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Abstract

Background
As a major family of plant-speci�c transcription factors, SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
(SPL) genes play crucial regulatory roles in plant growth, development, and stress tolerance. SPL
transcription factor family has been widely studied in various plant species, however, there are no
systematic studies on SPL genes in genus Ipomoea.

Results
In this study, a total of 29, 27, 26, 23 SPL genes were identi�ed in Ipomoea batatas, Ipomoea tri�da,
Ipomoea triloba, and Ipomoea nil, respectively. Phylogenetic analysis indicated that Ipomoea SPL genes
could be clustered into eight clades. SPL members within the same clade showed similar gene structures,
domain organizations, and cis-acting element compositions, suggesting similarity of biological function
potentially. Evolutionary analysis revealed that segmental duplication events played a major role in the
Ipomoea genus-speci�c expansion of SPL genes. Of these Ipomoea SPL genes, 69 were predicted as the
target genes of miR156, and 7 IbSPL genes were further con�rmed by degradome data. Additionally, IbSPL
genes showed diverse expression patterns in various tissues, implying their functional conservation and
divergence. Finally, by combining the information from expression patterns and regulatory sub-networks,
we found that four IbSPL genes (IbSPL16/IbSPL17/IbSPL21/IbSPL28) may be involved in the formation
and development of storage roots.

Conclusions
This study not only provides novel insights into the evolutionary and functional divergence of the SPL
genes in all available sequenced species in genus Ipomoea, but also lays a foundation for further
elucidation of the potential functional roles of IbSPL genes during storage root development.

1. Background
The SQUAMOSA promoter-binding protein-like (SPL) gene family is one of the plant-speci�c transcription
factor families, which play fundamental roles in plant growth, development, and stress tolerance [1–5].
The most common feature of SPL gene members is that they all contain SQUAMOSA promoter-binding
(SBP) domain, which was composed of three distinct motifs: two non-interleaved zinc-binding sites (Cys‐
Cys‐Cys‐His and Cys‐Cys‐His‐Cys), and one nuclear localization signal (NLS) at the C-terminus [1]. SPL
genes (AmSBP1 and AmSBP2) were �rst discovered in Antirrhinum majus based on their functions on
�ower development [6]. Since then, numerous homologs have been identi�ed and characterized in model
species, such as Arabidopsis thaliana [7], Oryza sativa [8], and Solanum lycopersicum [9]. With the
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increasing number of sequenced genomes, more and more SPL members have been annotated and
reported in non-model plants, such as apple [10], pepper [11], soybean [12], and so on.

The functions of SPL genes in model plants have been well studied, and showed functional divergence. In
A. thaliana, AtSPL3, AtSPL9 and AtSPL10 have been demonstrated to regulate root development [13, 14].
Meanwhile, similar roles have been reported in rice [15] and apple [16]. Other studies have found that SPL
proteins participate in vegetative and reproductive phase transitions. For instance, AtSPL3/4/5 promote
�owering by directly activating the expression of three �owering integrator genes namely, AP1, FUL and
LFY [17]. In addition, SPL proteins have also been found to participate in fruit development and grain yield.
For example, LeSPL-CNR regulates cell wall disassembly and carotenoid biosynthesis during fruit ripening
in tomato [18, 19]; overexpression of OsSPL16 promotes cell division and grain �lling, with positive
consequences for grain width and yield in rice [20]. SPL genes are also known as the targets of miR156,
thus forming a functional regulatory network of miR156-SPL [2]. In the miR156-SPL module, AtSPL9 has a
negative effect on anthocyanin accumulation [21]; OsSPL7 enhances disease resistance against bacterial
blight [22]. The functions of SPL genes have been deeply studied in Arabidopsis and other model plants,
however, studies on SPL genes in genus Ipomoea are relatively scarce.

The genus Ipomoea, which includes 500–600 species, possesses the largest number of species in the
family Convolvulaceae [23]. Species in genus Ipomoea are widely distributed in the world, which are of
great value in the �elds of industry and agriculture [23–25]. For example, Japanese morning glory,
Ipomoea nil (L.) Roth. (2n = 2x = 30), is cultivated as an ornamental plant due to its various patterns of
�ower color [24]. Sweet potato, Ipomoea batatas (L.) Lam. (2n = 6x = 90), is ranked as the seventh most
important crop globally due to its strong adaptability, stable yield and high nutritional value [25]. The
storage roots of sweet potato, which are mainly harvested, are of great signi�cance to the nutrient content
and yield [26]. Up to now, the genomes of four species (I. batatas, I. tri�da, I. triloba and I. nil) have been
sequenced in genus Ipomoea [27–29]. Among these species, I. tri�da is the most closely related diploid to
I. batatas, followed by I. triloba and I. nil [29]. The reported haplotype-resolved genome assembly of I.
batatas is of low-quality, making it di�cult to accurately identify and characterize genes. By contrast, the
genome assembly of the other three diploid relatives are of high-quality, and can be used as robust
references for I. batatas. All in all, the availability of these genomes makes it possible to perform genome-
wide comparative analysis of SPL genes in genus Ipomoea.

In this study, we �rst conducted the genome-wide identi�cation and characterization of SPL genes in four
Ipomoea species, including I. batatas, I. tri�da, I. triloba and I. nil. We next investigated phylogenetic
relationship and evolutionary patterns of SPL genes in these four species. We then determined the
expression patterns of IbSPL genes using transcriptome and qRT-PCR in different tissues or under various
hormones treatments. Finally, we performed the WGCNA to construct the co-expression network, and
inferred the putative functions for the IbSPL genes in the storage root of sweet potato. Our work will not
only provide insights into the evolutionary conservation and diversi�cation of the SPL genes in genus
Ipomoea, but also lays the foundation for further research on the IbSPL genes related to the storage root
development in sweet potato.
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2. Results

2.1 Identi�cation of SPL genes in four Ipomoea species
To obtain SPL genes in Ipomoea species, two methods, BLASTP and HMM, were used for identi�cation,
and two online databases, SMART and ScanProsite, were used for con�rmation. As a result, a total of 29,
27, 26, 23 SPL genes were identi�ed in I. batatas (Ib), I. tri�da (Itf), I. triloba (Itb), and I. nil (In), respectively.
For consistency, the Ipomoea SPL genes were renamed according to their chromosomal location order in
each genome (Supplementary Table S1). The numbers of SPL genes and their percentage of the total
genes in each species were displayed (Figure 1a). We found that I. nil genome has the least number of SPL
genes compared to the other three species.

Subcellular localization analysis showed that most of the Ipomoea SPL proteins (94,
89.52%) were localized in the nucleus (Supplementary Table S1), suggesting their critical role in regulatory
functions. Besides, the physical and chemical properties of SPL proteins were signi�cantly different within
species, but exhibited similar patterns among the four species (Figure 1b-d, Supplementary Table S1). To
be more speci�c for all of the Ipomoea SPL proteins, the number of amino acids ranged from 103 (InSPL9)
to 1141 (IbSPL11), the molecular weight (MWs) varied from 12.01 (InSPL9) to 126.51 (IbSPL11) kDa, the
isoelectric points (pIs) ranged from 5.40 (ItfSPL14) to 10.55 (InSPL15).

2.2 Comparative phylogenetic analysis of Ipomoea SPL genes
To explore the evolutionary relationship among the Ipomoea SPL genes, a rooted neighbor-joining
phylogenetic tree was constructed using 105 SPL proteins from four Ipomoea species and 51 SPL proteins
from other �ve plant species (A. thaliana, S. lycopersicum, O. sativa and Chlamydomonas reinhardii)
(Figure 2, Supplementary Table S2). Based on the classi�cation of SPLs from A. thaliana, S. lycopersicum
and O. sativa [7-9], Ipomoea SPL genes were classi�ed into eight clades, which were numbered from I to
VIII (Figures 1, 2). All clades had at least one SPL gene in each Ipomoea species, indicating the
conservation of SPLs across Ipomoea genomes. However, the number of SPLs in certain clades were
highly variable among Ipomoea species, suggesting the diversity of SPLs in genus Ipomoea. Clade I was
the smallest subfamily, containing only one member for each Ipomoea species. Clade IV contained the
highest number of SPLs (> 26%) in genus Ipomoea, and it could be further divided into three subclades (IV-
a, IV-b, and IV-c). Members of IV-b and IV-c subclades only contain SPL genes from Ipomoea species, and
no homologs of other species were found, which indicates that the Ipomoea SPL genes in these two
subclades were generated in an ancient ancestor of the Ipomoea lineage. In addition, the phylogenetic
analysis also indicated that most IbSPL genes were closer to ItfSPL genes than either ItbSPL or InSPL
genes, supporting the fact that I. tri�da is the most closely related diploid to hexaploid sweet potato [29].
When the number of SPL genes in Ipomoea species were compared with other species, we found that the
number in Ipomoea species (the average number of SPL genes in 4 Ipomoea species was 26) was greatly
increased by almost 1.6, 1.4 and 2 times than that in A. thaliana (16), O. sativa (19) and S.
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lycopersicum (13), respectively. The results indicated that Ipomoea SPL genes have undergone extensive
expansion after the speciation of S. lycopersicum.

2.3 Gene and protein structure of the Ipomoea SPL family
To explore the structural diversity of the Ipomoea SPL genes, intron/exon structure analysis were carried
out (Figure 3). Gene structure illustrations showed the high variation in the number of exons for Ipomoea
SPL genes, ranging from 2 to 15 (Figure 3a, Supplementary Table S1). For instance, IbSPL20 possesses
the largest number (15) of exons, whereas most of the Ipomoea SPL genes in Clade VI contained the least
number (2) of exons. Moreover, most Ipomoea SPL genes in the same clade exhibited similar gene
structures, even if they belong to different species. For example, SPL members in clade I and II contained
the most exons, ranging from 10 to 15, while SPL members in the remaining clades possess 2 to 7 exons
(except IbSPL19). Our results suggested that exon/intron gain or loss had occurred during the course of
the Ipomoea SPL gene evolution, which may result in the functional divergence of SPL genes.

To investigate the features of Ipomoea SPL proteins, the conserved domains were analyzed by multiple
sequence alignment. The results showed that all of the SPL members had the SBP domain, which was
composed of two non-interleaved zinc �nger-like structures (Zn-1/2) and one nuclear localization signal
(NLS) motif (Figure 3b, Supplementary Figure S1). Based on the alignments, the Zn-2 motif is more
conserved than the Zn-1 and NLS motif in all Ipomoea SPLs analyzed, which was also observed in
Rosaceae [30] and Oryza species [31] (Supplementary Figure S1). For example, the Zn-2 motif in
all Ipomoea SPLs was a Cys‐Cys‐His‐Cys (C2HC) type (except IbSPL23); and the Zn-1 motif showed
different signatures, which was Cys‐Cys‐Cys‐Cys (C4) type in clade I and Cys‐Cys‐Cys‐His (C3H) type in the
remaining clades. Moreover, other conserved domains were identi�ed in speci�c clades. For instance, SPLs
in clade I and II possess an DEXDc domain (Supplementary Figure S2), which were involved in ATP-
dependent DNA unwinding [32]; SPLs in clade II contain Ankyrin repeats (Supplementary Figure S3), which
were considered to be signi�cant for mediating protein-protein interactions [33].

To gain a better understanding of Ipomoea SPL protein characteristics, the MEME software was used to
explore the motif compositions (Figure 3d, Supplementary Figure S4). It was found
that Ipomoea SPL proteins within the same clade showed similar motif compositions,
while Ipomoea SPL proteins in different clades exhibited distinct differences in motif composition. In
detail, two motifs (motif 2 and 3) existed in all Ipomoea SPL proteins, which were actually part of the SBP
domain (Supplementary Figure S1); four motifs (motif 4, 5, 6 and 7) existed in clade I and II, and motif 4
was actually DEXDc domain (Supplementary Figure S2); motif 8 existed in clade II, which were make-up
of Ankyrin repeats (Supplementary Figure S3); motif 10 presented in clade IV with unknown function. In
summary, our results revealed that some motifs only presented in the speci�c clade, indicating that the
SPL genes may be signi�cantly different in function between different clades.
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2.4 Gene duplication, orthology relationship and selective pressure of
Ipomoea SPLs
To investigate gene duplication modes for Ipomoea SPL genes, MCScanX [34] was used to perform gene
collinearity analysis within each Ipomoea species. All of the Ipomoea SPL genes were estimated to be
duplicated (no singleton mode was found), and segmental (51, 48.57%) is the dominant mode compared
to the other duplication modes: dispersed (39, 37.14%), tandem (13, 12.38%) and proximal (2, 1.90%)
(Figure 4ab, Supplementary Table S1, Supplementary Figure S5). Our results indicated that segmental
duplication has played a predominant role in the evolution and expansion of Ipomoea SPL genes. In
addition, we found that tandem duplication was the most frequent event in IV-b and IV-c subclades,
suggesting that SPL genes in these two clades were expanded by tandem duplication.

To assign the orthology relationships of the SPL genes, OrthoMCL [35] was used to detect orthologous
groups across O. sativa, A. thaliana, S. lycopersicum and the four Ipomoea species. A total of 25 (1, 2, 2, 8,
3, 5, 2 and 2) orthologous groups in the eight clades (clade I to VIII) were identi�ed, respectively
(Supplementary Table S3). Among these groups, nine groups had genes start from O. sativa, suggesting
that SPL genes in these groups may have occurred prior to the split of monocots and dicots; four groups
had genes from A. thaliana but absent in O. sativa, implying that they originated after the divergence
between monocots and dicots; ten groups had genes only existed in genus Ipomoea, indicating that they
may originated in the common ancestor of Ipomoea lineage. Furthermore, the potential functions of some
Ipomoea SPL genes could be inferred from their orthologs in O. sativa, A. thaliana and S. lycopersicum
species.

To understand the divergence of Ipomoea SPL genes, the Ka, Ks and Ka/Ks ratio for all orthologous groups
were calculated using PAML software [36] (Figure 4c, Supplementary Table S4). As a result, the mean
Ka/Ks values for all clades were lower than 1.0, suggesting that Ipomoea SPL genes were evolved under
the pressure of purifying selection. Genes in clade VIII showed the lowest mean Ka/Ks values (0.15) than
those in other clades, indicating that they may evolve under the strong positive selection. In contrast, genes
in subclade IV-b and IV-c exhibited the highest Ka/Ks values, implying that these two subclades
have generally diverged much more rapidly than other clades.

2.5 miR156 target site of Ipomoea SPL genes
Using the publicly available miRNA transcriptomes (Supplementary Table S5), a total of 9 IbmiR156
members were identi�ed in I. batatas (Figure 5a). To explore the roles of miR156-mediated post-
transcriptional regulation of SPLs in the genus Ipomoea, the transcripts of all the 105 Ipomoea SPL genes
were searched for the target site of miR156 using psRNATarget [37]. As a result, a total of 69 SPL genes
was found to be the potential targets of miR156, including 10 InSPLs, 19 ItbSPLs, 18 ItfSPLs and 22
IbSPLs (Figure 5b, Supplementary Table S1). Among the miR156 target SPL genes, most of which (84 %)
the sites recognized by miR156 were located downstream of SBP domain in the CDS region, then followed
by the 3′-UTR (Figure 5b).
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To further validate the predicted miR156-SPL interactions in I. batatas, the publicly available degradomes
were used (Supplementary Table S5). The results showed that seven miR156-SPL interactions predicted by
psRNATarget were con�rmed by degradome sequencing (Figure 5c, Supplementary Table S1). To be more
speci�c, the miR156 target sites of IbSPL9, IbSPL10, IbSPL12, and IbSPL15 were located in the CDS region,
while the target sites of IbSPL16, IbSPL17, and IbSPL28 were located in the 3′-UTR region.

2.6 Cis-acting elements in promoters of Ipomoea SPL genes
To understand the regulatory mechanism and potential function of Ipomoea SPL genes, cis-acting
elements were analyzed in the 2000 bp upstream sequence from the start codon for all SPL genes by
using PlantCARE database [38]. A total of 4088 putative cis-acting elements were identi�ed, and then were
divided into four categories: light responsiveness, plant growth, phytohormone, and abiotic/biotic stress
response (Supplementary Table S6, S7). As shown in Figure 6a, SPL genes in the same clades exhibited
similar cis-acting element compositions in the promoter, indicating their conserved biological functions
during the evolution in the Ipomoea. Among these categories, abiotic/biotic stress response category
covered the largest portion (43.66%), followed by the light response (25.93%), phytohormone response
(20.77%), and plant growth (9.64%) category (Figure 6b). In the abiotic/biotic stress response
category, elements such as MYB/MYC (responds to abiotic stress signals), STRE (metal-responsive
element), WUN-motif (wound-responsive element) and LTR (low-temperature-responsive element) were
found. In the light responsiveness category, a series of elements were identi�ed, such as Box 4, G-box, GT1-
motif, TCT-motif, GATA-motif, and MRE, of which Box 4 motif was the most common (24%). As for the
phytohormone response category, the ABRE element (responds to ABA), CGTCA-motif (responds to MeJA),
ERE (responds to ethylene), TCA-element (responds to salicylic acid), and as-1 (responds to auxin) were the
most common cis-acting elements, appeared in more than 60 Ipomeoa SPL genes. In the plant growth
category, ARE element essential for the anaerobic induction, CAT-box related to meristem expression, and
O2-site involved in zein metabolism regulation were the three major elements. In conclusion, the cis-
acting elements analysis suggested that Ipomoea SPL genes participated in various biological processes.

2.7 Expression pro�les of IbSPL genes in different tissues
Among the four Ipomoea species, I. batatas is the most important cultivated crop worldwide. To explore
the putative roles of the IbSPL genes, the tissue-speci�c expression patterns of IbSPLs were analyzed in 8
tissues (four aboveground and four underground tissues) of two sweet potato cultivars (Xuzi3 and
Yan252) using publicly available transcriptomic data (Supplementary Table S8) [39]. FPKM (Fragments
Per Kilobase of transcript per Million mapped reads) values were calculated and then used to evaluate
gene expression levels (Supplementary Table S9). As shown in Figure 7a, the expression patterns
of IbSPLs could be classi�ed into three groups. The �rst group included 7 IbSPL genes
(IbSPL6/IbSPL15/IbSPL22/IbSPL23/IbSPL24/IbSPL25/IbSPL26), with lowest expression levels
(log2(FPKM) < 2) in all tissues. The second group was expressed at relatively high levels in all tissues,
which was composed of 5 IbSPL genes (IbSPL4/IbSPL8/IbSPL11/IbSPL17/IbSPL20). The remaining 17
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IbSPL genes belonging to the third group, which were highly expressed in some aboveground tissues,
especially in shoot or young leaf. In addition, the gene expression pro�les in underground tissues (�brous
and tuberous root) were investigated, and a total of 7 IbSPL genes were found to be expressed at a high
level in underground tissues (mean FPKM > 10), such as IbSPL1, IbSPL4, IbSPL11, IbSPL17, IbSPL20,
IbSPL21 and IbSPL28, implying their potential functions in root development. Furthermore, our results
showed that IbSPL genes within the same clades exhibit distinctive expression patterns, such as IbSPL14,
IbSPL17, IbSPL28, and IbSPL29 in clade VI.

To further investigate the expression pro�les of IbSPL genes in underground tissues, publicly available
transcriptomes of eight different stages during root development from cultivar “Beauregard” were used
(Figure 7b, Supplementary Table S8, S9). The results showed that overall expression patterns of IbSPL
genes in roots of cultivar “Beauregard” were similar to that in roots of cultivar “Xuzi3” and “Yan252”. To be
speci�c, the expression levels of IbSPL17, IbSPL28, and IbSPL29 were the highest in storage root
compared with undifferentiated and �brous root; the expression level of IbSPL1 was the highest in
undifferentiated root; the expression level of IbSPL10 was the highest in �brous root; the expression levels
of IbSPL4, IbSPL8, IbSPL11, IbSPL20, and IbSPL21 had no distinct variation in all tissues. Our results
implied that these genes may play important roles in root development.

To con�rm the expression patterns of IbSPLs derived from transcriptomic data, qRT-PCR analysis was
performed for 11 selected IbSPL genes
(IbSPL1, IbSPL4, IbSPL5, IbSPL12, IbSPL16, IbSPL17, IbSPL20, IbSPL21, IbSPL27, IbSPL28, and IbSPL29) in
11 tissues of cultivar “Xuyu34” (Figure 8). The results showed that the expression patterns
of IbSPL genes were consistent between transcriptomic data and qRT-PCR results. We found the
expression levels for IbSPLs were quite different in various tissues. For example, IbSPL27 and
IbSPL29 were highest expressed in young leaf; IbSPL12, IbSPL16, and IbSPL21 were highest expressed in
�ower. Moreover, the expression levels of IbSPL17 and IbSPL28 were gradually increased during root
development, indicating their differential roles in storage root development in sweet potato.

2.8 IbSPL genes in response to exogenous phytohormones
Phytohormones are known as regulators in plant growth and developmental processes, and the promoter
analysis revealed that IbSPL genes might be regulated by various phytohormones. To reveal the potential
roles of the IbSPLs in hormonal signaling pathways, qRT-PCR was used to analyze the expression of the 6
IbSPL genes (IbSPL1, IbSPL4, IbSPL16, IbSPL17, IbSPL21 and IbSPL28) under exogenous phytohormone
treatments, including indole-3-acetic acid (IAA), methyl-Jasmonate (MeJA), zeatin (ZT), and abscisic acid
(ABA). In general, expression analysis indicated that the 6 IbSPL genes exhibited highly divergent
response patterns under the phytohormone treatment in root (Figure 9). Under IAA treatment, IbSPL16 and
IbSPL21 were rapidly upregulated after 6 h of IAA treatment, while the other four genes were upregulated
after 12 or 24 h of IAA treatment. Under MeJA treatment, all IbSPL genes were signi�cantly upregulated
after 48 h of MeJA treatment, of which IbSPL4 and IbSPL21 were upregulated 45.3 and 178.1 folds. Under
ZT treatment, all IbSPL genes were highly upregulated after 6 h of ZT treatment, then gradually declined,
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and �nally were expressed at least 10 folds than CK. In particular, IbSPL21 showed extremely positive
response to ZT treatment. Under ABA treatment, all examined IbSPL genes, particularly
IbSPL1, IbSPL4, IbSPL16, IbSPL17, and IbSPL21, were rapidly upregulated after 6 h of ABA treatment,
whereas IbSPL28 was signi�cantly upregulated after 24 h of ABA treatment.

2.9 Regulatory sub-networks involving IbSPLs and other I. batatas
genes in the storage root of sweet potato
To identify the regulatory sub-networks involving IbSPLs in the storage root of sweet potato, weighted gene
co-expression network analysis (WGCNA) was performed based on transcriptomic data of mature storage
root from 88 sweet potato accessions (Supplementary Figure S6, Supplementary Table S11). A total of 19
modules were obtained, among which three modules (turquoise, blue and yellow) were found contain 8
IbSPL genes in total (Figure 10a). In the yellow module, IbSPL20 had only one co-expressed gene. In the
blue module, IbSPL9 and IbSPL10 were co-expressed with 17 and 107 genes, respectively. In the turquoise
module, IbSPL1, IbSPL16, IbSPL17, IbSPL21, and IbSPL28 had 12, 147, 370, 732, and 198 co-expressed
genes, respectively (Supplementary Table S12). Interestingly, IbSPL16, IbSPL17, IbSPL21, and IbSPL28 in
the turquoise module share 101 co-expressed genes (Figure 10b), indicating they may belong to the same
biological process.

To further explore putative functions of the SPLs in the storage root, GO enrichment analysis was
performed for the co-expressed genes. For the IbSPL1, IbSPL20 and IbSPL9, we can’t obtain GO enrichment
results due to the small number of co-expressed genes. For the IbSPL10 in the blue module, co-expressed
genes related to “response to chitin” and “response to organonitrogen compound” were enriched
(Supplementary Table S13). For the IbSPL16, IbSPL17, IbSPL21, and IbSPL28 in the turquoise module, the
similar GO terms were enriched, such as “regulation of root morphogenesis”, “cell division”, “cytoskeleton
organization”, “plant-type cell wall organization or biogenesis”, and “cellulose biosynthetic process” etc.
(Figure 10c, Supplementary Table S13). It is known that the cytoskeleton, cell division, and cell wall
organization/biogenesis are important biological processes in the storage root formation and
development [40]. Our results indicated that IbSPL16/IbSPL17/IbSPL21/IbSPL28 may play a key role in
storage root development in sweet potato.

3. Discussion
The SPL genes are important plant-speci�c transcription factors with highly conserved SBP domain. Since
the SPL genes was �rst discovered in A. majus, more and more members of SPL gene family have been
identi�ed in plants [6–12]. However, comprehensive molecular evolutionary and function analysis of the
SPL genes in genus Ipomoea have not been reported. The genus Ipomoea has signi�cant nutritional and
economic value for human, including the seventh most important crop I. batatas and ornamental plant I.
nil. Up to now, four species in Ipomoea have been sequenced, including I. nil, I. triloba, I. tri�da and I.
batatas. Utilizing these genomes, we systematically analyzed the Ipomoea SPL genes, such as molecular
characteristics, evolutionary process, posttranscriptional regulation and physiological function.
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3.1 Comparative analysis of SPL genes in the genus
Ipomoea
Recently, some important gene families of transcription factors have been investigated in Ipomoea
species, such as bZIPs [41], WRKYs [42], GRPs [43], MADS-[44] and DEAD- box [45]. However, these studies
only focus on gene family in a single Ipomoea species, the comparative analysis of gene family in genus
Ipomoea are still rare. In our study, to dissect the evolutionary dynamics of the SPL genes in genus
Ipomoea, SPL genes in four Ipomoea species were identi�ed, including 29 IbSPLs, 27 ItfSPLs, 26 ItbSPLs
and 23 IniSPLs (Fig. 1). It should be noted that the number of SPL genes in sweet potato almost equals to
that in its three diploid wild relatives (I. nil, I. triloba, and I. tri�da) due to the haplotype-resolved genome
assembly of hexaploid sweet potato [28]. In accordance with the classi�cation in A. thaliana, S.
lycopersicum and O. sativa [7–9], the Ipomoea SPL genes were also divided into eight clades (Fig. 2). We
observed that clade IV was the largest containing 32 members, and clade I was the smallest containing
only four members. By gene and protein structure analysis, it was found that most Ipomoea SPLs from the
same phylogenetic clades share the similar intron/exon structures, domain organizations, and motif
compositions (Fig. 3), indicating that SPLs within the same clade may have similar functions in Ipomoea
species. Interestingly, except for the conserved domain and motifs presented in all SPL proteins, some
other domains or motifs were found in clade I, II and IV, such as DEXDc domain (motif 4) and Ankyrin
repeats (motif 8), which was also observed in papaya [46] and barley [47]. Our results suggesting that the
SPLs in these clades may have undergone functional differentiation and neofunctionalization during
evolution.

Ipomoea species were found possess more SPL genes than that in dicotyledonous model plants, such as
A. thaliana and S. lycopersicum [7, 9], implying genus-speci�c expansion of SPL gene family occurred in
Ipomoea. It is known that the expansion of gene family is mainly the result of duplication events during the
evolution [48]. Our results showed that segmental duplication play a major role in the evolution and
expansion of Ipomoea SPL genes (Fig. 4b), which was consistent with �ndings in cotton [49], Rosacea
species [50] and Euphorbiaceae species [51]. Previous study revealed that a whole-genome triplication
(WGT) event occurred 46.1 million years ago (Mya) in the progenitor of the genus Ipomoea [28], and we
proposed that segmental duplication of SPLs may be derived from the WGT event. Furthermore, we found
that tandem duplication was the most frequent event in IV-b and IV-c subclades (Supplementary Table S1),
and no orthologs were found in dicots (Supplementary Table S3), implying that SPL members in these two
subclades were tandem duplicated from a recent event. We speculated that SPL genes undergone
replication expansion in the progenitor of the genus Ipomoea, and different SPL members were retained
due to their important role in growth and development during the Ipomoea species differentiation. In
addition, the Ka/Ks ratios were less than 1 for all Ipomoea SPL ortholog gene pairs, indicating that
Ipomoea SPL genes were under strong purifying selection (Supplementary Table S4).

Many SPL genes are targeted by miR156, thus forming a functional regulatory network of miR156-SPL,
which play an important role in plant growth and development [2, 21, 22]. It has been reported that more
than half of SPL gene family members was targeted by miR156 in various plant species, such as rice [8],
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tomato [9], and apple [10]. In this study, two-thirds of SPL genes in each Ipomoea species were predicted as
the targets of miR156 (Fig. 5b). Phylogenetic analysis showed that all the members of SPL genes in clades
III lacking miR156 binding sites, consistent with the results from A. thaliana, rice, and tomato [4]. In
addition, two kinds of binding site of miR156 were identi�ed in SPL genes, one locates in CDS and the
other locates in 3’-UTR (Fig. 5b), which was also observed in other plants, such as rice [8], tomato [9], apple
[10] and papaya [46]. With the degradome data in I. batatas, 7 IbSPL genes were further con�rmed as the
targets of miR156 (Fig. 5c, Supplementary Table S1). Among these IbSPL genes, the miR156 binding site
for IbSPL17 and IbSPL28 was located in 3′-UTR, and the miR156 binding site of their orthologous genes
(AtSPL3 and LeSPL-CNR) in A. thaliana and tomato are also located in 3′-UTR [5, 52], suggesting the high
conservation of miR156-SPL regulatory module in plants. However, most of the miR156-SPL interactions in
this study were predicted by in silico analysis, more experimental veri�cation needs to be performed for the
miR156-SPL interactions in genus Ipomoea.

3.2 IbSPL genes associated with storage root development
Sweet potato, is the seventh most important crop globally, has a strong adaptability, stable yield, and high
nutritional value [25]. The storage root of sweet potato is the most important economic trait in nutrient
content and yield, and dissecting the mechanisms underlying the formation and development of storage
roots is of great signi�cance to improve the nutrient content and yield of sweet potato. Considering the key
regulatory roles of SPL genes in root architecture [13, 14] and biomass enhancement [20], the expression
patterns of IbSPL genes at different tissues or developmental stages were evaluated. Using the public
transcriptome data, we found that most of the IbSPLs were highly expressed in aboveground tissues,
especially in shoot or young leaf; however, only some IbSPLs were found to be expressed at a high level in
underground tissues (Fig. 7). With a qRT-PCR assay, the expression levels of three IbSPL genes
(IbSPL17/IbSPL28) were obviously increased with storage development (Fig. 8). The results from our study
provide evidence that SPL genes may have important functions during the storage root development in
sweet potato.

The formation and development of storage roots is a complex physiological process that includes
cessation of root elongation, genesis and development of the primary and secondary vascular cambium,
increase in radial growth, and accumulation of starch and storage proteins [53]. It is well known that these
processes are closely related to the endogenous phytohormones, such as IAA, cytokinins (CTKs), JA, and
ABA [40, 53–55]. For instance, IAA involved in the early stage of storage root formation and the primary
thickening of storage roots [56], ABA had a signi�cant role in in storage root bulking by activating cell
division [57], and CTKs played a key role in the initiation and expansion rate of storage roots as a
prerequirement for cambial cell proliferation [40]. It is also reported that storage root yields are positively
correlated with the contents of ABA and CTKs [58]. In the present study, different kinds of hormone-
responsive elements were found by analyzing the IbSPL promoters (Fig. 6), implying IbSPL genes may
participate in hormonal signaling pathways. qRT-PCR further con�rmed that the expression of all tested
IbSPLs (IbSPL1, IbSPL4, IbSPL16, IbSPL17, IbSPL21 and IbSPL28) was strongly induced under exogenous
phytohormone treatments, especially ZT and ABA, suggesting their crucial roles in root development.
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The formation and development of storage roots are maintained by coordinated cellular behaviors, such
as cell division, expansion, and differentiation. Previous studies revealed that cell wall biosynthesis and
cytoskeleton organization are critical in these cellular behaviors [59, 60]. In this study, regulatory sub-
networks analyzed by WGCNA indicated that 8 IbSPL genes were co-expressed with at least one other I.
batatas genes (Fig. 10a). GO enrichment analysis of co-expressed genes revealed that these IbSPL genes
may be involved in stress responses, root morphogenesis, and cell division (Supplementary Table S13).
Moreover, genes co-expressed with IbSPL16/IbSPL17/IbSPL21/IbSPL28 in the turquoise module were all
signi�cantly enriched for “regulation of root morphogenesis”, “cell division”, “cytoskeleton organization”,
“plant-type cell wall organization or biogenesis”, and “cellulose biosynthetic process”. These enriched
processes are essential for cell morphogenesis and cell cycles, implying their key roles in storage root
development. By combining the results from expression patterns under different root developmental
stages or various phytohormones treatments and regulatory sub-networks, we concluded that
IbSPL16/IbSPL17/IbSPL21/IbSPL28 may play important role in the formation and development of storage
roots. In the future, functional characterization is needed to elucidate the speci�c roles of IbSPLs in storage
root development.

4. Conclusions
In summary, we performed a genome-wide analysis of SPL gene family in four Ipomoea species, including
I. batatas, I. tri�da, I. triloba, and I. nil. A total of 105 Ipomoea SPL genes were identi�ed, and could be
divided into eight clades. Genes in one clade were found harbor similar gene structures, domain
organizations, motif compositions and cis-acting elements, suggesting similarity of biological function
potentially. Segmental duplication was the major force accounting for the expansion of Ipomoea SPL gene
family. By combining the results from expression patterns and regulatory sub-networks, we concluded that
IbSPL16/IbSPL17/IbSPL21/IbSPL28 may play important role in the formation and development of storage
roots. Taken together, our results not only provide novel insights into the evolutionary and functional
divergence of the SPL genes in genus Ipomoea, but also lay a foundation for further elucidation of the
potential functional roles of IbSPL genes during storage root development.

5. Materials And Methods

5.1 Identi�cation of SPL genes in I. nil, I. triloba, I. tri�da, and I. batatas
The genomes of four Ipomoea species (including I. nil, I. triloba, I. tri�da and I. batatas) were downloaded
from “Ipomoea nil Genome Project” (http://viewer.shigen.info/asagao) [27], “Sweetpotato Genomic
Resource” (http://sweetpotato.plantbiology.msu.edu) [29] and “Ipomoea Genome Hub” (http://ipomoea-
genome.org) [28], respectively. To identify the SPL genes in above four species, three methods described
below were used. First, all of the 16 A. thaliana SPL proteins (https://www.arabidopsis.org/) were used as
queries to �nd SPL homologs using BLASTP program with a threshold of e-value < 1e-3. Second, the
Hidden Markov Model (HMM) of SBP (PF03110) domain was downloaded from Pfam database [61] and
was used to identify putative SPL proteins by hmmsearch [61] program. Finally, all of the candidate SPL
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proteins obtained from BLASTP and hmmsearch were submitted to SMART [62] and ScanProsite
database [63] to con�rm the presence of SBP domain. Those proteins lacking SBP domain were excluded,
and the remaining were considered as the SPL proteins. In addition, the structures of identi�ed IbSPLs were
further examined manually to correct genome assembly errors.

The BUSCA online software [64] was used to predict subcellular localization of Ipomoea SPL proteins. An
in-house Perl script was used to analysis the physical and chemical properties of Ipomoea SPL proteins,
such as protein length, molecular weight (MW, kD) and isoelectric point (pI).

5.2 Phylogenetic analysis of SPL proteins
For the SPL proteins from C. reinhardtii, A. thaliana, S. lycopersicum, O. sativa, and the four Ipomoea
species, phylogenetic analysis was performed using the following steps: �rst, the mafft software
(v7.45) [65] was used to perform the multiple alignment for full-length SPL proteins; second, the Gblocks
program (v0.71b) [66] was used to select conserved blocks from the multiple alignment; third, MEGA X
software [67] was used to construct a neighbor-joining phylogenetic tree with 1000 bootstrap replications,
CRR1 protein from C. reinhardtii was set as an outgroup; �nally, the tree was visualized using Evolview
website [68]. For the Ipomoea SPL proteins, a neighbor-joining phylogenetic tree was constructed using the
methods as described above.

5.3 Analysis of the gene structure, protein domain and motif
The exon/intron positions of all Ipomoea SPL genes were obtained based on the GFF3 �les downloaded
from the genomic database. The domain organizations of Ipomoea SPL proteins were annotated based on
the results from SMART database [62]. The conserved sequences in each domain were shaded at four
levels by GeneDoc. The motif compositions of Ipomoea SPL proteins were analyzed by MEME online
database [69], with the maximum number set to 10. Finally, the gene structure, domain organization, and
motif composition were drawn using Tbtools [70].

5.4 Gene duplication, orthology and selection analysis
The MCScanX software [34] was used to identify collinear blocks within or between species, and then
classify the SPL genes into �ve different types: singleton, dispersed, proximal, tandem and segmental
duplication. The synteny relationships of the collinearity blocks in each Ipomoea species were visualized
using Circos [71]. The OrthoMCL software [35] was used to detect orthologous groups between diverse SPL
genes. For each orthologue gene pairs, the Ks (synonymous substitution rate), Ka (nonsynonymous
substitution rate) and Ka/Ks ratio (evolutionary constraint) were calculated by PAML [36].

5.5 Prediction of miR156-targeted genes
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The publicly available datasets were used to identify miR156 sequence in Ipomoea. First, a total of 58
miRNA transcriptomes deposited in NCBI [72] (16 in PRJNA471495, 2 in PRJNA474012, 11 in
PRJNA592001, 12 in PRJNA599544, 12 in PRJNA600587, 5 in PRJNA638516) were collected from
previous studies (Supplementary Table S5) [73-76]. Then, Trimmomatic (version 0.39) [77] was used to
�lter the raw miRNA sequencing data to remove low-quality reads and sequencing adaptors. Finally, using
I. batatas as the reference genome, miRDeep2 (version 1.1.4) pipeline [78] was employed to identify
miR156 sequence with default parameters.

For the Ipomoea SPL genes, the miR156 target sites were predicted using the psRNATarget server [37] with
default settings. To validate the predicted miR156-SPL interactions in I. batatas, a total of 5 degradomes (1
in PRJNA592001, 4 in PRJNA600587) [74, 76] were downloaded from the public database were
used (Supplementary Table S5). After �ltering out the low-quality reads and sequencing
adaptors, CleaveLand4 pipeline [79] was used to identify miR156 cleavage sites. The identi�ed targets
with category 0-3 and p-value < 0.05 were considered as the reliable miR156 target genes.

5.6 Promoter analysis of Ipomoea SPL genes
The 2000 bp upstream sequence from the start codon for all Ipomoea SPL genes were retrieved from the
genome using an in-house Perl script, and then were submitted to PlantCARE program [38] for predicting
cis-acting elements as previously described [80]. The distribution of cis-acting elements in each promoter
was drawn using TBtools [70].

5.7 Plant materials and hormone treatments
Sweet potato (I. batatas cv. Xuyu34) plants used in this study were provided by the Xuzhou Academy of
Agricultural Sciences, Xuzhou, Jiangsu, China. According to institutional, national and international
guidelines, these samples do not require speci�c permissions for research purposes. The plants were
grown in greenhouses on the campus of Jiangsu Normal University, Xuzhou, China. For organ-speci�c
expression analysis, the tissues of young leaves, mature leaves, �owers, roots (10DAT, 20DAT, 40DAT,
60DAT, 80DAT, 90DAT and 100DAT roots with 0.3 mm, 2mm, 7mm, 25mm, 37mm, 52mm and 60mm in
diameter, respectively) were collected. For hormone treatments, adventitious roots were �rst induced
from stem cuttings grown hydroponically for ten days, and then were treated with 100 μM ABA, IAA, ZT,
and MeJA, respectively. Adventitious roots were collected at 0, 6, 12, 24, and 48h post the treatment. Three
biological replicates were collected for each sample. All samples were frozen in liquid nitrogen and �nally
stored at -80°C for subsequent use.

5.8 RNA extraction and qRT-PCR analysis
Total RNA for each sample was extracted using RNApure Plant Kit (CWBio, Beijing, China), according to the
manufacturers’ instructions. The �rst strand cDNA was synthesized from 1.0 μg total pure RNA using the
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HiFiScript cDNA Synthesis Kit (CWBio, Beijing, China). Gene-speci�c primers for each IbSPL gene were
designed using primer3 [81]. The qRT-PCR was performed on Bio-rad CFX Connect™ Real-Time System
(Bio-Rad, CA, USA) using 2 × Q3 SYBR qPCR Master Mix (Universal) (Tolo Biotechnology, Shanghai, China)
premix. The IbARF gene was used as a reference gene for normalizing the expression levels [82].
The relative transcript abundance for each IbSPL gene was calculated using the 2−ΔΔCT approach [83].
Statistical analysis was conducted by ANOVA followed by LSD test, and different letters indicate
statistically signi�cant difference at p < 0.05. The used primers were listed in Supplementary Table S10.

5.10 Analysis of expression patterns of IbSPLs using published
transcriptomic data
To explore tissue- and developmental stage-speci�c expression patterns of IbSPL genes, publicly available
transcriptome datasets from two previous studies [29, 39] (Supplementary Table S8) were used: one was 8
different tissues from cultivar Xuzi3 and Yan252 under BioProject accession number PRJCA000640 in
NGDC [84], and the other was 8 different stages during root development from cultivar Beauregard under
BioProject accession number PRJNA491292 in NCBI [72]. Transcriptome analysis was performed
according to our previous study [26]. The downloaded raw fastq �les were �ltered using Trimmomatic
(version 0.39) [77], and then were mapped to sweet potato genome Taizhong6 [28] using STAR (version
2.7.1a) software under the 2-pass mapping mode [85]. RSEM [86] was used to calculate FPKM values for
each gene. Finally, heatmap was plotted based on the normalized expression values of 29 IbSPL genes
using pheatmap package in R.

5.11 Construction of co-expression networks involving IbSPL and
other I. batatas genes in the storage root of sweet potato
Transcriptomic dataset of mature storage roots of 88 sweet potato accessions were obtained from a
previous study (Supplementary Table S11) [39] under BioProject accession number PRJCA000642 in
NGDC [84]. Weighted co-expression network construction and module detection were performed using the
R package WGCNA (version 1.4.9) [87] with the following parameters: the power was set as 9, the
minModuleSize was set as 30, the cutHeight was set as 0.25, and the network module export weight
threshold was set as 0.05. The sub-network was subsequently visualized using Cytoscape [88]. eggNOG-
mapper (version 2) [89] was used to assign the functional annotation of all sweet potato genes,
and Clusterpro�ler [90] was used to perform GO enrichment analysis for genes co-expressed with IbSPLs
with adjusted P-value < 0.05.

List Of Abbreviations
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Abbreviation Explanation
SPL SQUAMOSA promoter-binding protein-like
MW Molecular Weight
pI The isoelectric point
FPKM Fragments Per Kilobase of transcript per Million mapped reads
IAA Indole-3-cetic Acid
MeJA Methyl-Jasmonate
ABA Abscisic Acid
ZT Zeatin
WGCNA Weighted Gene Co-expression Network Analysis
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Figure 1

Comparison of SPL genes in four Ipomoea species (a) Comparison of the number and ratio of SPL genes
in four Ipomoea species, the clades are displayed in different colors. (b-d) Comparison of SPL protein
lengths, MWs and pIs in four Ipomoea species, respectively.
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Figure 2

Phylogenetic analysis of SPL proteins from 4 Ipomoea species, C. reinhardtii, A. thaliana, S. lycopersicum,
and O. sativa The rooted phylogenetic tree was constructed based on the conserved domain of 156 SPLs
using neighbor-joining method with 1000 bootstrap replications. CrCRR1 protein from C. reinhardtii was
used as an outgroup to root the tree. Numbers on the tree indicate bootstrap support (values < 50% not
shown). The different-colored arcs indicate different clades of the SPLs. SPL members from the same
species are marked with the same colors: Blue, I. nil; red, I. triloba; green, I. tri�da; purple, I. batatas; grey, C.
reinhardtii; orange, O. sativa; brown, A. thaliana; pink, S. lycopersicum.
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Figure 3

Phylogenetic relationships, gene structures, domain organizations, and motif compositions of SPL genes
in Ipomoea species (a) Phylogenetic tree of 105 Ipomoea SPL proteins. (b) Intron-exon structures of
Ipomoea SPL genes. Red box indicates coding sequence, and black line represents intron. (c) Domain
organizations of Ipomoea SPL proteins. SBP domain, ANK repeat and DEXDc domain are exhibited in blue,
purple, and orange boxes, respectively. (d) Motif compositions of Ipomoea SPL proteins. The ten motifs
are displayed in different colored boxes. The length of genes or proteins can be estimated using the scale
at the bottom.
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Figure 4

Syntenic relationships and selective pressure of Ipomoea SPLs (a) The colinear relationship among SPL
genes in I. batatas. Colored lines indicate syntenic regions. IbSPL genes can be classi�ed into four
duplicated types, and marked as different colors. (b) The distribution of SPLs duplication modes in four
Ipomoea species. (c) The mean Ka/Ks values in each clade.
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Figure 5

miR156 target site of Ipomoea SPL genes (a) Multiple alignments of identi�ed miR156 sequences. (b)
Summary of miR156-targeted SPL genes in Ipomoea genus. (c) Diagram of IbSPL genes targeted by
IbmiR156. The grey box indicates CDS region, the blue box represents SBP domain, and the red box
indicates IbmiR156 target sites.
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Figure 6

Investigation of cis-acting elements in Ipomoea SPL genes (a) Cis-acting elements in the promoter regions
of all Ipomoea SPL genes. (b) Pie charts of cis-acting elements in all SPL genes. The colored boxes
represent different categories or cis-acting elements.
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Figure 7

Expression pro�les of IbSPL genes in different tissues and developmental stages by transcriptome
analysis (a) Heatmap representing the expression patterns of IbSPL genes in 8 different tissues of two
sweet potato cultivars. Xuzi3: sweet potato cultivar Xuzi3, Yan252: sweet potato cultivar Yan252; S: shoot,
YL: young leaf, ML: mature leaf, T: stem, FR: �brous root, IR: initial tuberous root, ER: expending storage
root, MR: mature storage root. (b) Heatmap representing the expression patterns of IbSPL genes in eight
different stages during root development. 10DAT_TR: undifferentiated root (10 days after transplanting),
20DAT_TR: undifferentiated root (20 days after transplanting), 30DAT_FR: �brous root (30 days after
transplanting), 40DAT40_FR: �brous root (days after transplanting), 50DAT_FR: �brous root (50 days after
transplanting), 30DAT_SR: storage root (30 days after transplanting), 40DAT_SR: storage root (40 days
after transplanting), 50DAT_SR: storage root (50 days after transplanting). Heatmap was generated based
on log2(FPKM+1) values for each IbSPL gene.
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Figure 8

Expression pro�les of 11 IbSPL genes in different tissues and developmental stages by qRT-PCR (a)
Different tissues from cultivar Xuyu34 were shown as pictures, including stem, leaf, �ower and root. Black
bar is scale of 1 cm. (b) Expression patterns of 11 IbSPL genes determined by qRT-PCR. The x-axis
indicates different tissues. The y-axis represents the relative expression calculated by the 2−ΔΔCT method.
The error bars indicate the standard deviations of three biological replicates. Different letters indicate
statistically signi�cant difference at p < 0.05.
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Figure 9

Expression patterns of 6 IbSPL genes under phytohormone treatments (a) Expression patterns of 6 IbSPL
genes under IAA treatment. (b) Expression patterns of 6 IbSPL genes under MeJA treatment. (c) Expression
patterns of 6 IbSPL genes under ZT treatment. (d) Expression patterns of 6 IbSPL genes under ABA
treatment. Samples were collected at 0, 6, 12, 24, and 48 h after treatment. The x-axis indicates different
samples. The y-axis represents the relative expression calculated by the 2−ΔΔCT method. The error bars
indicate the standard deviations of three biological replicates. Different letters indicate statistically
signi�cant difference at p < 0.05.
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Figure 10

Regulatory sub-networks involving IbSPLs and other I. batatas genes in the storage root of sweet potato
(a) Co-expression sub-network visualization for IbSPLs in the storage root of sweet potato. Only edges with
weight above a threshold of 0.05 are displayed. (b) Venn diagram of the number of co-expressed genes for
IbSPL1, IbSPL16, IbSPL17, IbSPL21, and IbSPL28 in the turquoise module. (c) GO enrichment analysis of
co-expressed genes of IbSPL16, IbSPL17, IbSPL21, and IbSPL28, respectively.
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