumulation stage. S4 represents the
tuber maturation stage. (B) Expression profiles of 41 StARF genes at different tuber development stages of ‘Zicai 3"and ‘Longshu 7' ZR1:Zicai 3’ of tuber
formation stage. ZR2:Zicai 3’ of tuber bulking stage. ZR3:Zicai 3’ of starch accumulation stage. ZR4:'Zicai 3 of tuber maturation stage. BR1:'Longshu 7' of
tuber formation stage. BR2:'Longshu 7’ of the tuber bulking stage. BR3:'Longshu 7' of starch accumulation stage. BR4:‘Longshu 7' of the tuber maturation
stage. (C) Correlation analysis between differentially expressed genes and anthocyanin content, as well as between differentially expressed genes and
key structural genes involved in anthocyanin biosynthesis. (D) Gene clustering tree and module cutting. (E) Correlation heat map of each module and
purple potato flesh. Red represents positive correlation, whereas blue represents negative correlation. The values inside and outside the brackets in the

figure are P-values and correlation coefficients r, respectively

Co-expression network analysis of StARF genes

TFs are crucial regulatory proteins that play pivotal roles
in diverse biological processes. To elucidate the interac-
tions between StARF genes and their co-expressed TFs,
we generated a weighted gene co-expression network
from the RNA-seq data of ‘Zicai 3’ and ‘Longshu 7’ Based
on the correlation between gene expression levels, a clus-
tering tree was constructed and divided into 37 modules
according to the criteria of the hybrid dynamic cut, with
different colors representing different modules (Fig. 5D).
The MEturquoise module was the most extensive, com-
prising 3,260 genes. The MEyellowgreen module con-
tained the fewest genes (37) (Fig. S9). In accordance with
the established criteria of|r| > 0.7 and p<0.05, five spe-
cific modules associated with anthocyanin content were
identified. The MEmagenta, MEpurple, and MEdark-
green modules exhibited a notable positive correlation
with anthocyanin content, whereas the MEyellow and
MEred modules showed a significant negative correlation
(Fig. 5E).

We further investigated the TFs and StARF family
members within the five modules of particular impor-
tance. The MEyellow module contained 87 TFs from 38
gene families, such as MYB, bHLH, ZIP, SBP, and WRKY
(Table S7). Among the genes with differential expres-
sion in tubers of different flesh colors, five StARF genes
were distributed in the MEyellow module (StARFI-2,
StARF2-4, StARF15-1, StARF23-1, and StARF24-2). The
MEpurple module contained 36 TFs from 17 gene fami-
lies, including seven StARF family members (StARF4-
3, StARF13-4, StARF14-1, StARF15-2, StARF2I-1,
StARF21-2, and StARF21-3). Further analysis demon-
strated that the remaining six genes exhibited differential
expression in tubers with differently colored flesh, except
for SEARF21-3. A total of 81 TFs were retrieved from the
modules MEdarkgreen, MEred, and MEmagenta, includ-
ing 34 transcription factor families (such as MYB, bHLH,
GATA, GRAS, and ERF). Nevertheless, no StARF family
members were detected within the three modules.

A co-expression network was constructed using the 11
differentially expressed StARF genes that were identified
from the MEyellow and MEpurple modules as key nodes.
In the MEyellow module (Fig. 6A), the genes StARFI-
2, StARF2-4, StARF15-1, StARF23-1, and StARF24-2
were co-expressed with 69 TFs from 35 gene families,

including MYB, bHLH, WRKY, ERF, and SBP. Within
the MEpurple module (Fig. 6B), the genes StARF4-3,
StARF13-4, StARFI14-1, StARFI15-2, StARF21-1, and
StARF21-2 were co-expressed with 18 TFs from 12 gene
families, such as bZIP, SBP, and GRAS.

Protein-protein interaction network analysis

To further elucidate the potential regulatory relation-
ship between StARF genes and anthocyanin biosynthesis
structural genes, we used PlantCARE to identify cis-act-
ing elements within the promoter regions of 27 key struc-
tural genes. The results showed that there were no typical
AuxRE (TGTCTC) elements in the promoter regions of
the 27 structural genes (Fig. 7A). However, the search
revealed that there were nine AuxRR-core (GGTCCA
T) elements in the promoter regions of seven structural
genes, and one TGA-element was present in the pro-
moter region of the PAL gene.

Based on the known protein-protein interaction
relationships of Arabidopsis thaliana in the STRING
database, we further predicted and constructed a pro-
tein-protein interaction network between 11 differen-
tially expressed StARF genes and 27 structural genes
using the homology mapping method. The results
showed that the StARF23-1 protein (homologous to
AtARF2) was predicted to interact with anthocyanidin
synthase (ANS), a pivotal structural gene in anthocy-
anin biosynthesis (Fig. 7B). StARF1-2, StARF15-1, and
StARF15-2 have been identified as homologs of AtARF9,
whereas StARF14-1 and StARF24-2 have been classi-
fied as homologs of AtARF6. In addition, StARF2-4 is
a homolog of AtARF1. These five proteins (StARF1-2,
StARF14-1, StARF15-1, StARF15-2, and StARF24-2)
exhibited a strong interaction relationship among them-
selves. However, no protein-protein interactions between
them and structural genes were identified. In conclusion,
these findings provide a preliminary foundation for fur-
ther investigation of the potential regulatory functions of
StARF TFs in anthocyanin biosynthesis.

qRT-PCR validation

To further validate the expression patterns of StARF
genes in differently colored flesh, nine differentially
expressed StARF genes were selected for qPCR analysis.
The results demonstrated that the overall patterns were
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Fig. 6 WGCNA module and co-expression network of differentially expressed StARF genes and transcription factors in different-colored flesh. (A) Co-
expression network of StARF genes and transcription factors in the MEyellow module. (B) Co-expression network of StARF genes and transcription factors

in the MEpurple module

concordant, although there were discrepancies between
the qPCR outcomes and the RNA-seq data (Fig. 8).
Through linear regression analysis, a regression equation
y=0.3285x —0.1131 was obtained, and R*=0.7876, indi-
cating a relatively good correlation between the two, and
the RNA-seq data were reliable.

Discussion

Auxin response factors (ARFs), a group of TFs central to
the auxin signaling pathway, play a critical role in regu-
lating plant growth and development by binding to auxin

response elements (AuxREs) and modulating down-
stream gene expression [14, 15]. To date, extensive stud-
ies have identified ARF gene families across various plant
species, including 23 members in Arabidopsis thaliana
[24], 25 in rice [25], 21 in tomato [26], 19 in grape [41],
and 81 in alfalfa [16]. However, despite these advance-
ments, a comprehensive analysis of the StARF gene fam-
ily in the tetraploid potato genome remains unclear. This
gap is largely attributed to the genetic complexity of cul-
tivated potato, which is autotetraploid, highly heterozy-
gous, and exhibits intricate genetic segregation, posing
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pentagrams represent the AuxRR-core element and the yellow pentagrams represent the TGA-element. (B) Protein-protein interaction network between
candidate differentially expressed StARF genes and structural genes related to anthocyanin biosynthesis. Black and red characters represent Arabidopsis
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significant challenges for genome assembly and func-
tional studies [38, 40]. Recent breakthroughs in genome
sequencing and assembly technologies have begun to
address these challenges, enabling the reconstruction of
complex polyploid genomes [42]. Notably, Bao et al. [40]
published data on the complete genome (C88.v1) of auto-
tetraploid potato comprising 48 high-quality chromo-
somes in 2022. This advancement provides dependable
genomic resources for a comprehensive investigation of
the StARF gene family in tetraploid potato as well as cru-
cial insights for biological research and molecular breed-
ing of cultivated potato.

In this study, using bioinformatics methods, we iden-
tified the StARF gene family in the tetraploid potato
genome for the first time. This gene family comprises
92 StARF genes, including alleles, which are distributed
across 48 chromosomes. Phylogenetic tree analysis based
on Arabidopsis thaliana and potato revealed that the 92
StARF proteins could be classified into four subfamilies.
Notably, the V subfamily contains no StARF proteins but
included eight AtARF proteins. Previous studies have
shown that A¢ARF genes in this subfamily originate from
a single AtARF gene [28, 29]. Similar observations have
been made for other plant species, including maize [27],
grape [41], and apple [28]. It is plausible that these plants
and tetraploid potato have lost only a few ARF genes

during evolution. Moreover, the count of StARF genes
identified in this study was considerably higher than
that observed in diploid plants, including Arabidopsis
thaliana (23 AtARFs) [24], rice (25 OsARFs) [25], tomato
(21 SIARFs) [26], maize (31 ZmARFs) [27], soybean (51
GmARFs) [14], and diploid potato (20 StARFs) [43]. Com-
pared to cultivated alfalfa (81 MsARFs) [16], which is also
an autotetraploid, the discrepancy in the number of ARF
genes is relatively minor. While the genome size of culti-
vated alfalfa is 2.738 Gb [16], tetraploid potato can reach
3 Gb [40], significantly larger than the genomes of Arabi-
dopsis, rice, tomato, and diploid potato. However, previ-
ous studies have shown that there is no proportionality
between the number of ARF genes and genome size [44].
Therefore, it is postulated that the amplification of StARF
gene numbers may be related to the polyploidization of
the cultivated potato genome, resulting in the emergence
of additional homologous genes among the different
chromosome sets of family members. This hypothesis is
analogous to a genome-wide analysis of the MADS-box
gene family in wheat [45]. In addition, gene replication
events serve as the main driving factor for the formation
and expansion of gene families [16]. Such events result
in the production of additional copies of several genes,
which give rise to functional differences in the encoded
proteins [46]. Analysis of gene duplication events in 92
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StARF family members revealed that all members had
experienced gene duplication events, with these events
being WGD or segmental duplication events. It suggests
that WGD and segmental duplication events are the pri-
mary forces driving the expansion of the StARF gene
family in tetraploid potato.

The analysis of the expression patterns of the StARF
genes in 12 tissues revealed significant differences in the
expression levels of StARF genes among the different tis-
sues. Over two-thirds of the StARF genes display tissue-
specific expression patterns. The expression of a gene in
a specific tissue indicates the relationship between the
gene and the function of the tissue [47]. In Arabidop-
sis, AtARF6 and AtARF8 have been demonstrated to
mediate floral organs [48]. In this study, SEARF24-2 and
StARF24-3 were in the same cluster as AtARF6, and these
two StARF genes exhibited relatively high expression lev-
els in flower buds and petals. Thus, it can be postulated
that StARF24-2 and StARF24-3 perform analogous func-
tions in modulating floral organogenesis. StARF23-3 was
highly expressed in fruits and clusters and was closely
correlated with AtARF2. Previous research has dem-
onstrated that A¢ARF2 is involved in the regulation of
fruit ripening [49]. Thus, StARF23-3 may play an impor-
tant role in fruit development. Furthermore, the analysis
revealed that some alleles exhibited differential expres-
sion. For instance, no expression data for StARF7-4 was
identified in any tissue. In contrast, the duplicated gene
pairs StARF7-1 and StARF7-2 exhibited high expres-
sion levels in the apical buds, whereas StARF7-3 dem-
onstrated a low expression level in the same tissue. This
phenomenon may be attributed to the sequence diver-
gence experienced by the alleles, which gives rise to
functional divergence, resulting in the evolution of a cer-
tain gene in a novel functional direction influencing the
expression pattern of the genes [17, 27].

Anthocyanins, water-soluble natural pigments in plant
cell vacuoles, belong to flavonoid compounds. They
endow plant organs with bright colors, confer resilience
to low temperatures, ultraviolet radiation, and diseases in
plants, and bring health benefits to humans [1-3]. Col-
ored potato, rich in anthocyanins, is valuable for food
and industrial processing. Anthocyanin biosynthesis is
regulated by multiple TFs. The MYB, bHLH, and WD40
families play key roles, either acting independently or
forming an MBW complex to regulate structural gene
transcription [5]. Other TFs like bZIP [6], ERF [7], SPL
[8], and WRKY [9] are also involved. Although recent
studies in Arabidopsis and apple have shown that ARF
TFs can regulate anthocyanin synthesis [10-13], research
on whether StARF family members are involved in col-
ored potato anthocyanin synthesis is scarce. Our study
aimed to explore the potential role of StARF genes in
colored potato anthocyanin biosynthesis. We analyzed
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the expression of StARF genes in potato tubers with
different-colored flesh and examined their correlation
with anthocyanin content and key structural genes. The
results showed 41 StARF genes had differential expres-
sion, and 20 of them correlated with anthocyanin content
and key structural genes. For example, StARF2-4 had a
significant positive correlation with anthocyanin content
and 23 structural genes, while S, ARF23-1 had a signifi-
cant negative correlation with anthocyanin content and
17 structural genes. To find key StARF genes, we used
WGCNA and identified 12 StARF genes in MEyellow
and MEpurple modules. Except SEARF21-3, 11 had dif-
ferential expression and correlated with structural genes.
We identified 87 TFs regulating the expression of StARF
genes and constructed a co-expression network. Many
co-expressed TFs belonged to families involved in antho-
cyanin biosynthesis, such as MYB, bHLH, bZIP, and SBP
[5, 6, 8]. For example, AtMYB111 has been demonstrated
to bind to the promoters of structural genes, includ-
ing CHS, CHI, and F3H, activating their expression and
promoting anthocyanin synthesis [50, 51]. GAI is one
of the earliest members of the GRAS transcription fac-
tor family and has been the subject of numerous studies
[52]. It has been demonstrated that AtGAI interacts with
AtMYBI111 to regulate the expression of structural genes
[53]. In this study, StGAI (C88_C11H2G028330.1, which
is homologous to AtGAI) demonstrated a high connec-
tivity with StARF21-1 in the co-expression network, indi-
cating that GAI may have a regulatory relationship with
StARF21-1. AtPHL3 is a crucial transcription factor in
Arabidopsis, belonging to the MYB-CC subfamily of the
MYB transcription factor family [54]. A previous study
demonstrated that AtPHL3 is closely associated with
anthocyanin synthesis and exerts a positive regulatory
effect on JA-induced anthocyanin accumulation [55]. In
this study, StPHL3 (C88_C04H4G108950.2, homologous
to AtPHL3) was connected to StARF1-2 and StARF2-4 in
the co-expression network, indicating a potential interac-
tion. Moreover, the promoter regions of SEARF genes had
many MYB and bHLH binding sites, indicating possible
interaction with other TFs in colored potato to affect
anthocyanin synthesis.

We also predicted cis-acting elements in the pro-
moter regions of 27 structural genes. Although the typi-
cal AuxREs were absent, they contained AuxRR-core
and TGA-element, which ARF TFs can bind to [56, 57].
This implies that StARF TFs may directly regulate potato
anthocyanin biosynthesis genes and affect anthocyanin
accumulation. The protein-protein interaction network
predicted that StARF23-1 interacted with ANS, and
there was a significant correlation between them. Thus,
StARF23-1 may be a key candidate gene for anthocy-
anin synthesis. Overall, the different expression pat-
terns of SZARF genes in differently colored flesh suggest
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their potential involvement in colored potato anthocy-
anin biosynthesis, which broadens our understanding
of the regulatory mechanisms of anthocyanin synthesis
and provides new insights for improving potato quality
through genetic engineering.

Conclusions

In this study, the ARF gene family was first identified
at the genome-wide level in tetraploid potato, and 92
StARF family members were identified. A comprehen-
sive analysis was conducted on the physicochemical
properties, phylogeny, gene structure, cis-acting ele-
ments, gene duplication events, and tissue expression
patterns of StARF family members. Moreover, RNA-seq
data were used to compare the StARF genes that exhib-
ited differential expression in potato of different colors.
Correlation analysis demonstrated that the StARF genes
with differential expression were significantly correlated
with the key structural genes of anthocyanins. Further
through WGCNA analysis, 11 differentially expressed
StARF genes were identified as candidate genes involved
in anthocyanin biosynthesis in colored potato, and a cor-
responding co-expression network was constructed. In
addition, protein-protein interaction prediction analysis
indicated that StARF23-1 may serve as a key regulatory
factor for anthocyanin synthesis, a hypothesis that war-
rants further investigation. In conclusion, these results
provide potential candidate genes for further investiga-
tion into the role of StARF gene family in anthocyanin
biosynthesis in colored potato, which establish a foun-
dation for further elucidation of the intricate regulatory
mechanisms underlying anthocyanin synthesis in colored
potato.

Materials and methods

Identification and physicochemical characterization of
StARF proteins in tetraploid potato

The 23 ARF amino acid sequences of Arabidopsis thali-
ana were obtained from the TAIR database (https://w
ww.arabidopsis.org), and related data for the tetraploid
potato genome were sourced from SpudDB (https://spu
ddb.uga.edu/c88_potato_download.shtml). In this study,
two methods were used to identify members of the
StARF gene family in tetraploid potato. The first method
used the AtARF protein sequence as the seed sequence
and performed a BLASTP (E-value<1e-10) search with
the tetraploid potato genome sequence to obtain homol-
ogous sequences. Secondly, the Hidden Markov Model
file of the ARF protein domain (PF06507) was obtained
from the Pfam database (http://pfam.xfam.org), and a
sequence containing the ARF conserved domain was
searched in the tetraploid potato protein sequences using
HMMER 3.3.2 (http://hmmer.org/download.html) [58].
The StARF protein sequences identified using the two
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aforementioned methods were integrated, and any repeat
was subsequently removed. The conserved domains of
the candidate members were additionally validated via
the websites NCBI-CDD (https://www.ncbinlm.nih.go
v/Structure/bwrpsb/bwrpsb.cgi) [59] and SMART (http
s://smart.embl.de) [60]. Sequences lacking ARF protein
characteristic domains were removed, and the remain-
ing sequences were deemed members of the tetraploid
potato ARF gene family.

The physicochemical properties and subcellular loca-
tions of StARF protein sequences were predicted using
ExPASy (https://web.expasy.org/protparam/) [61] and
WoLF PSORT (https://wolfpsort.hgc.jp) [62], respective
ly. The position of the StARF gene on the chromosome
was visualized using TBtools v1.108 tool [63], and the
gene was renamed following the order of the StARF gene
within the chromosome.

Multiple sequence alignment and phylogenetic analysis of
StARF gene family in tetraploid potato

The ClustalW program [64] was used to execute multiple
sequence alignments between the protein sequences of
the 23 reported AtARF family members and the identi-
fied StARF family members. A phylogenetic tree was
constructed using MEGA 11 software [65] using the
neighbor-joining (NJ) method. Bootstrap was set to
1,000, and the remaining parameters were set to their
default values. The identified StARF family members
were classified into subfamilies according to established
criteria for the ARF gene family subfamily of the model
plant Arabidopsis [24]. ARF protein sequences of rice (25
OsARF proteins) [25], tomato (21 SIARF proteins) [26],
and maize (31 ZmAREF proteins) [27] were acquired from
the PlantTDB 5.0 database (https://plantregmap.gao-la
b.org) [66]. A phylogenetic tree of the ARF gene family
between potato and different plants was constructed to
further elucidate the genetic relationships of the ARF
genes among different plants.

Analysis of conserved motifs and gene structure of StARF
proteins

The exon-intron position information of the StARF gene
was drawn out depending on the gff3 file, while the gene
structure of the StARF family members was analyzed
visually using TBtools. The StARF protein sequences
were submitted to the MEME website (http://meme-sui
te.org/meme/tools/meme) [67] for the analysis of cons
erved motifs. The motif search value was set to 10 and
the remaining parameters were set to their default val-
ues. Furthermore, StARF protein sequences were used to
conduct a multiple sequence alignment using DNAMAN
v9.0 software, and a protein domain diagram was gener-
ated using TBtools based on the analysis results of the
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protein domain of the StARF gene family on the NCBI-
CDD website.

Cis-acting elements located in the promoter region of
StARF genes

A 2 kb sequence upstream of StARF genes was extracted
from the tetraploid potato genome database. The online
tool PlantCARE (https://bioinformatics.psb.ugent.be/w
ebtools/plantcare/html) [68] was used to predict potent
ial cis-acting elements within the sequence, and TBtools
were used to visualize the resulting data.

Analysis of collinearity and evolutionary selection of StARF
gene family

The duplication events of the SEARF genes were analyzed
using McScanX software, a built-in function of TBtools
software. The non-synonymous (Ka) and synonymous
(Ks) substitution rates and Ka/Ks values of the dupli-
cated gene pairs were then calculated. Furthermore, the
collinearity of ARF genes among plants was analyzed
based on the whole-genome sequences and annotation
files, among which the ones of Arabidopsis and rice were
downloaded from the Ensembl Plants database (https://
plants.ensembl.org/index.html), while those of tomato
and maize were downloaded from the NCBI database
(https://www.ncbi.nlm.nih.gov).

Expression patterns analysis of StARF genes in tetraploid
potato

Raw data from the RNA-seq (project number:
PRJCA007997) were obtained from the National Genom-
ics Data Center (NGDC, https://bigd.big.ac.cn), encom
passing 12 tissues of the potato cultivar C88, including
apical buds, flower buds, stamens, petals, young leaves,
stems, underground stolons, small tubers (1-5 cm),
medium tubers (5-10 cm), large tubers (>10 cm), and in
vitro shoots and fruits. The FPKM values of the StARF
genes in various tissues were extracted, and a heat map of
tissue expression was generated using TBtools software.
Furthermore, we used RNA-seq data (project number:
PRJNA1033052) obtained from the four tuber develop-
ment stages of ‘Zicai 3’ and ‘Longshu 7’ by our lab in the
previous stage, and then aligned them with the tetraploid
potato C88.v1 reference genome (https://spuddb.uga.edu
/c88_potato_download.shtml) [40]. The FPKM value was
used as an indicator to evaluate gene expression levels.
The data were used to identify differentially expressed
StARF genes in potato flesh of different colors. The crite-
ria for identifying differentially expressed genes were|log,
(Fold Change)| > 1 and FDR<0.05.

To further identify candidate StARF genes linked to
anthocyanin synthesis, Pearson’s correlation analysis
was performed to assess the correlations between the
differentially expressed StARF genes and anthocyanin
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content, and between these genes and key structural
genes involved in anthocyanin biosynthesis. The R pack-
age was used for visualization, and a P-value of less than
0.05 was deemed statistically significant.

WGCNA identified candidate modules related to
anthocyanin content in the tuber flesh
A co-expression network was constructed using the
WGCNA package [69] in R software based on transcrip-
tome data from different tuber development stages of
“Zicai 3’ and ‘Longshu 7. The soft threshold power was
set to 9 (8=9) to ensure that the network was suitable for
scale-free topology. Dissimilarity between genes was used
to hierarchically cluster genes in the network, establish-
ing a hierarchical clustering tree. Subsequently, the tree
was divided into discrete modules (with at least 30 genes
per module) by using the dynamic cutting method. Mod-
ules with correlation coefficients exceeding 0.75 were
then merged. To identify specific anthocyanin-related
modules, the correlation coefficient (r) and P-values of
the module eigengene (ME) and phenotype (anthocyanin
content in the potato tuber flesh) were calculated. Cyto-
scape v.3.7.1 software [70] was used to visualize the gene
interactions within the module and to construct a gene
co-expression network diagram.

The STRING website (https://cn.string-db.org) [71]
was used to examine the protein interaction network of
the differentially expressed StARF genes.

Plant materials, RNA extraction and qRT-PCR analysis

The tetraploid variety ‘Zicai 3, which is purple-skinned
and has deep-purple flesh, was independently developed
by the Agriculture College of Inner Mongolia Agricul-
tural University. The yellow-skinned and yellow-fleshed
variety designated ‘Longshu 7’ was developed by the
Potato Research Institute of the Gansu Academy of Agri-
cultural Sciences. The two varieties were used as experi-
mental materials (Fig. 5A). The experimental materials
were planted at the experimental base of the Agricul-
tural College of Inner Mongolia Agricultural University
(40°46'N, 110°45’E). During the growth period, fertiliza-
tion was applied in a manner appropriate to the growth
of the plant, weeds were controlled, and the soil was cul-
tivated to ensure normal growth of the plant.

From July 2022 onward, tuber flesh samples of ‘Zicai
3" and ‘Longshu 7’ were collected at four stages of tuber
development: tuber formation, tuber bulking, starch
accumulation, and tuber maturation. Following rapid
freezing in liquid nitrogen, the samples were stored at
-80 °C for subsequent analysis. Three biological replicates
were used for each tuber development stage. Total RNA
was extracted using the Trizol method and reverse-tran-
scribed using a FastKing RT Kit (with gDNAse) (Tian-
gen KR116, Beijing, China). The differentially expressed
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StARF genes were selected for qRT-PCR verification.
The qPCR analysis was conducted using MonAmp SYBR
Green qPCR Mix (Monad, Suzhou, China) on a Quant-
Studio 3 & 5 PCR instrument (Thermo Fisher Scientific,
USA). EF-1a was used as a housekeeping gene, and the
relative expression of the gene was calculated using the
2A8Ct method [72]. The Origin 2022 software was used
for plotting. The primers used for qRT-PCR are provided
in Table S8.

Determination of the anthocyanin content

The anthocyanin content in the potato flesh at different
tuber development stages was determined using a total
anthocyanin content kit (Geruisi, Suzhou, China). Previ-
ous studies have shown that the tuber flesh of ‘Longshu 7’
is yellow, mainly because of the color development effect
caused by carotenoid substances, and there is no antho-
cyanin accumulation [73]. In this study, the anthocyanin
content in the potato flesh of ‘Longshu 7’ was not deter-
mined, and its value was set to 0.
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