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Abstract: B-box (BBX) proteins are important factors involved in plant growth and developmental
regulation, and they have been identified in many species. However, information on the characteristics
and transcription patterns of BBX genes in wild peanut are limited. In this study, we identified
and characterized 24 BBX genes from a wild peanut, Arachis duranensis. Many characteristics
were analyzed, including chromosomal locations, phylogenetic relationships, and gene structures.
Arachis duranensis B-box (AdBBX) proteins were grouped into five classes based on the diversity
of their conserved domains: I (3 genes), II (4 genes), I1I (4 genes), IV (9 genes), and V (4 genes).
Fifteen distinct motifs were found in the 24 AdBBX proteins. Duplication analysis revealed the
presence of two interchromosomal duplicated gene pairs, from group II and IV. In addition, 95 kinds
of cis-acting elements were found in the genes’ promoter regions, 53 of which received putative
functional predictions. The numbers and types of cis-acting elements varied among different AdBBX
promoters, and, as a result, AdBBX genes exhibited distinct expression patterns in different tissues.
Transcriptional profiling combined with synteny analysis suggests that AdBBX8 may be a key factor
involved in flowering time regulation. Our study will provide essential information for further
functional investigation of AdBBX genes.
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1. Introduction

Transcription factors are essential components of signal transduction pathways in plants.
They often work as activators or suppressors, binding cis-acting elements in target promoter regions to
regulate downstream gene expression [1,2]. Various transcription factor families are found in plants,
which are involved in many different response pathways. Among these gene families, zinc-finger
transcription factors, possess a conserved domain that can bind metal ions like zinc and interact with
DNA, RNA or proteins, and members of that large transcription factor family play critical roles in
plant growth and development [3—-6]. Based on the diversification of their protein sequences and
structures, zinc-finger genes are further classified into several distinct subfamilies [3]. A subgroup of
zinc-finger proteins containing B-box (BBX) conserved domains, which are thought to be involved
in protein—protein interactions, is designated as the BBX family and is highly conserved across all
multicellular species [4,7-9].

Two types of BBX domains, B-box1 and B-box2, have been identified based on their consensus
sequences and the spacing of their zinc-binding residues [4,10-12]. In Arabidopsis, 21 and 11 of the
32 BBX proteins contain two and one BBX domains, respectively [3,4]. In addition to the conserved
BBX domain, some BBX family members contain additional specific domains, such as the CCT (for
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CONSTANS, CONSTANS-LIKE, TOC1) and VP (valine-proline) domains. Seventeen Arabidopsis BBX
proteins contain a CCT domain close to their C terminus. Arabidopsis BBX proteins are grouped into
five classes based on differences in the type and number of BBX and CCT domains. Classes I and II
members have two BBX domains and one CCT domain, while class III members have one BBX and one
CCT domain. Class IV members have two different BBX domains, and group V members have only
one BBX domain [3,4,13].

BBX proteins are involved in the regulation of many signaling pathways, including those
associated with flowering time, the circadian clock, seedling photomorphogenesis, and abiotic stress [4].
CONSTANS (CO/BBX1) was the first BBX protein identified in Arabidopsis. Overexpression of CO
accelerates flowering time under both long day (LD) and short day (SD) conditions. Mutation of CO
significantly delays flowering time under LD, while the flowering time of CO is similar to wild-type
plants under SD [14-16]. CO binds directly to CO-responsive elements (CORE) and CCAAT-box
elements in the promoter region of FLOWERING LOCUS T (FT) to promote FT expression, which is in
turn responsible for the acceleration of flowering time [17-21]. The CO-FT flowering time regulatory
pathway is conserved in other species [22-31]. For example, Heading date 1 (Hd1), the rice CO ortholog,
participates in the regulation of the rice FT orthologs Heading date 3a (OsHd3a) and Flowering Locus T1
(OsRFT1) [24,25]. Hd1 promotes flowering time under SD but delays flowering time under LD [22].
In addition, some CO-like (COL) proteins in Arabidopsis are also involved in flowering time or circadian
clock regulation, including BBX2, BBX3, BBX4, BBX6, and BBX7. BBX18, BBX24, and BBX32 are also
thought to be involved in abiotic and biotic stress responses [4].

Peanut is an important oil crop widely cultivated in many countries. The allotetraploid Arachis
hypogaea (AABB, 2n = 4x = 40) is thought to be derived from the hybridization and polyploidization
of two diploid peanuts, Arachis duranensis (AA genome) and Arachis ipaensis (BB genome) [26,32,33].
Many genes in cultivated peanut might retain some functions of the original gene in wild peanut,
and the investigation of wild peanut genes will provide useful information for further analysis of
cultivated peanut gene functions. The development of the peanut genome database in recent years now
permits investigation of peanut gene functions [33-37]. Although there is considerable information
on BBX gene function in other species, there is less research on the role of BBX genes in peanut
development. In this study, we identified and characterized 24 BBX proteins from one of the wild
peanut species, A. duranensis. We investigated many characteristics of its BBX genes, including
structures, conserved motifs, chromosome locations, phylogenetic relationships, gene duplications,
cis-acting elements, and tissue expression profiles. Our study provides essential information for further
functional characterization of BBX proteins in wild and cultivated peanut.

2. Materials and Methods

2.1. Identification of BBX Members in A. duranensis

The amino acid sequences of the BBX conserved domain (PF00643) and Arabidopsis BBX proteins,
downloaded from Arabidopsis genome database TAIR, were used as blast queries against the peanut
genome database to search for A. duranensis, Arachis ipaensis, and Arachis hypogaea BBX genes (Peanut
genome database version: Arachis hypogaea Tifrunner 1.0, Arachis duranensis 1.0 and Arachis ipaensis
1.0) [33]. All output candidate genes were assessed using the Pfam database (Pfam 32.0, September
2018, 17,929 entries) [38] and the InterPro program [39] to confirm the presence of BBX domains and
remove genes without conserved BBX domains. The B-box1 and B-box2 domains were determined
as described by Crocco et al. [12]. The first B-box that appeared in the N terminal position was
called B-box1 and the second was termed B-box2. The positions of the BBX and CCT domains in
each Arachis duranensis B-box (AdBBX) protein were analyzed with Pro Scan program. The genomic
lengths, coding sequence (CDS) lengths, and amino acid numbers of the AdBBX genes were obtained
from the peanut genome database. The gene GC contents were determined using MegAlign software
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of Lasergene (DNASTAR, Madison, WI, USA). Chemical features of the AdBBX proteins, including
molecular weight and theoretical iso-electric point, were obtained using ProtParam [40].

2.2. Sequence Alignment and Phylogenetic Relationship Analyses

The amino acid sequences of BBX and CCT domains were aligned with ClustalW2 software (2.1,
Nanyang Technological University, Singapore) [41], and the results were used to generate an alignment
map using DNAMAN software (Version 5.2.2, LinnonBiosoft, Vaudreuil, Quebec, Canada). To analyze
the evolutionary relationships among the AdBBX genes and other well-studied BBX genes, full-length
BBX amino acid sequences from A. duranensis, rice, and Arabidopsis were aligned by Clustal-X2, and the
alignment results were used to construct a phylogenetic tree in MEGA?7.0 using the neighbor-joining
method [42]. The BBX proteins from A. duranensis, Arachis ipaensis and Arachis hypogaea were also
aligned to construct a phylogenetic tree in MEGA?7.0 using the neighbor-joining method.

2.3. Gene Structure, Conserved Motif, and Sequence Logo Analyses

The genomic and CDS sequences of the AdBBX genes were downloaded from the peanut genome
database [33] and used for the analysis of gene structure using the Gene Structure Display Server
(GSDS) [43]. To investigate conserved motifs in these proteins, full-length AdBBX amino acid sequences
were obtained from the peanut genome database and analyzed using MEME tools [44]. In addition,
the sequence logos of BBX (B-box1 and B-box2) and CCT conserved domains were investigated using
the online WebLogo platform [45].

2.4. Chromosomal Location, Synteny, and Gene Duplication Analyses

AdBBX genes were mapped to the peanut genome to identify their chromosomal locations and
physical positions. A chromosomal distribution map was generated using Mapinspect software (Mike
Lischke, Berlin, Germany). To investigate the synteny relationships of related genome regions in
different species, putative orthologous genes surrounding CO orthologs/homologs from soybean
and A. duranensis were identified by a BLASTP search as previously described [46,47], and the blast
results were used to generate a synteny map. To analyze the duplicated gene pairs, we clustered
AdBBX, AiBBX, and AhBBX genes using OrthoMCL software [48] with amino acid sequences more than
70% similar, and visualized the duplicated gene pairs using Circos software as previously described,
respectively [49,50].

2.5. Cis-Acting Element Analysis

Promoter sequences, 2 kb upstream of the initiation codon of each gene, were obtained from
the peanut genome database [33] and used for cis-acting element analysis using PlantCARE [51].
The cis-acting elements were classified based on their putative functions.

2.6. Analysis of Gene Expression in Different Tissues

To investigate the expression of AdBBX genes in different A. duranensis tissues, RNA-seq datasets
were downloaded from the peanut genome database [33-37,52,53] and used for transcription analysis.
The A. hypogaea gene expression profiles were mapped to A. duranensis for the construction of a heatmap
with MeV 4.9.0 (Multiple Experiment Viewer) [52,53].

3. Results

3.1. Identification of BBX Genes in A. duranensis

To identify BBX genes in A. duranensis, we used the amino acid sequences of the BBX conserved
domain (PF00643) and 32 Arabidopsis BBXs as blast queries against the peanut genome database.
We then used Pfam and Pro Scan to confirm the presence of conserved BBX domains in the resulting
candidate genes. A total of 24 BBX genes were found in A. duranensis. The characteristics of these AdBBX
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genes were investigated, and detailed information is provided in Table 1. AdBBX genes exhibited
diversity in genomic length, CDS length, amino acid number, isoelectric point, molecular weight,
and GC content (Table 1). The genomic lengths of AdBBX genes ranged from 468 bp (AraduF08]S) to
4,564 bp (AraduBV95P), the CDS lengths ranged from 468 bp (AraduF08]S) to 1,641 bp (AraduVV0]1),
and the numbers of deduced amino acids ranged from 155 to 546 (Table 1). GC content represents
the stability of the genes to some degree, and we therefore investigated GC content of the AdBBX
genes. The GC contents in AdBBX genes ranged from 32.13% (AradulV7PF) to 52.72% (Aradu28KTI).
The isoelectric points of the proteins varied from 4.16 (AraduF08]S) to 8.85 (Aradu28KTI), and their
molecular weights ranged from 17,020.4 (AraduF08]S) to 61,012.7 (AraduVV0]1).

Table 1. Identification of Arachis duranensis B-box (AdBBX) members.

Gene ID LG;‘;:/LCP Legg}svbp N::f GC%  pI M("];‘JV* Strand Chr 5 End 3 End 15:;2
AraduVID7S 1837 1098 365  4889% 659 397205  +  AOl 91,890,657 91892493 AdBBXI
Aradu7ZGOH 2519 735 244 35.03% 509 268305 - A03 3490043 3492561  AdBBX2
Aradu7V6T8 1535 651 216 3681% 563 238965  +  A03 4936073 4937607  AdBBX3
AradulV7PE 2390 639 212 3213% 583 237207 -  A03 5102892 5105281  AdBBX4
AradufSIAH 3841 1209 402 3366% 498 444098  +  A03 15759939 15763779  AdBBX5
Aradu8CISS 915 612 203 4798% 448 221893  +  A03 16814094 16815008 AdBBX6
AraduW2ZP 1792 1293 430  4381% 548 481006  +  A03 33948193 33949984  AdBBX7
Aradud3]56 1894 933 310 4060% 712 339221 - AO04 120,041,625 120043518 AdBBXS
Aradu3ZR52 2253 570 189 37.28% 623 209459 -  A05 11384528 11,386,780  AdBBX9
AraduXPS1Y 1674 1200 399 37.46% 55 454405  +  A05 93078336 93,080,009 AdBBXI0
AraduHUSGE 2523 1113 370 3813% 603 412789  +  A06 8755561 8758083 AdBBXII
Aradu23R92 1711 900 299 3922% 638 32,6979  +  A06 16881156 16882866 AdBBXI2
Aradu]7TMC 4164 1140 379 3758% 657 417563  +  A06 94914152 94918315 AdBBXI3
AraduBV9SP 4564 1248 415  3712% 514 450932 - A07 27306397 27310960 AdBBX14
AraduWL99W 1873 696 231 39.14% 677 254556 -  A07 56363517 56365389 AdBBXI15
AraduM999T 2300 903 300 3978% 498 323594 - A07 75340469 75342768 AdBBXI16
AraduVVOI 3222 1641 546 38.08% 644 610127  + A0S 23797353 23800574 AdBBX17
AraduHJSQ1 1249 1065 354 4030% 461 393026  +  A08 29919055 29920303 AdBBXIS
Aradu28KTI 882 882 293 5272% 885 323903  + A0 592,000 592881  AdBBX19
AraduZT2KF 4052 1389 462 3766% 503 51992 - A0 113442542 113446593 AdBBX20
AraduJ9KV2 1368 1272 423 4678% 624 473609  —  A09 114055561 114,056,928 AdBBX21
AraduF08]S 468 168 155  4252% 416 17,0204 -  Al0 3740421 3740888 AdBBX22
AraduSRFSF 1287 984 327 5183% 651 356908 -  Al0 88,380,486 88381772 AdBBX23
AraduS156] 2354 1185 394 3539% 481 43580 +  Al0 104730376 104732729 AdBBX24

Chr, chromosome number; CDS, coding sequence; AA, amino acid; pl, isoelectric point; Mol. Wt, molecular weight.

3.2. Chromosomal Distribution of AdBBXs

To investigate the chromosomal locations of AdBBXs, we mapped the genes to the peanut genome
to determine their physical positions. The AdBBX genes were named from AdBBX1 to AdBBX24 based
on their chromosomal distribution (Figure 1, Table 1). Among the 24 AdBBX genes, 13 were located on
the plus strand and 11 were located on the minus strand (Table 1). Nine of the 10 peanut chromosomes
contained AdBBX genes, and only chromosome 2 contained none (Figure 1 and Table 1). Chromosome
3 contained the largest number of AdBBX genes, with six AdBBX members, followed by chromosomes
6,7,9, and 10, with three AdBBXs on each. AdBBX2, AdBBX3, and AdBBX4 were located close together
on chromosome 3 (the distance between AdBBX2 and AdBBX3 was 1,443,512 bp and the distance
between AdBBX3 and AdBBX4 was 165,285 bp), as were AdBBX5 and AdBBX6 (the distance between
AdBBX5 and AdBBX6 was 1,050,315 bp). AdBBX20 and AdBBX21 (the distance between them was
608,968 bp) were also located close together on chromosome 9. Most AdBBX genes were located on the
chromosome arms, but three (AdBBX14, AdBBX17, and AdBBX18) were found on the middle portions
of the chromosomes.
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Figure 1. Chromosomal distribution of AdBBX genes. Chromosome number and length are shown.

3.3. Protein Sequence and Classification Analysis of AdBBX Genes

BBX proteins are classified into five subgroups based their conserved domains, including
the types and numbers of BBX and CCT domains [3,4]. We analyzed conserved domains in the
AdBBX proteins and found two distinct BBX domains (B-box1 and B-box2) and one CCT domain.
To further investigate the conserved amino acid sequences in these domains, logos of A. duranensis
B-box1 (CX,;CXgCX, DXAXLCX,CDX, VHX,NXLX3H, where X represents any amino acid), B-box2
(CXZCX4AX3CX7CX2CDX3HX9H) , and CCT (RX5RX3KX7KX2RYXzRKXzAXzRXRXKGRFXK) were
produced using Weblogo [45] (Figure 2). The amino acid sequences of the B-box1, B-box2, and CCT
domains were also aligned to analyze corresponding positions of the conserved amino acid sequences

(Figure 3).

Figure 2. The motif logos of B-box1, B-box2, and CCT (CONSTANS, CONSTANS-LIKE, TOC1) domains.
The x-axis indicates the conserved sequences of these domains, and the height of each letter indicates

the conservation of each residue.
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Figure 3. Multiple sequence alignments of B-box1, B-box2, and CCT domains. The amino acid

sequences of the conserved B-box1, B-box2, and CCT domains were aligned, and identical and similar

amino acids are shaded.

To further investigate the evolutionary relationships among the AdBBXs, we created a phylogenetic
tree based on their amino acid sequences (Figure 4a). Conserved domain analysis revealed that 16
of the 24 AdBBX proteins had two BBX domains (i.e., B-box1 and B-box2), 11 members contained a
CCT domain, and seven had both BBX domains and a CCT domain (Figure 4b). The AdBBX proteins
were also grouped into five subfamilies based on the diversity of their conserved domains (Figure 4c).
Group I and II, which differed in the details of their B-box2 domain, had a B-box1, B-box2, and CCT
domain. There were three and four members of classes I and II, respectively, in A. duranensis. Class 111
had a B-box1 and a CCT domain and contained four members. Group IV had both a B-box1 and B-box2
domain and was the largest group in A. duranensis with nine members. Most AdBBX genes in the same
class were clustered together, except for AdBBX5 (AraduJ5IAH), which had a distinct relationship with
other class III genes and a closer relationship with class V subfamily members (Figure 4a). However,
the number of BBX genes from A. ipaensis and A. hypogaea in each group showed differences from
A. duranensis. Group L II, III, IV, and V contained 2, 4, 5, 9, and 5 members in A. ipaensis, and 1, 2, 10,
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8, and 19 in A. hypogaea, respectively (Figures S1 and S2). To analyze the evolutional relationship of
peanut BBX genes, a phylogenetic tree was constructed using BBX genes from A. duranensis, A. ipaensis,
and A. hypogaea (Figure S3). Most of the genes from A. duranensis and A. ipaensis in each group were
clustered into the same clades, while many genes from A. hypogaea in the same group were not clustered
together, indicating BBX genes in cultivated peanut might have changed a lot during evolution.

a b C
Name Group B-BOX1 B-BOX2 CCT
AraduBV95P mS———=- AdBBX14 | 1-47  43-90  358-400
—AraduJ7TMC BS———— AdBBX13 [ 147 43-94  327-369
— AraduHU5GE -m@———= AdBBX11 I 21-68  64-110 326-368
_—AraduS156l = ———- AdBBX24 | 19-66  62-109 325-367
_ —Aradu43J)56 = —- AdBBX8 N 1360 56-103 241-283
_—Araduv9D7S W ———— AdBBX1 I 12-59  55-102 290-332
———  —AraduSRF5F = ———- AdBBX23 I 1-48  44-91  270-312
— AraduJ9KV2 m— AdBBX21 no 15-62 370-412
— —AraduWJ2Zp -—n- AdBBX7 m 17-64 372-414
" — AraduXPS1y a— - AdBBX10 m 12-59 341-383
— AraduJ5IAH  S——- AdBBX5 . 8-55 346-388
L L -— AdBBX18 v 2-49
] — — AdBBX19 V 1-47
— —[AradugCigs =—— AdBBX6 Vo 1-46
L L— AdBBX22 v 1-46
— Aradu7ZGOH = —— AdBBX2 v 1-47 52-99
T — AraduvvoJl = AdBBX17 v 1-47  52-99
 —  AraduM9Q9T = —— AdBBX16 o 1-47  52-99
— __Aradu23R92 = —— AdBBX12 IV 1-47  54-101
—. — —Aradu7v6T8 = — AdBBX3 IV 1-47  53-100
~— AraduwL99W —= — AdBBX15 IV 39-86  92-139
L — AradulV7PF = — AdBBX4 IV 1-47  51-96
T _—Aradu3ZR52 = — AdBBX9 IV 1-47  51-96
IV 9-56  52-96

AraduZT2KF & ——M8M8M8M8— AdBBX20
| | I I | (I
0 100 200 300 400 500

Figure 4. Phylogenetic and structure analyses of AdBBX proteins. (a) A phylogenetic tree was generated
from protein sequences in MEGA 7 using the neighbor-joining method. The yellow, red, blue, purple,
and green gene names indicate class I, II, III, IV, and V members, respectively. (b) The positions of
conserved domains in each AdBBX protein are represented and the green, pale brown, and cyan boxes
indicate B-box1, B-box2, and CCT domains, respectively. (c) The classification of AdBBX members and
the position of each domain.

To obtain information from well-studied BBX genes in other species, we also analyzed the
evolutionary relationships among BBX genes from Arabidopsis, rice, and A. duranensis (Figure S4).
Phylogenetic analysis revealed that AdBBX8 and AdBBX24 grouped with the well-studied flowering
time genes At5¢15840 (CO) and Os06¢16370 (Hd1) from Arabidopsis and rice, respectively [4], indicating
that one or both of these genes may play an important role in flowering time regulation in A. duranensis.

3.4. Gene Structures and Conserved Motifs of AdBBX Genes

To investigate exon-intron organization, the genomic and CDS sequences of AdBBXs obtained from
the peanut genome database were analyzed using the Gene Structure Display Server [43]. The exon
numbers of AdBBX genes ranged from one (AdBBX19 and AdBBX22) to five (AdBBX4), and the intron
numbers ranged from zero (AdBBX19 and AdBBX2?) to six (AdBBX4 and AdBBX5). Nine AdBBX genes
had both 5" and 3’ untranslated regions (UTRs), four genes had only 3’ UTRs, three genes had only 5’
UTRs, and eight genes had no predicted UTRs (Figure 5a). To further investigate the conservation
and diversity of AABBX protein structures, the putative motifs of these genes were predicted using
MEME tools. Fifteen distinct motifs were found across the AdBBX proteins (Figure 5b, Figure S5).
Among these motifs, motifs 1 and 5 were found in all the AdBBX proteins. Conservation of AdBBX



Agronomy 2020, 10, 23 8of 17

protein structures was observed among genes that clustered into the same classes. For example, all
class I members shared five motifs, including motifs 1, 2, 3, 4, and 5, and all class Il members shared six
motifs, including motifs 1, 2, 4, 5, 14, and 15. In addition, structural diversity was also found among
the AdBBX proteins. The motif numbers in AABBX proteins varied from two (AdBBX19) to seven
(AdBBX7, AdBBX10, and AdBBX21), and some motifs were only found in specific AdBBX proteins.
For example, motif 2 was specific to class I, II, and III proteins and was considered to be the CCT
domain, and motif 15 was only found in class II proteins.

a b

Gene Name Gene structure Motif Location p-value
AdBBX14 s —— o =] 5.45e-104
AdBBX13 | o I =] 1.17e-91
AdBBX11 —-HE— = | 1.17e-89
AdBBX24 —i il | | B | 3.86e-132
AdBBX8 - o | Il | 1.40e-134
AdBBX1 ! s | nl | | I i | 2.99e-131
AdBBX23 | ~an ml | | Bl | 2.52e-133
AdBBX21 - sl O il | 2.58e-141
AdBBX7 - cEEE 0 | 4.37e-157
AdBBX10 L — cEEE 0 nmi | 2.52e-150
AdBBX5 —_— = = == = I | 1.46e-85
AdBBX18 HEH al [ 2.04e-58
AdBBX19 =l | 1.45e-30
AdBBX6 _- ol m 1.01e-43
AdBBX22 ol 9.38e-46
AdBBX2 —— —— ul I S —— 8.32e-140
AdBBX17 mm— = — —— ONNEms 1.71e-133
AdBBX16 m - ommeS 0 1.58e-79
AdBBX12 mi——m I . - 8.44e-102
AdBBX3  p—r— IEEE . 1.35e-108
AdBBX15 m— AN = 3.21e-107
AdBBX4  pHE——-5-m——m. - 1.70e-67
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Figure 5. Analyses of exon—-intron organization and conserved motifs of AdBBX genes. (a) The
exon-intron organization of AdBBX genes. Purple, orange, and black boxes indicate untranslated
regions (UTRs), exons, and introns, respectively. (b) The motifs of AABBX proteins identified by MEME
tools. Colored boxes 1-15 indicate different motifs.

3.5. Duplication Analysis of BBX Genes in A. duranensis

Polyploidy is a common feature of flowering plant evolution and produces many duplicated
gene pairs. The wild peanut A. duranensis is thought to have experienced one round of whole
genome duplication [33-37]. We investigated the duplication of AdBBX genes and found two
interchromosomal duplicated gene pairs (AdBBX2/AdBBX17 and AdBBX8/AdBBX24), but no tandem
duplicated gene pairs (Figure 6). These duplicated genes were located on chromosomes 3, 4, 8, and 10,
respectively. Moreover, the duplicated genes AdBBX2/AdBBX17 were found to belong to group IV
and AdBBX8/AdBBX24 belonged to group II, and no duplicated gene pairs were found among the
other groups. We also investigated duplication gene pairs in A. ipaensis and found two duplication
events (AraipAS7FB/AraipP77MW, AraipWH6UQ/AraipS9ISFB), and all these genes were found to belong
to group IV (Figure S6). Moreover, the allotetraploid A. hypogaea contained 16 duplication events,
and these genes, group II, III, IV, and V contained 1, 10, 4, and 17 members, respectively (Figure S7).
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Figure 6. Duplication analyses of AdBBX genes. The chromosomes are indicated by different colors,
and the duplicated gene pairs are marked with lines.

3.6. Analysis of Cis-Acting Elements in AdBBX Promoter Regions

Cis-acting elements in promoter regions have critical roles in regulating plant gene expression.
To further understand the expression responses of AdBBX genes, we identified cis-acting elements in
AdBBX promoter regions 2 kb upstream of the initiation codon using PlantCARE [51]. Ninety-five
kinds of cis-acting elements were identified, and 53 were predicted to have putative functions.
These included seven development-related elements, five environmental stress-related elements,
four site-binding-related elements, nine hormone-responsive elements, four promoter-related elements,
and 24 light-responsive elements (Table S1). Binding sites in all 24 AdBBX genes related to
development, including circadian control, metabolism regulation, stem expression, seed-specific
regulation, cell differentiation, and cell cycle regulation (Figure 7a), environmental stress, including
anaerobic conditions, drought, low temperature, and defense (Figure 7b), and hormones, including
abscisic acid (ABA), gibberellic acid (GA), auxin, and jasmonic acid (Me]A) (Figure 7c), were identified
in these promoters. The numbers and types of cis-acting elements varied among the AdBBX promoters,
suggesting that the AdBBX genes have diverse roles in plant developmental regulation (Table 2). All the
AdBBX promoters contained light-responsive elements, which were represented to be the most abundant
element type in each of the AdBBX promoters, hormone-responsive elements, and promoter-related
elements (Table 2, Supplementary Table S1), suggesting that the AdBBX genes share some common
pathways in plant developmental regulation. The promoter-related elements CCAAT-box and
TATA-box were found in all AdBBX promoter regions and likely constitute the basic components of
the promoters. The light-responsive element, Box4, was identified in all AdBBX promoters except
that of AdBBX13 (Table S1), indicating that AdBBX genes play important roles in Box4-mediated light
response pathways.
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Figure 7. Cis-acting element analysis of AdBBX promoter regions. (a) Development-related cis-elements
(circadian control, metabolism regulation, stem expression, seed-specific regulation, differentiation of
cells, and cell cycle regulation) in AdBBX promoters. (b) Environmental stress—related cis-elements
(anaerobic, drought, low temperature, and defense) in AdBBX promoter regions. (c) Hormone responsive
cis-elements (abscisic acid, gibberellic acid, auxin, and jasmonic acid) in AdBBX promoter regions.

Table 2. Number and type of cis-acting elements in each AdBBX promoter region.

Gene Development- Environmental Hormone- Light- Promoter-  Site-Binding
Name Related Stress-Related Responsive Responsive Related Related Others
Elements Elements Elements Elements  Elements Elements

AdBBX1 2 1 5 11 2 1 17
AdBBX2 3 2 3 6 3 1 15
AdBBX3 0 1 2 3 2 0 15
AdBBX4 2 2 3 3 2 1 12
AdBBX5 1 1 3 8 3 1 16
AdBBX6 0 0 3 3 2 1 15
AdBBX7 2 2 4 5 2 2 19
AdBBX8 1 2 1 8 2 1 13
AdBBX9 0 3 4 7 2 1 16
AdBBX10 1 2 4 4 2 0 18
AdBBX11 1 2 4 6 2 3 17
AdBBX12 0 1 4 5 2 0 9

AdBBX13 1 2 2 7 2 1 12
AdBBX14 0 2 2 11 2 0 13
AdBBX15 3 2 4 5 4 1 20
AdBBX16 1 2 3 10 2 0 19
AdBBX17 0 1 5 9 2 1 15
AdBBX18 0 1 3 7 2 0 16
AdBBX19 1 3 5 10 2 2 24
AdBBX20 0 3 3 6 2 0 15
AdBBX21 0 5 4 9 3 1 17
AdBBX22 2 3 3 8 2 0 11
AdBBX23 1 3 5 6 3 1 19
AdBBX24 0 2 6 7 2 0 15

3.7. Expression Patterns of AdBBX Genes in Different Tissues

To shed light on the potential functions of AdBBX genes during plant development, we investigated
the expression levels of the 24 AdBBX genes in 22 different tissues (Figure 8). AdBBX genes showed
distinct expression patterns among tissues, highlighting their functional diversity. For example,
AdBBX1 and AdBBX23 were expressed at high levels in most tissues. In contrast, AdBBX3, AdBBX5,
AdBBX15, AdBBX18, and AdBBX24 showed low expression in all tissues, suggesting that they may
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function only during specific stages of development in these tissues. AdBBX21 was expressed at high
levels in root nodules but showed low expression in other tissues, including roots, indicating that it
may be involved in the formation of A. duranensis root nodules.

Seedling Leaves
Main Stem Leaves
Lateral Stem Leaves
Vegetative Shoot Tip
Reproductive Shoot Tip
Roots

Nodule Roots
Flowers

Pistils

Stamens

Aerial Gyn Ti

Sub Gyn Tip

Pod Pt1

Stalk Pt1

Pod Pt3

Pericarp Pt5

Seed Pt5

Pericarp Pattee6
Seed Pattee6

Seed Pattee7

Seed Pattee8

Seed Pattee10

Figure 8. Expression patterns of AdBBX genes in 22 different tissues. Twenty-two peanut tissues were

downloaded from the peanut genome database [53] and used for heat map analysis.

CO homologs are key factors in flowering time regulation in many species, and we therefore
investigated the expression of A. duranensis orthologs of Arabidopsis CO and rice Hd1 (i.e., AdBBX8 and
AdBBX24). AdBBX8 was highly expressed in leaves, flowers, pistils, and Aerial Gyn Ti, while AdBBX24
was expressed at low levels in all tissues. Some duplicated gene pairs, such as AdBBX3/AdBBX15,
were expressed at similar levels in all tissues (Figure 8), suggesting functional conservation in the
duplicated genes. In contrast, other duplicated pairs differed in their expression patterns. For example,
AdBBX9 was highly expressed in leaves and roots, while its duplicate AdBBX4 exhibited low expression
in the same tissues (Figure 8).

4. Discussion

In the past decades, the characterization of BBX genes, such as Arabidopsis CO and rice Hdl1,
has greatly increased our understanding of the molecular mechanisms involved in plant development.
Peanut is an important crop around the world and provides essential oil for daily life, thus the
investigation of peanut BBX genes is therefore useful for understanding and improving peanut
development. In this study, we identified and characterized 24 BBX proteins from the wild peanut
A. duranensis and carried out a comprehensive analysis of these genes.

BBX genes have changed during plant evolution, and the numbers and types of BBXs vary among
different species [3,4,7,8,54]. For example, A. duranensis, Arabidopsis, rice, and pear contain 24, 32,
30, and 25 BBX members, respectively, and class IV contains the largest number of BBX genes in
each species (Table S2). The genome sizes of diploid A. duranensis [33,55], Arabidopsis [56], rice [57],
and pear [58] are 1.25 GB, 125 Mb, 466 Mb, and 512 Mb, respectively. Thus, genome size has no direct
relationship to the number of BBX genes in these plants. Genes containing both BBX and CCT domains
encode CO or CO-like (COL) proteins, and many Arabidopsis CO-like genes (COL) are thought to be
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involved in circadian clock or flowering time regulation [4]. Approximately half of the BBX proteins are
identified as CO or COL members (classes I, II, and III) (Figure 4) in Arabidopsis (53.13%), rice (56.67%),
pear (44%), and A. duranensis (45.83%), suggesting that the evolution of CO and COL genes may be
broadly conserved in these plants. In addition, the genome size of A. hypogaea (40 BBX members) is
close to the sum of A. duranensis and A. ipaensis genomes, but the number of BBX genes in A. hypogaea
is less than the sum of those in the A. duranensis (24 BBX members) and A. ipaensis (25 BBX members)
genomes, indicating that BBX genes might be lost during evolution.

The cis-acting elements in promoter regions influence gene transcription, and differences in the
type and number of cis-acting elements are responsible for differences in gene expression. AtBBX
genes participate in the regulation of many pathways, including flowering time, the circadian clock,
abiotic stress response, and photomorphogenesis [3,4]. Different numbers and types of cis-acting
elements were found in the AdBBX promoter regions, underscoring the functional diversity of these
genes. Many BBX genes in Arabidopsis are involved in light input signal pathways [4]. Light responsive
elements were the most abundant elements in each of the AdBBX promoters, suggesting that AdBBXs
may also be involved in light-dependent regulation pathways. Moreover, many cis-acting elements
were also identified in the promoter regions of low expressed genes, including AdBBX3, AdBBX5,
AdBBX15, AdBBX18, and AdBBX24 (Figure 8). Many factors in addition to cis-acting elements affect
gene expression in plants. For example, epigenetic modification and somatic genome variation
also influence gene expression in many organisms [59]. Whether low-expressed AdBBX genes were
influenced by these factors requires further investigation.

COis an important factor involved in the regulation of flowering time in Arabidopsis, and it is highly
expressed at the apex of seedlings and young leaves [60]. CO accelerates flowering time by activating
the transcription of the Rafkinase inhibitor protein (RAF)-kinase-inhibitor-like protein, FT. AdBBX8
and AdBBX?24 are close A. duranensis homologs of CO (Figure S4). Soybean CO orthologs, GmCOL1a,
GmCOL1b, GmCOL2a, and GmCOL2b, are also involved in flowering time regulation [61]. Genes
derived from the same common ancestor may have similar functions, and we therefore investigated
synteny relationships among CO orthologs/homologs from soybean (GmCOL1a, GmCOL1b, GmCOL2a,
and GmCOL2b) and A. duranensis (AdBBX8 and AdBBX24) (Figure S8). Synteny analysis revealed that
AdBBX8 had a closer relationship to soybean GmCOLIa and GmCOL1b than did AdBBX24. In contrast,
AdBBX8 and AdBBX24 showed similar close relationships to soybean GCOL2a and GmCOL2b. AdBBX8
was expressed highly in leaves, flowers, pistils, and aerial gyn Ti, but AdBBX24 exhibited extremely
low expression in all tissues (Figure 8). These results suggest that AdBBX8 may play a similar role to
CO in flowering time regulation, and that AdBBX24 may be a redundant gene that has lost its functions
during evolution. In addition, CO is regulated by the circadian clock and its expression changes during
the day [62]. AdBBX24 may therefore be expressed at a different time of day than the one at which the
plants were sampled. Much work remains to be done to fully understand the functions of AdBBX8 and
AdBBX?24 in flowering time regulation.

Gene duplication produces new genes during evolution in many species. Some duplicated genes
lose function, and some evolve new functions, compared to the original gene [63,64]. As a result,
the allotetraploid Arachis hypogaea produces much more duplicated events than the sum of that in wild
species Arachis duranensis and Arachis ipaensis (Figures S6 and S7). Two duplicated gene pairs were
found in A. duranensis, and these duplication events occurred in class Il and IV subfamilies, respectively,
whose members contains two BBX domains (Figure 6). In addition, duplicated gene pairs had different
exon—intron structures (Figure 5a), and their cis-acting promoter elements differed (Table 2), indicating
functional differentiation of these gene pairs during evolution. The duplicated gene pairs contained
similar motifs (Figure 5b), and some duplicated genes showed similar expression in specific tissues,
such as AdBBX2/AdBBX17 (Figure 8), indicating that these duplicated genes may have retained some
original functions and may participate in common pathways.
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5. Conclusions

In the present study, we identified and characterized 24 BBX genes from wild peanut, A. duranensis.
We investigated their conserved domains, gene structures, phylogenetic relationships, chromosomal
distributions, gene duplications, synteny relationships, cis-acting elements, and gene expression.
Our results will not only be useful for understanding AdBBX genes but will also provide essential
information for further functional analysis of these genes in A. duranensis.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/2073-4395/10/1/23/s1.
Figure S1. Phylogenetic analysis of AiBBX proteins. A phylogenetic tree was generated from protein sequences in
MEGA 7 using the neighbor-joining method. The yellow, red, blue, purple, and green gene names indicate class I, II,
III, IV, and V members, respectively. Figure S2. Phylogenetic analysis of AhBBX proteins. A phylogenetic tree was
generated from protein sequences in MEGA 7 using the neighbor-joining method. The yellow, red, blue, purple,
and green gene names indicate class I, II, III, IV, and V members, respectively. Figure S3. Phylogenetic analysis of
AdBBX, AiBBX, and AhBBX proteins. A phylogenetic tree was generated from protein sequences in MEGA 7 using
the neighbor-joining method. The yellow, red, blue, purple, and green gene names indicate class I, II, I, IV, and V
members, respectively. Figure S4. Evolutionary relationship analysis of AABBX proteins. Amino acid sequences
of BBX proteins from A. duranensis, rice, and Arabidopsis were used to generate a phylogenetic tree with MEGA
7.0 using the neighbor-joining method. Figure S5. Sequence logos of 15 distinct motifs in 24 AABBX proteins.
Figure S6. Duplication analysis of AiBBX genes. The chromosomes are indicated by different colors, and the
duplicated gene pairs are marked with lines. Figure S7. Duplication analysis of AhBBX genes. The chromosomes
are indicated by different colors, and the duplicated gene pairs are marked with lines. Figure S8. Synteny
analysis of CO orthologs/homologs in soybean and A. duranensis. The putative orthologous genes surrounding CO
orthologs/homologs from soybean (GmCOL1a, GmCOL1b, GmCOL2a, and GmCOL2b) and A. duranensis (AdBBX8
and AdBBX24) were identified by BLASTP search. Synteny between AdBBX8, AdBBX24, and (a) GmCOL1a, (b)
GmCOL1b, (c) GmCOL2a, and (d) GmCOL2b are shown. The red boxes indicate our target genes, and the green
boxes indicate genes surrounding the CO orthologs/homologs. Gm, Glycine max. Table S1. Function analysis of
the cis-acting elements in AdBBX promoter regions. The classifications, names, and putative functions of related
cis-acting elements are predicted and listed. Table S2. The numbers and types of BBX proteins in Arabidopsis, rice,
pear, and Arachis duranensis.
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BBX B-box

CCT CONSTANS, CONSTANS-LIKE and TIMING OF CAB1
LD Long day

SD Short day

VP valine-proline

Cco CONSTANS

CORE CO-responsive elements

FT FLOWERING LOCUS T

COL CO-like
GSDS Gene Structure Display Server program
ABA Abscisic acid

GA Gibberellic acid
Ad Arachis duranensis
Gm Glycine max

Os Oryza sativa
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