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ABSTRACT. SQUAMOSA promoter-binding protein-like (SPL) proteins
play crucial roles in plant growth, development, and responses to
environmental stressors. The peanut (Arachis hypogaea L.) is a globally
important oil crop. In this study, we cloned the full-length cDNA of 15 SPLs
in the peanut by transcriptome sequencing and rapid amplification of cDNA
ends, and analyzed their genomic DNA sequences. cDNA lengths varied
significantly, from 369 to 3102 bp. The SBP domain of the peanut SPL
proteins was highly conserved compared to SPLs in other plant species.
Based on their sequence similarity to SPLs from other plant species, the
peanut SPLs could be grouped into five subgroups. In each subgroup,
lengths of individual genes, conserved motif numbers, and distribution
patterns were similar. Seven of the SPLs were predicted to be targets
of miR156. The SPLs were ubiquitously expressed in the roots, leaves,
flowers, gynophores, and seeds, with different expression levels and
accumulation patterns. Significant differences in the expression of most of
the SPLs were observed between juvenile and adult leaves, suggesting that
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they are involved in developmental regulation. Dynamic changes occurred
in transcript levels at stage 1 (aerial grown green gynophores), stage 2
(gynophores buried in soil for about three days), and stage 3 (gynophores
buried in soil for about nine days with enlarged pods). Possible roles that
these genes play in peanut pod initiation are discussed.

Key words: SQUAMOSA promoter-binding protein-like protein; Peanut;
Gene expression; Pod development

INTRODUCTION

SQUAMOSA (SQUA) promoter-binding protein-like (SPL) proteins are plant-specific
transcription factors that play important roles in plant growth and development. Two SPL genes,
SBP1 and SBP2, which are highly homologous to AmSBP1, were first isolated from Antirrhinum
majus by their capacity to interact with a promoter sequence element of SQUA (Klein et al., 1996).
Genome-wide analysis has revealed that 17 members of the SPL family genes are present in
Arabidopsis (Birkenbihl et al., 2005; Guo et al., 2008). To date, a large number of SPLs have been
discovered in various plant species, such as green algae, moss, tomato, rice, maize, and silver
birch (Moreno et al., 1997; Lannenpaa et al., 2004; Kropat et al., 2005; Xie et al., 2006; Riese et
al., 2007; Salinas et al., 2012).

The SBP-box proteins encoded by SPLs all contain a highly conserved DNA-binding SBP
domain, which includes approximately 76 amino acid residues and two zinc-binding motifs (Birkenbihl
et al., 2005; Kropat et al., 2005; Xie et al., 2006; Riese et al., 2007; Salinas et al., 2012). A bipartite
nuclear localization signal (NLS) sequence is located at the C-terminus of the SBP domain, which
overlaps with the DNA-binding domain and the second zinc-binding motif (Birkenbihl et al., 2005).
Plant SPL proteins can be divided into different subgroups, based on the SQUA promoter-binding
domain sequence, e.g., there are six subgroups in rice, seven in the grapevine, and eight in the
tomato (Xie et al., 2006; Salinas et al., 2012; Hou et al., 2013). The gene structures of these SPLs
are different in terms of intron and exon number, as well as coding region length.

An increasing number of microRNAs (miRNAs) have been identified and characterized,
and shown to have crucial gene regulation functions in plants. miRNAs are small, non-coding
RNA molecules (20-24 nucleotides) that can bind to their target mMRNAs by imperfect base pairing
for transcript cleavage, and decrease protein levels by translational repression (Voinnet, 2009).
Approximately half of the target genes of miRNAs are transcription factors. As a gene family that
encodes transcription factors, more than half of SBP-box genes have been found to be targeted
by miR156 and miR157 in some species. For example, the majority (11/17) of Arabidopsis SPLs
contain miR156/157-binding sites that are located in the coding region or the 3’ untranslated region
(UTR), indicating that miRNAs could regulate SPLs by mRNA cleavage and translation inhibition
(Rhoades et al., 2002; Gandikota et al., 2007; Xing et al., 2010). In rice, 11 of 19 SPLs contain
sequences that are complementary to mature miR156. The target sites of nine SPLs are located in
the coding region downstream of the SBP domain. The target sites of two SPLs are located in the
3’ UTR (Xie et al., 2006), and 15 of 27 SBP-box gene family members in apples contain putative
miR156 targeting sites, all of which are located in the coding region (Li et al., 2013). Therefore,
miR156 could downregulate SPL expression by mRNA degradation or translation inhibition (Wu
and Poethig, 2006).

Previous studies have demonstrated the involvement of SPLs in the regulation of many
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aspects of plant development, such as leaf shape and size, trichome formation, tiller number,
apical dominance, inflorescence architecture, pollen development, fertility, and fruit ripening (Unte
et al., 2003; Schwarz et al., 2008; Shikata et al., 2009; Usami et al., 2009; Wu et al., 2009; Xing
et al., 2010). SPLs are also involved in the regulation of the gibberellin (GA) response (Zhang et
al., 2007) and copper homeostasis (Yamasaki et al., 2009). A few studies have found that SBP-
box genes are responsible for embryo development. For example, more than half of OsSPLs are
highly expressed in young panicles (Xie et al., 2006). Furthermore, OsSPL14 (Miura et al., 2010)
and OsSPL16 (Wang et al., 2012) play crucial roles in determining grain quality and yield in rice.
tsh4 (tassel sheath4), a member of the maize SBP-box gene family, regulates bract development,
and is required for branch meristem initiation and maintenance (Chuck et al., 2010). In addition, a
series of studies have shown that SPLs play important roles in regulating plant developmental phase
transition. For example, AtSPL9 and AtSPL10 promote the transition from the juvenile to the adult
phase by upregulating the expression of miR172, and thereby repressing its targets, TARGET OF
EAT 1 (TOET) and TOE2, in Arabidopsis (Wu et al., 2009). Most miR156-targeted SPLs accelerate
flowering by directly activating flower-promoting MADS box genes, such as FRUITFULL (FUL),
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), AGAMOUS-LIKE (AGL42),
and APETALA 1 (AP1). In addition, SPL3 directly activates LEAFY (LFY), which is a master regulator
of meristem identity transition, in order to control the time of flowering (Weigel et al., 1992; Yamaguchi
et al., 2009). In perennial trees, vegetative to adult phase transition is controlled by SPLs that are
regulated by miR156. The overexpression of miR156 results in the reduced expression of miR156-
targeted SPLs, and significantly prolongs the juvenile phase (Wang et al., 2011).

Although the roles of plant-specific SBP-box genes in development have been substantially
elucidated in Arabidopsis and other plants, there is little information available concerning the
function of SBP-box genes in the peanut (Arachis hypogaea L.). Peanut is an important global oil
crop and protein source. Peanut plant flowers and finishes pollination above ground as do other
plants, while the ovule-carrying peg (gynophore) starts to form above ground and then grows
downwards to bury the fertilized ovule in the soil for pod development (Thompson et al., 1985; Xia
etal.,, 2013; Zhu et al., 2014). In this study, we identified 15 potential peanut SPLs that all contained
a conserved SBP domain. According to the deduced amino acid, they were named AhSPL1,
AhSPL2-1, AhSPL2-2, AhSPL3-1, AhSPL3-2, AhSPL4, AhSPL6, AhSPL7, AhSPL8, AhSPL9,
AhSPL12, AhSPL13, AhSPL14, AhSPL16, and AhSPL18. The gene structures and expression
patterns of these SPLs in peanut tissues at different developmental stages were analyzed, and
possible roles of SPLs in peanut growth and development are discussed.

MATERIAL AND METHODS
Plant materials

Roots, juvenile stems, and juvenile leaves were collected from two-week-old seedlings
of the peanut cultivar, ‘Luhua-14’, and adult stems, leaves, and flowers were harvested at the
full-bloom stage. Gynophores were collected at 0, 3, and 9 days after burial in the soil, and the
seeds were harvested at maturity. Fresh samples were frozen in liquid nitrogen and stored at
-80°C for RNA preparation.

Downward-growing green gynophores, which were 3-5 cm in length, were categorized as
stage 1 (S1). Stage 2 gynophores (S2) were buried in soil for about three days, and had thicker
diameters than S1 gynophores. S2 gynophores were white, and enlargement of the ovary region
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was not observed. Stage 3 gynophores (S3) were buried in soil for about nine days, and their ovary
regions were enlarged but still small.

RNA isolation and first-strand cDNA synthesis

Total RNA was extracted from different tissues using a modified CTAB method, with
isopropanol instead of lithium chloride for the RNA precipitation. RNase-free DNase | (TaKaRa) was
added to remove contaminating genomic DNA. About 1 pg of total RNA was used for the first-strand
cDNA synthesis, following the protocol of the Revert Aid First Strand cDNA Synthesis Kit (Fermentas).

Gene cloning and sequencing

The forward degenerate primer (5'-GRTTYTGYCARCARTGYAGCAG-3') was designed
based on the conserved SBP-box domain, and the reverse primer (5-TGACAGAAGAGAGAGAG
CAC-3') was designed based on the conserved miRNA156/157 target site. Subsequently, reverse
transcription-polymerase chain reaction (RT-PCR) was conducted to clone the middle fragments
of the SPLs. To obtain full-length cDNA sequences, 5'-rapid amplification of cDNA ends (5'-RACE)
and 3'-RACE were performed according to the manual of the SMARTer™ RACE cDNA Amplification
Kit (Clontech). Gene-specific primers (GSP), which were designed based on the middle fragments
of the cloned SPLs, and a Universal Primer A Mix provided by the SMARTer" RACE cDNA
Amplification Kit, were used for RACE-PCR. It was necessary to set up a nested PCR with an inner
GSP and a Nested Universal Primer A.

Based on the peanut transcriptome sequencing, PCR primer pairs were designed to
amplify the open reading frames (ORFs) of the SPLs. The PCR products were purified using a
PCR Purification kit (Sangon Biotech, China), ligated into a pMD18-T simple vector (TaKaRa), and
transformed into Escherichia coli DH5a cells. Positive clones were selected and sequenced by the
Sequencing Center, Shandong Academy of Agricultural Sciences, China.

Multiple sequence alignments and phylogenetic and gene structure analyses

To examine in detail the domain organization of SPL proteins in peanut, multiple sequence
alignments of SBP domain sequences were performed using Clustal W (Thompson et al., 1994).
Phylogenetic and molecular evolution analysis of the SPL proteins was conducted using MEGA 4.0
(Tamura et al., 2007). In an effort to gain an insight into the evolutionary relationships between SBP-
box genes in various plant species, we selected 107 SBP-box genes from six species, including
75 from dicotyledonous plants (Arabidopsis, Vitis vinifera, Populus trichocarpa, and A. hypogaea),
19 from a monocotyledonous plant (Oryza sativa), and 13 from the moss Physcomitrella patens to
include a non-flowering plant, and constructed a phylogenetic tree based on the highly conserved
protein sequences of the SBP domain (about 76 amino acids), using the neighbor-joining method
with 1000 bootstrap replications (Table S1). The gene structure display server program was used
to illustrate exon-intron organization for individual SPLs by comparing the cDNA sequences with
their corresponding genomic DNA sequences.

Identification of conserved motifs

Conserved motif analysis within the SBP-box family was performed using the MEME
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program (http://meme-suite.org/) with default settings, except an optimum motif width of between 6
and 200 residues and a maximum of 20 motifs.

Gene expression analysis by quantitative real-time PCR

Total RNA was extracted from different organs by the CTAB method. One microgram of total
RNA was treated with DNase | and was then used for first-strand cDNA synthesis with an oligo(dT)
primer using a TaKaRa PrimeScript™ 1st Strand cDNA Synthesis Kit. Subsequently, a quantitative
real-time PCR was performed with a SYBR®Green PCR Master Mix (Roche) and an iCycler Thermal
Cycler (Bio-Rad, Hercules, CA, USA). The oligonucleotide primers are listed in Table S2.

RESULTS
Cloning the full-length cDNAs of peanut SPLs

The full-length cDNAs of 15 SPL family genes in peanut were cloned. Based on the sequence
similarity to Arabidopsis SPLs, they were named AhSPL1, AhSPL2-1, AhSPL2-2, AhSPL3-1,
AhSPL3-2, AhSPL4, AhSPL6, AhSPL7, AhSPL8, AhSPL9, AhSP12, AhSPL13, AhSP14, AhSPL16,
and AhSPL18. The cDNA lengths of the SBP proteins varied from 369 to 3102 bp. Their corresponding
molecular weights ranged from 14 to 113 kDa. AhSPL1 was the longest SPL coding gene, with a cDNA
length of 3102 bp that encoded a protein of 113 kDa. AhSPL3-2 was the shortest SPL coding gene,
with a cDNA length of only 369 bp that encoded a protein of 14.3 kDa. The SPL family of proteins also
exhibited a large range of isoelectric point values, which ranged from 5.83 to 9.78.

Previous studies have demonstrated that some plant SPL genes are targets of miRNAs.
By comparing the miR156 mature sequence to the SPL sequences, we identified seven SPLs
(AhSPL2-1, AhSPL2-2, AhSPL6, AhSPL9, AhSPL13, AhSPL16, and AhSPL18) that were possible
targets of miR156 (Figure 1). Interestingly, all of these AhSPLs, which were predicted to be miRNA
targets, were clustered in G2 and G3 (see below). miR156 target site of AhSPL2-1 was located in
the 3' UTR, while miR156 target sites of all other AhSPL2-1 were located in the coding regions.
In Arabidopsis, SPLs are targeted by miR172; in the peanut, we did not find any SPL that was a
target of the miR172 family.

AhSPL2-1 ey eNe) CTGCTCTCTs TCTTCT GT Crkieieier-feynes 38
BnhSPL2-2 e e ele CTGCTCTCTe TCTTCT GT Criefery-yuyes 38
AnSPL6 Py Acioe CTGCTCTCTe TCTTCTGT Crjelopner-icyyes 38
AnSPLS (e Ny Y Aelo CTGCTCTCTes TCTTCT GT Crkleieiory:yes 38

AhSPL13 GACTCTTCCT]cpxcionyouyon) CyNouuNouNeyNe L TCLCCRACR 8
AnSPL16 ey uNelorAeley CTGCTCTCIE TCTTCTGT Cryeryyviery 8
AhSPL18 (e oo ey CTGCTCTCTs TCTTCT GT Cripnouner-yyxes 38
AhmiR1S6a  .cccassces sCTCTCTs TCTTCT GT Cutumus 1%
AhmilS6éb-5p ..ccceeenn 3 N T CTTCT GT R 8
AhmiR156c @ .....ccc.. sCTCTCTs TCTTCTGT Crturus 19

Consensus gtgctctct tcttctgtce .
Figure 1. Alignment of miR156 complementary sequences within peanut SPL genes. Complementary sequences are
within coding regions, with the exception of AhSPL2-1 where it is located within the 3' UTR. Reverse complement
sequences of the mature AhmiR156 genes are shown below the alignment for comparison.

Genetics and Molecular Research 15 (1): gmr.15017344 ©FUNPEC-RP www.funpecrp.com.br


http://www.geneticsmr.com/year2016/vol15-1/pdf/gmr7344_supplementary.pdf

M. Li et al. 6

Phylogenetic analysis of the SBP-domain family genes

The unrooted phylogenetic tree indicated that the plant SBP-domain family of proteins is
evolutionarily diverse (Figure 2). The 107 SBP sequences could be classified into the following six
groups: AhSPL4, AhSPL3-1, AhSPL3-2, and AhSPL8 in G1; AhSPL2-1, AhSPL2-2, and AhSPL9
in G2; AhSPL18, AhSPL6, AhSPL16, and AhSPL13 in G3; AhSPL1, AhSPL12, and AhSPL14 in
G4; and AhSPL7 in G6 (Figure 2). Based on the phylogenetic tree, most of the AhSPLs were more
tightly grouped with grapevine, Arabidopsis, or poplar SBP-box proteins than with rice or moss
SBP-box proteins. No peanut SBP protein was grouped with moss SBP proteins; therefore, peanut
SBP proteins were grouped into five groups (Figure 2).

&
o
@
2
3
(e}

Figure 2. Phylogenetic analysis of peanut and other plant SBPs. Phylogenetic tree was constructed with SBP
domain protein sequences from peanut (AhSPL), grape (VvSBP), moss (PpSBP), rice (OsSPL), popular (PtSBP) and
Arabidopsis (AtSPL). Detail information of SBP sequences used to construct the phylogenetic tree was listed in Table S1.

To directly compare the 15 peanut SBP genes, a phylogenetic tree was constructed
based on the full-length cDNA of the proteins (Figure 3). In general, the topology of the resulting
phylogenetic tree was similar to that constructed with the 107 SBP-domain sequences from the six
plant species (Figure 2). Interestingly, AhSPL8 and AhSPL9 were in G1 and G2, respectively, in the
phylogenetic tree generated using the SBP-domain sequences from the six plant species (Figure
2); however, these two proteins were in G4 and G1, respectively, in the phylogenetic tree generated
by full-length cDNA of peanut SPL genes (Figure 3).

The genomic sequences of the peanut SBP genes were obtained from the scaffolds
generated by our peanut whole-genome sequencing project (data not shown). Exon-intron
structures of all 15 AhSPLs were generated based on their corresponding genome and coding
sequences (Figure 3). The majority of the peanut SBP genes in the same subgroup bore a similar
number of exons and introns, as well as ORF lengths. For example, genes within G4 contained 10
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exons, and encoded proteins with about 1000 amino acid residues. Genes in G1 contained two
exons, and encoded proteins with fewer than 180 amino acid residues. However, AhSPL8 in G4
and AhSPL9 in G1 shared a similar exon-intron distribution to genes in G3 (Figure 3).

ANSPL3A
ANSPLI2 [G1
ANSPLA
nSPLY
ANSPLE

wseLte |3

\_|:AhSPL13

ASPLIG
SPLS

‘ nsPLI4 (G4

\—‘_Emspu
ASPLIZ

-ARSPL24 G2
MSPL22
o |66

3

Okb kb 2kb S kb, Skb

Figure 3. Phylogenetic relationships and gene structure of AhSPL genes. Phylogenetic analysis based on the full-
length cDNA of peanut SPLs. (B) Exon - intron structures of SPL genes from Arachis hypogaea. Exons and introns
were represented by black boxes and black lines, respectively. The sizes of exons and introns can be estimated using
the scale at the bottom. Numbers 0, 1, and 2 represent introns in phases 0, 1, and 2, respectively.

Conserved sequences in the SBP domain

All members of the SBP-box family contain a conserved SBP domain. We aligned the
sequences of the SBP domain using Clustal X 1.83, and found that each SBP-domain sequence
contained approximately 76 amino acid residues (Figure 4). The SBP-box proteins are plant-
specific transcription factors. The structural basis for the sequence-specific DNA binding are two
Zn-finger-like structures formed by the coordination of two zinc ions by conserved cysteine and
histidine residues (Birkenbihl et al., 2005). The first Zn-finger-like structure (Zn-1 in Figure 4) is
Cys,His-type, and the second (Zn-2 in Figure 4) is Cys,HisCys-type. In addition to the sequence-
specific DNA-binding domain, the SBP domain has a highly conserved bipartite NLS (Birkenbihl
et al., 2005), a key feature of transcription factors, and is located at the C-terminus of the SBP
domain. Interestingly, the “His” in the first Zn-finger structure is replaced by a “Cys” in AhSPL7, and
the “His” in the second Zn-finger structure is replaced by a Q residue in AhSPL6. A previous study
demonstrated that the exchange of the “His” in the first Zn-finger with “A” leads to the complete loss
of DNA-binding activity of Arabidopsis SPL1. The “His” replacement in the second Zn-finger also
significantly affects the binding activity of SPL proteins (Birkenbihl et al., 2005). Therefore, there
is little possibility that AhSPL7 and AhSPL6 act as functional transcription factors in peanut. The
first and last C residues in the second Zn-finger structure, which are critical for DNA binding, were
completely conserved among the 15 peanut SBP domains. The NLS segments of the 15 peanut
SBP domains were also highly conserved; however, the sequences flanking the SBP domain
exhibited high sequence diversity (Figure 3). In addition to the two conserved Zn-finger structures
and NLS segments, we also found other conserved sequences, e.g., the sequence between the
second Zn-finger structure and the NLS.

Conserved motifs in AhSPL proteins

Twenty motifs were identified in the 15 SPL proteins (Table S3). A schematic representation
of the conserved motifs among the SBP-box proteins was constructed (Figure 5), and the conserved
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amino acid sequences and motif lengths are shown in Table S3. The number of motifs in each SPL
protein varied between 1 and 13, due to the different protein lengths. However, the number of
motifs and the distribution order of different motifs in each SPL subgroup were similar (Figure 5).
Motif 1, which was located in the SBP domain, was detected in all of the proteins. Some motifs
were widely distributed in the SBP-box proteins, e.g., motifs 4, 6, 7, 12, and 18, whereas others
were only detected in specific subgroups, e.g., motif 15 was only in G4. This difference in motif
number and distribution pattern might be associated with the function of each subgroup.

AhSPL3-1 ~CQVDECDED
AhSPL3-2 ~COVDBCNAD
AhSPL4  CCOAERCHAD
AhSPL2-1 -CQV
AhsPL2-2 ~CQV
AhSPLL  -CQVQD
AhSPL12
AhsPL14
AhSPLE
AhSPL18
AhSPL13
AhSPL16
AhSPL8
AhSPL9
AhSPL7

&

EEEEEEEEEEEEEES

ZIn-1 In-2 NLS

Figure 4. SBP domain sequence alignment in peanut. Multiple sequence alignment was performed using the Clustal
X1.83 software. The two conserved Zn-finger structures and NLS were indicated.

Sequence Evalue Block Diagram
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Figure 5. Distribution of 20 predicted conserved motifs in peanut SBP proteins. Motifs of Arachis hypogaea SBP
proteins were identified by MEME program. The conserved amino acid sequences and length of each motif are shown
in Table S3.

Expression analysis of peanut SPLs

The AhSPL coding genes were ubiquitously expressed in all of the tissues tested.
However, the relative expression levels and patterns of preferential accumulation of the genes
varied significantly. For example, AhSPL1 was detected in juvenile roots, stems, and leaves, and
adult stems, leaves, flowers, S1, S2, S3 gynophores, and seeds, with relatively high expression
levels in juvenile stems and leaves and adult leaves, S2 and S3 gynophores (Figure 6). The
highest expression level detected in adult leaves was about four times higher than that in roots
and S1 gynophores, in which the lowest expression levels were detected. However, AhSPL2-1
was preferentially expressed in stems and leaves (both juvenile and adult). The highest expression
level was detected in adult leaves, which was more than 40-fold higher than that in the roots.
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Expression levels in flowers, gynophores, and seeds were relatively low compared to those
in leaves and stems (Figure 6). AhSPL2-2 exhibited similar expression patterns to AhSPL2-1,
however, the AhSPL2-2 expression level in adult leaves was about 100-fold higher than that in the
roots, juvenile leaves, and seeds. AhSPL2-2 accumulated at high levels in adult leaves, flowers,

and S3 gynophores (Figure 6).
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Previous studies have shown that the expression of some SPLs is differentially regulated
during different developmental stages, such as the transition from the juvenile to the adult stage.
Our results show that the expression levels of several peanut SPLs were significantly different
between juvenile and adult leaves, e.g., AhSPL2-2 and AhSPL9 expression levels in adult leaves
were over 70-fold higher than those in juvenile leaves. SPL2-1, SPL3-2, SPL8, SPL13, and SPL16
expression levels were over twice as high in adult leaves than in juvenile leaves. However, SPL4,
SPL12, and SPL14 expression levels were about twice as high in juvenile leaves than in adult
leaves (Figure 6). Significantly different expression levels between juvenile and adult stems were
not found. Obvious morphological changes were observed during gynophore development from
S1 to S3; most of the AhSPLs exhibited higher transcript levels in S2 than in S1. The AhSPL7
expression level at S2 was over 30-fold higher than that in S1, and SPL1, SPL3, SPL6, SPL7,
SPL12, and SPL16 expression levels in S2 were 2-fold more than those in S1. From S2 to S3, the
expression levels of some SPLs were maintained, while others decreased, e.g., SPL3, SPL7, SPL9,
and SPL12. These results suggest that AhSPLs play critical roles during peanut pod development.

DISCUSSION

SBP-box genes encode a family of plant-specific transcription factors with no homologs
in animals, humans, or bacteria (Cardon et al., 1999; Xie et al., 2006). SBP-box proteins can be
divided into six (Hou et al., 2013) to eight (Li et al., 2013) groups. In our phylogenetic analysis,
based on the alignment of the conserved DNA-binding domain, 107 SBP-box genes from six land-
plant species were clustered into six distinct groups (G1-G6). The thirteen members from the moss
P. patens only clustered in G1, G4, and G5. The SBP-box gene family from other plant species
was evolutionally more diverse. As expected, SPL proteins from peanut generally exhibited closer
relationships to SBP-like proteins from dicotyledons than those from monocotyledons.

The expression levels of AhSPL1, AhSPL2-1, AhSPL2-2, AhSPL8, and AhSPL16
significantly increased after peanut gynophores penetrated the soil. However, the expression levels
of these SPLs in mature seeds were very low. A similar phenomenon occurs in the grapevine;
several SPLs are highly expressed during early fruit development, whereas during ripening their
expression levels are much lower (Hou et al., 2013). Therefore, SPLs might play a crucial regulatory
role during the early stages of peanut embryogenesis; further investigation is required to elucidate
how these AhSPLs function during peanut embryo and pod development. In peanut, 7 of 15 SPLs
contained sequences that were complementary to the mature miR156 sequence. Interestingly,
all of the putative miR156-targeted AhSPLs were clustered in G2 and G3. The target sites of
six SPLs were in the coding region downstream of the SBP domain, while the AhSPL2-1 target
site was located in the 3’ UTR. These results demonstrate that miR156/157 could downregulate
the expression of these SPLs by mRNA degradation and translation inhibition, as reported in
Arabidopsis (Wu and Poethig, 2006). However, miR156a, the only abundantly expressed member
of the family in gynophores, exhibited similar expression levels in S1, S2, and S3 gynophores.
The peanut miR157 expression level in S2 gynophores was three times higher than that in S1
gynophores (data not shown), suggesting that miRNA-regulated SPL expression may play a critical
role during pod development. Further studies are required to elucidate the mechanism involved in
miR156/157-targeted AhSPLs during peanut embryogenesis and pod development.

Peanut pod swelling is a complicated process that is controlled by several plant hormones,
such as auxin, GA, ethylene, and abscisic acid (Xia et al., 2013). Previous studies have shown
that AtSPL3 and AtSPL8 affect endogenous GA levels and signaling in Arabidopsis. Constitutive
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overexpression of SPL8 suppresses stem elongation and rosette leaf expansion, and delays
flowering. These phenotypes could be rescued by the application of exogenous GA (Zhang et
al., 2007), suggesting that SPL8 expression could reduce endogenous GA levels. A recent study
demonstrated that DELLA proteins interact with SPLs to repress plant stem elongation and floral
transition in Arabidopsis (Yu et al., 2012). We found that gynophore GA,, levels significantly
decreased after gynophore soil penetration (data not shown). Zhu et al. (2014) reported that one to
two days of dark treatment significantly decreases the endogenous GA, content of gynophores. In
the present study, the peanut SPL8 expression level was upregulated in dark-grown S2 (2-fold) and
S3 (5-fold) gynophores in comparison with that in S1 gynophores (Figure 6). The decreased GA
level in dark-grown gynophores could result in the accumulation of DELLA proteins and promote
an interaction between DELLA and SPL proteins, which might reduce gynophore elongation
and initiate pod development. It would be interesting to investigate how SPLs interact with GA
biosynthesis and signaling in peanut embryonic development.

The constitutive expression of miR156-resistant SPL13 upregulates the expression of
the ACC oxidase gene, suggesting the involvement of SPL13 in ethylene biosynthesis (Martin et
al., 2010). However, ethylene treatment could also regulate SPL expression, e.g., the exogenous
application of ethylene upregulated 12 apple SPLs and downregulated one apple SPL (Li et al.,
2013). In the grapevine, ethylene treatment upregulated six SPLs and downregulated another six
SPLs (Hou et al., 2013). In peanut, the ethylene content of S2 and S3 gynophores is several times
higher than that in S1 gynophores (Shlamovitz et al., 1995). This increase in ethylene content in
peanut is coincident with the upregulation of several SPLs. Are these genes directly regulated
by ethylene, as in the apple and grapevine, or are they developmentally regulated? This is an
interesting question, and further experiments are required to clarify the relationship between SPL
expression and ethylene accumulation in peanut gynophores.

LFY, FUL, and AP1 are meristem identity genes. SPL3, together with other miR156-
targeted SPL transcription factors, directly activates these genes to control reproductive transition
and meristem identity transition in Arabidopsis (Yamaguchi et al., 2009). Before soil penetration,
peanut gynophores grow in a positively geotropic manner toward the ground, in a similar manner as
roots. An intercalary meristem is located at the top of the gynophores. Soon after soil penetration,
the growth of the gynophores ceases and pod enlargement is initiated, possibly due to changes in
meristem activity. Whether this change in meristem activity is related to the upregulation of SPLs is
an interesting possibility. Furthermore, a recent study demonstrated that SPL8 and other miR156-
targeted SPLs are key regulators of gynoecium development (Xing et al., 2013), suggesting that
SPLs may play important roles in peanut pod development.
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