
 

 

 

INTRODUCTION 

 

Seeds play an important role in the plant life cycle as a bridge 

between previous and later generations. Seed formation is a 

complicated process of reproduction from the fertilization, 

embryogenesis and accumulation of storage materials in 

mature seed. Seed development is the result of complex 

transcriptional machinery that regulates a large number of 

genes (Chhun et al., 2016; Righetti et al., 2015; Yamasaki et 

al., 2017). ABA-INSENSITIVE 3 (ABI3), FUSCA3 (FUS3) 

and LEAFY COTYLEDON 2 (LEC2), the three members of 

the AFL subfamily, are B3 transcription factors (TFs) and are 

also known as master regulators of seed development 

(Grimault et al., 2015; Devic & Roscoe 2016; Han et al., 

2017; Xia et al., 2019). B3-domain-containing proteins in 

plants form the major transcription superfamily that mediate 

diversified functions (Wang et al., 2012a). The B3 

superfamily contains LAV (LEAFY cotyledon2/abscisic 

acid insensitive3 and HSI/VAL; Swaminathan et al., 2008), 

RAV (ABI3/VP1; Kagaya et al.,, 1999), 

Auxin Response Factor (ARF; Ulmasov et al., 1997) and 

Reproductive Meristem (REM; Franco-Zorrilla et al., 

2002). The AFL subfamily belongs to the LAV family 

(Swaminathan et al., 2008). While the entire AFL gene family 

is highly expressed within the embryo, FUS3 and LEC2 are 

also significantly expressed during seed embryogenesis and 

morphogenesis (Barthole et al., 2014; Sreenivasulu and 

Wobus, 2013). During embryogenesis, both TFs mediate the 

Gibberellin3-oxidase2 gene that is responsible for gibberellin 

levels (Baud et al., 2016). Moreover, LEC2 transcriptionally 

regulates the genes responsible for auxin levels; thus, it 

promotes cell differentiation during embryo development 

(Stone et al., 2008). During the seed developmental process, 

ABI3 has two basic roles. The first is seed maturation through 

RY cis-element binding; this function is common in all AFL 

members (Kroj et al., 2003; Reidt et al., 2000). The second is 

the activation of late embryogenesis in order to develop 

desiccation tolerance (Devic & Roscoe 2016). FUS3 and 

ABI3 interact with each other through mutual activation, and 

LEC2 has roles in the activation of both FUS3 and ABI3 

(Grimault et al., 2015). Additionally, LEC1 of the NF-YB 

subfamily interacts with the AFL gene family to form a seed 

developmental regulatory network that is called L-AFL 

transcriptional machinery (Carbonero et al., 2016; Fatihi et 

al., 2016; Suzuki et al., 2003).  
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ABI3, FUS3 and LEC2 are the master regulators of seed development. The functions of these transcription factors have been 

well characterized in some plants, but there is some limited understanding of their evolutionary and structural features. In this 

study, AFLs were investigated in 64 genome-sequenced plant species. Identification and multiple sequence alignment of key 

domains analysis revealed that the primary type of ABI3 (pri-ABI3) is present in two of the green algae and ABI3 is present in 

all the tested plants. However, FUS3 exists in angiosperms and LEC2 only appears in dicots. Phylogenetic tree analysis of 

AFLs revealed that pri-ABI3 genes are closest to an AtHSI2 outgroup and monocotyledonous FUS3 genes are closer to ABI3 

genes from non-vascular terrestrial plants. Collectively, ABI3 might have evolved first in Chlorophyta, followed by FUS3 in 

angiosperms and LEC2 in dicots. FUS3 and LEC2 underwent tandem duplication, while ABI3 in plants was the result of both 

tandem and segmental duplication events. AFL genes in plants are mainly evolved from basicity to acidity. Gene structure 

analysis suggests that most AFLs in plants trend towards a fixed number of exons; the intron phase of AFLs is mainly 0, 0, 2, 

1 and 0. This finding indicates that most of the vascular plants shared a conserved gene structure during biological evolution. 

Expression analysis revealed that pri-ABI3 genes are induced under light and anaerobic conditions. AFL genes in oil seed crops 

are mainly expressed in seed and siliques, data that indicate their roles in seed development. Moreover, ABI3 in Amaranthus 

hypochondriacus and FUS3 in Mimulus guttatus are also highly expressed in green cotyledons, evidence that implicates their 

unknown roles in other tissues. 
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Angiosperm and gymnosperm seeds, which are important 

dietary supplements for human and animals, predominantly 

accumulate lipids, carbohydrates and other protein reserves. 

The complex structure of seeds is the consequence of a whole 

genome duplication process and diversification of regulatory 

and structural genes (Jiao et al., 2011). The accumulation of 

reserves in seeds is the result of serial developmental 

processes from embryogenesis to seed maturation (Baud et 

al., 2008). AFL TFs can complement the absence of other 

members that work for reserve accumulation (Roscoe et al., 

2015). LEC2 reportedly controls the expression of genes 

responsible for seed storage proteins as well as the enzymes 

required for fatty acid biosynthesis (Li et al., 2017). FUS3 

enhances oil accumulation by regulating the genes involved 

in fatty acid biosynthesis and assembly (Zhang et al., 2016b), 

while ABI3 mainly controls the accumulation of proteins 

(Merlot and Giraudat, 1997). AFL TFs can partially 

complement the absence of other members that can contribute 

to reserve accumulation, but they are inefficient for processes 

related to late embryogenesis (Roscoe et al., 2015).  

Studies have revealed that the AFL gene family exhibits four 

domains, namely A, B1, B2, and B3. Among them, the A 

domain at the N-terminus has important roles in activation of 

these genes (Marella et al., 2006). The B1 domain, 

approximately 30 amino acids (AA) long, is only found in 

ABI3 and mediates physical interactions between ABI3 and 

ABI5 (Nakamura et al., 2001). It was previously reported that 

the substitution of leucine with phenylalanine in the B1 

domain interrupts ABI3-ABI5 interactions (Nambara et al., 

2002). Through ABA response element (ABREs), the 15-AA-

long B2 domain in AFLs is responsible for the transcriptional 

control of ABA-regulated genes (Ezcurra et al., 2000). The 

N-terminus activation A domain and B2 domain of ABI3 play 

crucial roles in the regulation of genes responsible for late 

embryogenesis proteins (LEA) and seed storage proteins 

(SSP) (Mönke et al., 2004). The B3 domain in the AFL gene 

family is approximately 100 AAs; it functions as a DNA 

binding domain (Nag et al., 2005). During evolution, the A 

and B1 domain had been lost within FUS3 and LEC2 (Li et 

al., 2010; Romanel et al., 2009). Previously, diversified AFL 

gene structure was reported with 4–11 exons. Among them, 

ABI3 is more homogenous—the B3 domain is situated 

between exons 2 and 5 (Carbonero et al., 2016). ABI3 was 

first identified within the maize genome (McCarty et al., 

1991). ABI3, together with FUS3 and LEC2, is widely 

distributed within seed plants (Boulard et al., 2018; Manan et 

al., 2017; Pelletier et al., 2017; Sun et al., 2017; Wang et al., 

2012a). 

On the basis of conserved domains, previous evolutionary 

studies identified homologues of AFLs in several terrestrial 

and lower plants. Due to structural differences, ABI3 was 

believed to evolve first from bryophytes (Agarwal et al., 

2011; Carbonero et al., 2016; Han et al., 2017; Li et al., 2010). 

However, studies have shown the existence of ABI3 orthologs 

in Chlamydomonas reinhardtii and Volvox carteri (Riano-

Pachon et al., 2008; Romanel et al., 2009). Similarly, the B3 

domain in plants first evolved within C. reinhardatii and later 

within higher plants (Carbonero et al., 2016; Romanel et al., 

2009). Based on these previous reports and considering AFLs 

as master seed regulators, it is crucial to elucidate the origin 

of AFL and true evolutionary linage of AFLs in plants. In this 

study, we identified the distributions of AFLs by using all 

genomic databases available for green algae, mosses, ferns 

and land plants. The identified sequences were used to answer 

several questions: Do AFLs exist in all plants, especially in 

green algae, given that AFLs were not previously identified 

in these plants? Are the identified AFLs in algae suitable for 

analysis? Similarly, do all higher plants exhibit AFLs like 

angiosperms? What is the phylogenetic relationship between 

AFL genes and the evolutionary pattern of this gene family? 

What is the structural, physicochemical, regulatory and 

expression features of AFLs? Our results revealed that among 

AFLs, ABI3 is widely distributed from algae to higher plants. 

The identification of ABI3 in algae was further supported by 

Pfam, PANTHER, multiple sequence alignment of key 

domains within AFLs, phylogeny and cis-regulatory element 

analysis. FUS3 was only present in seed plants and, LEC2 was 

restricted to monocots. 

 

MATERIALS AND METHODS 

 

Identification of the AFL gene family in plants: In order to 

identify the AFL genes in plants, the protein sequences of 

Arabidopsis ABI3, FUS3 and LEC2 were retrieved from the 

TAIR database (http://www.arabidopsis.org/) (Huala et al., 

2001). The retrieved sequences were then utilised as a query 

in BLASTP searches of the plant genome database 

Phytozome 12 (https//phytozome.jgi.doe.gov/pz/portal.html) 

(Goodstein et al., 2011) to identify AFL gene families in 64 

sequenced plants, including algae, bryophytes, ferns, 

gymnosperms and angiosperms. According to the BLASTP 

searches, the ABI3, FUS3 and LEC2 protein sequences with 

E-value < 10-10 were screened within different plant species, 

and their coding sequences (CDS) were obtained from 

Phytozome 12. The CDS of screened ABI3, FUS3 and LEC2 

from different plant species were used for BLASTX in TAIR. 

The best matched sequences with At3g24650 (ABI3), 

At3g26790 (FUS3) and At1g28300 (LEC2) were selected for 

the study. To test whether the retrieved AFL sequences 

exhibit B3 binding domain, all the sequences were submitted 

to pfam (http://pfam.xfam.org/sea) (Finn et al., 2006) and the 

sequences comprising the conserved domain PF02362 were 

selected for subsequent study. To avoid confusion in the 

identification of AFL genes in plants, the retrieved sequences 

were further submitted to PANTHER 

(http//www.pantherdb.org/) (Thomas et al., 2003). According 

to the PANTHER classification, the sequences with domain 

PTHR31140 SF1 annotated as ‘B3 domain exhibiting ABI3 
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transcription factor’ were designated as ABI3. The sequences 

exhibiting domain PTHR31140 SF10 annotated as ‘B3 

DOMAIN-CONTAINING TRANSCRIPTION FACTOR 

FUS3’ were designated as FUS3. Finally, the sequences that 

were PTHR31140 SF7 annotated as ‘B3 DOMAIN-

CONTAINING TRANSCRIPTION FACTOR LEC2’ were 

used as LEC2 genes.  

AFL gene nomenclature within plant genomes varies, and this 

factor might lead to problems in subsequent analysis. Thus, in 

order to alleviate this problem, we renamed the screened ABI3 

genes. The first letter of the species and generic name was 

used to represent the species. For example, ABI3 of 

Arabidopsis thaliana and Citrus clementina are named A. 

thaliana ABI3 and C. clementina ABI3, respectively. When 

multiple ABI3 genes are present in a species, English letters 

are added after ABI3 for differentiation. For example, there 

are two ABI3 genes in Musa acuminata, which are named M. 

acuminata ABI3a and M. acuminata ABI3b, respectively. The 

FUS3 and LEC2 genes were also renamed in the same 

manner. 

Phylogenetic tree and multiple sequence alignment of AFLs 

in plants: HSI2, ABI3, FUS3 and LEC2 belong to the LAV 

family of the B3 superfamily; among them, ABI3 and HSI2 

belong to AFL and VAL sub families, respectively (Wang et 

al., 2012a). To construct phylogenetic trees, the selected 

ABI3, FUS3 and LEC2 sequences, along with Arabidopsis 

HSI2 as an outgroup, were separately submitted to MEGA7 

(Kumar et al., 2016), followed by multiple sequence 

alignment using MUSCLE. The retrieved results were then 

used to construct a neighbour joining tree with a poisson 

model; the bootstrap value was set to 1,000, and the remaining 

parameters were kept as default. The results were visualised 

and analysed using EvoVIEW V2 

(http://www.evolgenius.info/evolview/) (He et al., 2016). A 

similar strategy was used to construct a phylogenetic tree of 

AFL gene families all together; AtHSI2 was used as an out 

group. To carry out phylogenetic analysis of AFLs B3 

domains, the B3 sequence of Arabidopsis ABI3, FUS3 and 

LEC2 proteins, along with the respective identified sequences 

in all species, were aligned using muscle alignment method. 

The identified B3 AFL sequences were then used to draw a 

neighbor joining tree as described above.  

AFL gene duplication events in plants: Segmental and 

tandem duplication events are considered to be the main 

reason for gene expansion (Cannon et al., 2004), and tandem 

duplications occur between genes on the same chromosome. 

For duplication studies, plants carrying multiple copies of 

ABI3, FUS3 and LEC2 were retrieved from the Phytozome 

12 database as generic feature format version 3 (gff3) and 

used for analysis. To ensure the accuracy of the results, plant 

genomes with chromosomal-level assembly were selected, 

and gene duplication analysis was carried out using 

MCScanX (Wang et al., 2012b). If the degree of gene 

assembly of the plant is scaffold, the cause of replication of 

the ABI3, FUS3 and LEC2 genes was not analysed. 

Gene structure, motifs analysis and physicochemical 

properties of AFLs: Intron phase patterns were determined 

by using the online Gene Structure Display Server tool 

(http://gsds.cbi.pku.edu.cn) (Hu et al., 2014). Identification of 

AFL motifs was carried out using MEME (http://meme-

suite.org/tools/meme/) (Bailey et al., 2009). The parameters 

were as follows: motif occurrence was 0 or 1 per sequence; 

the expected number of motifs was 10; and the motif width 

was 10–50 AAs. For physicochemical properties, the AFL 

protein sequences were submitted and analysed using 

protparam (Gasteiger et al., 2003) to retrieve the theoretical 

isoelectric points (pIs), length and molecular mass (Mw). 

Cis-element analysis of AFL promoters: A 2,000-base-pair 

(bp) upstream sequence of representative ALF genes prior to 

the transcriptional start site, denoted as the putative 

promoters, were obtained from the Phytozome database. The 

retrieved sequences were analysed by Plant Care 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) 

(Lescot et al., 2002) to identify and classify similar and 

different cis-regulatory elements within the AFL promoter 

sequences. Visualization was carried out using GSDS 2.0 (Hu 

et al., 2014) in conjunction with the previously constructed 

phylogenetic tree. 

Expression analysis of AFL genes in plants: The expression 

patterns of AFLs were determined by the analysis of publicly 

available transcriptome sequencing database. The 

transcriptome data of C. reinhardtii was obtained using the 

phytoMine database (https//phytozome.jgi.doe.gov/ 

phytomine/begin.do) to analyse the primary type of ABI3 

(pri-ABI3) gene in different anaerobic conditions. AFL genes 

are widely distributed among plant species, so in order to 

analyse the expression patterns in different tissues, the oil 

seed crops Glycine max and Brassica rapa was used as 

representative species. To analyse expression patterns, the 

transcriptome data was obtained from the JGI database 

(https://genome.jgi.doe.gov/ portal/), SoyBase (https// 

soybase.org/) and Ensemble (https//www.ebi.ac.uk/). A 

similar approach was used to analyse the expression patterns 

of non-oil crops, i.e. A. hypochondriacus and M. guttatus. 

 

RESULTS 

 

ABI3 other than LEC2 and FUS3 was identified from 

Chlorophyta to angiosperms: In order to study the evolution 

and structural features of ABI3s, FUS3s and LEC2s 

homologues, all 64 plant species with a sequenced genome in 

the Phytozome database were investigated. These species 

include seven chlorophytes, three bryophytes, one 

lycopodiophytes, 16 monocots and 37 dicots. For detailed 

study, several aspects were considered. First, are ABI3, FUS3 

and LEC2 or their homologues present in non-terrestrial 

plants? Are these genes present in monocots or dicots? From 



Aziz, Tang, Saleem, Yang & Zhang 

 1222 

which species did these genes first evolve? Are the retrieved 

sequences suitable for subsequent analysis, such as 

evolutionary and gene structure analysis? The analysis 

revealed that the ABI3 gene is present in two Chlorophyta 

species (Fig. 1).  
When ABI3 CDS from green algae was searched in TAIR by 

BLASTX, it was related to HSI2. However, according to the 

Pfam and PANTHER classification systems, these ‘ABI3’ 

homologues of Chlorophyta are in the same class as ABI3s 

from other terrestrial plants. The A1, B1 B2 and B3 domains 

within ABI3 are highly conserved and previous studies shows 

that among the four domains B1 domain is not conserved in 

Algae (Li et al., 2010). Our results of multiple sequence 

alignment showed that the two ‘ABI3’ of algae do have some 

conserved residues in the B1 domain, and the number of these 

conserved residues increased with the evolution of plants 

(Fig. 2). Taken together, these findings suggest that the two 

‘ABI3’ of algae are ABI3 homologues. Considering the less 

conserved residues, in this study ABI3 of Chlorophyta is 

named pri-ABI3 (primary-ABI3) to discriminate them from 

other ABI3s or ABI3-like genes. ABI3 was also identified in 

bryophytes, terrestrial plants and ferns. However, no FUS3 

homologue was identified in chlorophytes, bryophytes or 

lycopodiophytes. FUS3 was only found in angiosperms, 

except Spirodela polyrhiza and Carica papaya, a monocot and 

dicot, respectively. Furthermore, LEC2 was only identified in 

numerous dicotyledonous plants (Fig. 1). Notably, LEC2 was 

also not identified in some dicots. 

 
Figure 1. The identification of AFLs in plant species with sequenced genome. The species tree is cited from the 

Phytozome (http://www. phyto zome.net) and modified with full species names. The three inserted column 

(ABI3/pri-ABI3, FUS3 and LEC2) were used for the identification of AFL gene family. pri-ABI3 indicates 

pri-ABI3 and not ABI3. The numbers within the column represents the presence and number of genes 

within the representative species. ”  “represents neither AFL nor pri-ABI3s are present within the 

respective species and “?” indicates the uncertain identification of AFLs within the species. 
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Considering the importance of all three transcription factors 

in seed development, the absence of FUS3 in two 

angiosperms and LEC2 in some dicots raised the question as 

to whether FUS3 and LEC2 are indispensable in angiosperms 

or dicots, respectively. Hence, the existence of FUS3 and 

LEC2 in these angiosperms was further carefully investigated. 

According to our identification method, when the AtFUS3 

protein sequence was used for blast searches in the 

Phytozome database, a FUS3 was identified in C. papaya. 

However, when the C. papaya CDS was analysed with TAIR 

blast, it was identified as ABI3. On the contrary, when the 

AtFUS3 protein sequence was utilised for blast analysis in 

order to identify FUS3 in monocotyledonous S. polyrhiza, the 

best hit was ABI3. This finding was confirmed by the TAIR 

blast analysis. Furthermore, the second best hit in C. papaya 

and S. polyrhiza on the TAIR was a FUS3. These results 

suggest that FUS3 might exist in these two species with 

ambiguities with regard to the members and their 

differentiation (Fig. 1). Similar cases involved the 

identification of LEC2 in several dicots. When the AtLEC2 

protein sequence blast analysis was performed on the 

Phytozome to identify LEC2 in G. max, it was identified as a 

FUS3. However, when the CDS of this FUS3 was used for 

blast analysis in TAIR, the best hit was a LEC2. Similarly, 

when LEC2 was identified in Phaseolus vulgaris, Vitis 

vinifera and Amaranthus hypochondriacus, the best hits were 

FUS3 genes according to both the Phytozome and the TAIR 

blast. When performing similar procedures for the 

 
Figure 2. Multiple sequence alignment of ABI3s/Pri-ABI3s B1 domains, blue color represents the conserved regions. 
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identification of LEC2 in Cucumis sativus, Trifolium 

pratense, Eucalyptus grandis, Kalanchoe fedtschenkoi, 

Solanum lycopersicum, Mimulus guttatus and Kalanchoe 

laxiflora, the best hit was ABI3 genes. According to the TAIR 

blast results, while the best hit for most of the unidentified 

LEC2 was either ABI3 or FUS3; in most cases the third best 

hit was LEC2 (Fig. 1). These results suggest that LEC2 might 

also exist in these species, albeit with uncertainties about the 

members and their differentiation. For the sake of assurance, 

these uncertain FUS3 and LEC2 sequences were excluded 

from later analysis. Meanwhile, some identified AFL gene 

sequences were not suitable for analysis: they either lacked 

AAs at both ends or exhibited incomplete B3 domains. 

Moreover, some deleted sequences from later analysis lacked 

start and stop codons. 

Collectively, these results indicate that ABI3 might first 

appear in the AFL subfamily of the B3 superfamily. FUS3 

might have evolved in higher plants, and LEC2 might only be 

differentiated in dicots. After identifying and screening ABI3, 

FUS3 and LEC2 genes from 64 species, two pri-ABI3 in C. 

reinhardtii and V. carteri, respectively, 16 ABI3s in 

bryophytes, 17 in monocots and 43 in dicotyledonous plants 

were exploited for further analysis. Similarly, FUS3 members 

identified in 16 monocots and 34 dicots were used in this 

study. Furthermore, 18 LEC2 genes retrieved from 

dicotyledonous plants were used in the present study (Fig. 1). 

Phylogenetic tree analysis of ABI3, FUS3 and LEC2: To 

further test the hypothesis that among the AFL gene family, 

of ABI3 evolution preceded FUS3 and LEC2, respectively, in 

Plantae, phylogenetic tree analysis was carried out and 

AtHSI2 (AT2G30470) of the AP2 family was used as an 

outgroup. The phylogenetic tree of the AFL gene family was 

classified into five clades numbered I to V (Fig. 3a). Pri-ABI3 

genes in C. reinhardtii and V. carteri of Chlorophyta are 

clustered into clade 1. They were closest to the AtHSI2 

outgroup. This finding suggests that ABI3 first originated in 

Chlorophyta and confirms their existence within green algae. 

Similarly, monocotyledonous FUS3 genes in clade II are 

closer to ABI3 genes from non-vascular terrestrial plants, 

which are clustered into the same group. These data suggest 

that FUS3 first evolved in monocots. Monocot FUS3 genes 

are followed by dicotyledonous FUS3 genes in clade III. 

These findings suggest that FUS3 in dicots appeared later 

during evolution. The eudicot Aquilegia coerulea diverged 

earlier from the remaining dicots (Aköz and Nordborg, 2019). 

Notably, FUS3 in A. coerulea is found in clade II of 

monocotyledonous FUS3 genes, suggesting that among the 

dicots, FUS3 first evolved in A. coerulea. On the contrary, 

LEC2 genes on phylogenetic tree are located between dicot 

FUS3 genes and ABI3 from terrestrial plants. Thus, LEC2 

with differentiation seems to have originated within dicots. 

The B3 domain is a common feature in the AFL family. In 

order to avoid the influence of other regions and to further 

validate the ancient linage of ABI3, FUS3 and LEC2 genes, 

the B3 domains were identified through pfam, and the genes 

were used to construct a phylogenetic tree (Fig. 3b). The 

results revealed that pri-ABI3 genes in Chlorophyta and ABI3 

in non-vascular plants are clustered together. Similarly, 

ABI3a and ABI3b of the liverwort, M. polymorpha, are 

located between ABI3 of vascular and non-vascular plants. 

This finding further proves that the ABI3 gene gradually 

evolved from lower to higher plants. Similarly, 

monocotyledonous FUS3 is close to the ABI3 of terrestrial 

plants and dicotyledonous LEC2 exists between the 

 
Figure 3. Phylogenetic tree of AFLs in plants. (a) represents the phylogenetic tree of AFL subfamily. (b) represents 

the phylogenetic tree of B3 conserved domains in plant species. NJ tree was generated by Mega 7 program. 

Red, orange purple blue and green clads represent five groups numbered from I to V. the number on the 

branches represents the bootstrap values and A. thaliana HSI2 was used as an outgroup. 
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monocotyledonous FUS3 and the dicotyledonous FUS3. 

These results again confirm that FUS3 first originated in 

monocots and LEC2 later originated in dicots. 

AFL gene duplication events in plants: The identification of 

AFL gene family in plants showed the existence of multiple 

AFL TFs in some plant species (Fig. 1 and Table 1). In order 

to better understand the evolution of the AFL family, 

duplication studies of plants carrying multiple AFL gene 

copies were carried out using MCScanX (Li et al., 2010; 

Wang et al., 2012b). The results suggest that FUS3 and LEC2 

were mainly segmentally duplicated (Table 1). By contrast, 

ABI3 underwent both tandem and segmental duplications 

(Table 1). ABI3 was tandemly duplicated in Brachypodium 

stacei, M. esculenta and S. lycopersicum, while they were 

segmentally duplicated in G. max. The FUS3 genes in M. 

acuminata are singletons, data that indicate these two genes 

evolved independently. On the contrary, FUS3 genes in 

dicotyledonous G. Max, M. esculenta and P. trichocarpa were 

the result of segmental duplications. Similarly, LEC2 within 

dicotyledonous G. raimondii were identified as the segments 

of each other (Table 1). 

Intron phase of the AFL gene family in plants: In order to 

explore structural diversity and conservation of AFL gene 

families in plants during the evolutionary process, 

representative ABI3, FUS3 and LEC2 genes from lower to 

higher plants were used to construct intron phase diagrams. 

The first exons of pri-ABI3 genes are larger; during evolution, 

they became larger and more stable as this exon moved from 

lower to higher plants (Fig. 4a). Similarly, the first exon 

phases of FUS3 and LEC2 genes are relatively large in most 

Table 1. Gene duplication events of AFL gene family in plants 

Species AFL TFs Duplicated gene 1 Duplicated gene 2 Duplication event 

B. stacei ABI3 Brast01G050100.1 Brast01G050200.1 tandem duplication 

M. esculenta ABI3 Manes.12G043500.1 Manes.13G043500.1 tandem duplication 

S. lycopersicum ABI3 Solyc06g083590.2.1 Solyc06g083600.2.1 tandem duplication 

G. max ABI3 Glyma.08G357600.1 Glyma.18G176100.1 segmental duplication 

G.raimondii LEC2 Gorai.006G087600.1 Gorai.009G168500.1 segmental duplication 

M. acuminata FUS3 GSMUA_Achr3T32440_001 GSMUA_Achr8T18070_001 Singleton 

G. max FUS3 Glyma.16G050300.1 Glyma.19G100900.1 segmental duplication 

M. esculenta FUS3 Manes.04G091800.1 Manes.11G078400.1 segmental duplication 

P. trichocarpa FUS3 Potri.001G322700.1 Potri.017G061200.1 segmental duplication 

 
Figure 4. Gene structures of ABI3/pri-ABI3 (a), FUS3 (b) and LEC2 (c). The green blocks represent exon, the black 

lines represent intron and blue blocks represent untranslated regions. Phases of introns: 0 means introns 

between two consecutive codons, 1 means intron between first and second nucleotide of a codon and 2 

means intron between second and third nucleotide of a codon. 
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plants. Notably, the last exons are large in all FUS3 and LEC2 

genes. ABI3 genes in all plant species exhibit six exons, 

except the monocot Panicum helli. Similarly, LEC2 genes in 

all the dicotyledonous plants species and FUS3 genes in all 

dicots, except Arabidopsis lytra, Populus trichocarpa and 

Sarracenia purpurea, also comprise six exons (Fig. 4b and c). 

This result suggests that during evolution, the AFL gene 

family developed with fixed numbers of exons, especially in 

dicots. However, there are seven exons in most monocots 

except M. acuminata_FUS3b and O. sativa_FUS3. By 

comparing the sizes of exons, we deduced that the second 

small exon of FUS3 genes might have evolved in most 

monocots.  

Although the intron phases of pri-ABI3 genes in Chlorophyta 

are variable, the intron phase of ABI3 genes (0, 0, 2, 1, 0) has 

become quite conserved during the evolutionary process from 

lower to higher plants (Fig. 4a). This intron phase appeared 

relatively early in lower bryophytes: three out six S. 

fallax_ABI3 (namely S. fallax_ABI3a, -b and -c) show this 

pattern. This intron phase has been gradually conserved and 

is present in nearly all terrestrial plants, especially in higher 

plants. Similar to ABI3 genes in higher plants, the intron 

phase of LEC2 genes in dicots and FUS3 genes in 

angiosperms is mainly 0, 0, 2, 1, 0 (Fig. 4a). This conserved 

intron phase of AFL genes in distinct plant species further 

suggests the structural and functional conservation of this 

gene family. 

Notably, there are some variations in the intron phase in some 

plant species. For examples, the intron phase of the dicot A. 

coerulea_ABI3 and monocot P. halli_ABI3 is 0, 0, 2, 1, 0, 0 

and 0, 0, 0, 2, 1, 0, respectively. The intron phase of FUS3 

genes in the monocotyledonous plants Setaria viridis, Senna 

italica, Sorghum bicolor, Pancium virgatum, Pancium hallii, 

Oropetium thomaeum, B. stacei, Brachypodium distachyon, 

Ananas comosus and M. acuminata (FUS3b) is 0, 0, 0, 2, 1, 

0. This difference is due to the extra second exon (Fig. 4b). 

Motifs of AFLs increased during the evolution: In order to 

further understand the structural features of the AFL gene 

family in plants, motif analysis was carried out using MEME 

(Bailey et al., 2009). The results showed that pri-ABI3 motif 

1 and 4 (Fig. 5a) are annotated as the part of B3 binding 

domain (Table 2). On the contrary, motif 2, annotated as the 

part of B3 domain, occurs in all plant species except pri-

ABI3s. This finding indicates that the B3 binding domain of 

terrestrial plants may differ from the B3 domain of pri-ABI3s. 

Motifs 3, 6 and 10 at the N-terminus and motif 7 at C-terminus 

evolved in all plant species (Fig. 5a). These results further 

indicate that new motifs were produced during the evolution 

of ABI3 from unicellular algae to higher plants. Similarly, 

during ABI3 evolution from monocots to dicots, the N-

terminus of ABI3 produced motif 9, which is unique to 

dicotyledonous plants. Collectively, these results revealed 

that during ABI3 evolution from lower to higher plants, new 

conserved motifs evolved. 

Motifs 2 and 3, annotated as DNA binding domains, are found 

in all FUS3s. FUS3 in the basal monocot A. trichopoda 

exhibited another motif 1 with an unknown function (Fig. 5b 

and Table 2). Similar to ABI3, with the number of FUS3 

motifs in monocotyledonous plants began to increase during 

evolution, motif 10 appeared at the N-terminus and motifs 4 

and 7 appeared at the C-terminus. Within dicots, the number 

of FUS3 motifs also continued to increase; motifs 6 and 9 are 

found at the N-terminus. Notably, motif 9 of FUS3 is unique 

to dicotyledonous plants. Motif 8 is only found in FUS3 of 

crucifer plant species, hinting at its possible special roles. In 

general, FUS3 in dicots had more abundant motifs compared 

to monocot FUS3s. This finding indicates some enriched roles 

of FUS3s in dicotyledonous plant species. 

Table 2. Identification of AFLs motif with in plant species 
 ABI3/Pri-ABI3 motifs FUS3 motifs LEC2LEC2 motifs 

Motif 1 RYRFWPNNKSRMYLLENTGDFVRS

NGLQEGDFIVIY  

ESKEGIPISMDDLDGLHVWTFKYRY

W 

KFWSNNKSRMYVLENTGEFVKQNG

LEIGDSLTJYED 

Motif 2 EAETHLPELEARDGISIAMEDIGTSR

VWNM  

RRLRFLFQKELKNSDVSSLRRMILPK

KAAEAHLPAL 

DNKKLRVLLVKELKNSDVGSLGRIV

LPKREAEGNLPEL 

Motif 3 EWLKSNKETVSAEDLRSIKJKKSTIE

SAAKRLGGGKEGMKQLLKLILEWV  

PNNNSRMYVLENTGDFVNAHGLQL

GDFIMVYQD 

TKMARINRKLAMQRSRNNSSPNSSS 

Motif 4 KNLRFLLQKVLKQSDVGNLGRIVL

PK  

ZNNNYVIQAKKASDEEEYT GIVVEMRDVYSLQSWSFKY 

Motif 5 GSSATKEARKKRMARQRRFLSHHH

RH  

TTTTFSNDSPLDFLGGSMT FSSSNANSVQELSMDLNNNRSHFTT

VPTYDHH 

Motif 6 VDDPSIFYDDFPSLPDFPCMSSSSSS

SSS  

VWRKKRMPRQRRSSSSFNL PRDEEEASJAMLIGNLNDHYP 

Motif 7 SDVKCGKYLIRGVKVRQPG  SFGSVENJSLDDFY VMNPQPLYSSEGFPQIPVTQTGSEFG

SLVCN 

Motif 8 GEGGEDCIDVMETFGYMDLLDSBD

LFDPSSJF  

EEDDVYTNLTRIENTVVNDLLJQDY

NH 

RRQVMLNMKNNAZIPAKKDLYRFS

TF 

Motif 9 IVSSASSSSAASSSSSSAASWAVLKS

DGEEPAPKQN  

EKTEASALMAGVEH ESKNLYFSIRKHGKKQNEG 

Motif 10 LQTHHLQRKRTREAN  SHVPTPLPARKIDP NPNDLMDL    TIDLDHHHATS 
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Motifs 1 and 2, also annotated as part of a DNA binding 

domain, occur in all dicotyledonous LEC2s. All crucifer 

plants, including B. stricta, A. lyrate, A. thaliana, E. 

salsugineum, C. grandiflora, B. oleracea, B. rapa and C. 

rubella, exhibit motifs 1 to 10 (Fig. 5c and Table 2). However, 

LEC2 protein, other than crucifer dicotyledonous plant 

species, does not exhibit motifs 5, 7 and 8 at the N-terminus 

(Fig. 5c). This finding indicates that these motifs may have 

specialised roles in crucifers. 

AFL gene family has evolved from basicity to acidity: In 

order to further determine the evolution of AFL gene families 

in plants, their physicochemical properties were investigated 

(Table 3). The protein length of pri-ABI3s in C. reinhardtii 

and V. carteri ranges from 521 to 561 AAs; the molecular 

weight is between 50.50 and 53.41 kDa. Their theoretical 

isoelectric points (pI) are 6.24 and 7.86—acidic and basic, 

respectively. In bryophytes, ABI3s range from 211 to 793 

AAs, with a molecular weight between 23.79 and 85.60 kDa. 

The pIs is between 5.40 to 9.74. Among bryophytes, ABI3a 

and -b of P. patens and ABI3b and -f of S. fallax, are basic. In 

terrestrial plants, the ABI3 protein length ranges from 198 to 

1,036 AAs, the molecular weight is between 22.12 and 115.15 

kDa and the pI is from 5.17 to 9.91. Although four ABI3s 

from terrestrial plant species, including B. distachyon_ABI3, 

M. acuminata_ABI3a, B. stacie_ABI3a and T. 

pretense_ABI3, are basic, the theoretical pI of all other 

terrestrial plants are lower than 7. These data suggest that 

ABI3 in higher plants are mainly acidic. 

The protein length of monocot FUS3 varies widely: from 203 

to 494 AAs (Table 3). Similarly, the molecular weight is from 

22.80 to 54.04 kDa, and the theoretical pI is from 4.59 to 9.53. 

In contrast to monocot FUS3s, there is less variation within 

dicotyledonous plants. Specifically, these proteins are 223 to 

338 AAs, 26.35 to 38.07 kDa and have a theoretical pI from 

4.68 to 6.51. None of the members has a basic pI.  

As shown in Table 1, the LEC2 protein length in dicots is 

from 275 to 559 AAs, with a molecular mass from 31.92 to 

63.26 kDa and a pI from 5.01 to 8.37. LEC2s in all plants, 

 
Figure 5. Motif patterns of ABI3/pri-ABI3 (a), FUS3 (b) and LEC2 (c). The conserved domains were identified using 

MEME web server (http://meme-suite .org/tools /meme/). The ten identified motifs were represented in 

different colors. 

Table 3. Physical and chemical properties of AFLs in plants 

Group Protein length Molecular mass Theoretical pI No. of Proteins with pI>7 

Bryophyta HSD1 334.83±13 37769.24±1411.71 8.88 ±0.22 6 

Monocotyledonous HSD1s 368.68±74.97 40763.23±8102.95.27 7.75±1.35 24 

Dicotyledonous HSD1 350.59±43.04 39053.58±4718.3 7.13±1.33 32 

MonocotyledenouHSD5 348.36±55.3 38333.93±5844.69 6.5±0.86 2 

Dicotyledonous HSD5 364.13±31.44 40973.39±3501.6 6.58±0.81 9 

Dicotyledonous HSD6 329.76±44.28 36685.63±4821.05 7.78±1.05 14 

Monocotyledonous HSD2 164±0 18216.24±0 7.7±0 2 

Dicotyledonous HSD2 297.5±22.76 33358.2888±2459.8 8.57±0.58 8 

Dicotyledonous HSD3 325.43±48.43 36747.05286±5107.49 8.14±1.15 6 

Dicotyledonous HSD3 294.56±14.73 32707.24±1599.55 9.01±0.18 9 
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except L. usitatissimum, M. esculenta and P. trichocarpa, are 

acidic. Collectively, the AFL gene family in higher plants is 

mainly acidic. This finding suggests that during evolution, 

this gene family gradually evolved from basicity to acidity.  

Cis-elements continued to increase gradually from lower to 

higher plants: In order to explore the function and regulatory 

mechanisms of the AFL gene family in plants, cis-regulatory 

elements were analysed. For this purpose, a 2,000 bp 

upstream sequence of ABI3, FUS3 and LEC2 was retrieved 

and subjected to the online PlantCare tool. Two cis-elements, 

TATA and CAAT-box, were identified on the promoters from 

Chlorophyta to angiosperms (Fig. 6). The cis-elements 

upstream of pri-ABI3 genes in C. reinhardtii and V. carteri are 

mainly related to environmental stress regulation, including 

anoxic specific inducibility (GC-motif), drought inducibility 

(MBS), light responsiveness (GATA motif, G Box and SP1) 

and low temperature responsiveness (LTR; Fig. 6). Moreover, 

there are cis-elements related to plant growth and regulation, 

such as abscisic acid responsiveness (ABRE), auxin 

responsiveness (TGA-element and AuxRR-core) gibberellin 

responsiveness (TATC-box) and meristem expression (CAT-

box; Fig. 6). These results indicate that pri-ABI3s may play 

roles in chlorophyte growth, development and adaption to the 

environment. Similar to pri-ABI3s the ABI3 upstream 

sequence of bryophytes exhibits certain cis-acting elements 

that are related to the stress response (defense and stress 

responsiveness), wound response (wound responsiveness), 

circadian control and anaerobic induction (Fig. 6). These 

 
Figure 6. Cis-elements on the promoter of ABI3/pri-ABI3 (a), FUS3 (b) and LEC2 (c), cis-elements were predicted 

using PLANTCARE. 
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results suggest that regulation of ABI3 genes in lower 

terrestrial plants is controlled by multiple cis-elements in 

order to better adapt to the environmental conditions.  

With the evolution of AFLs in higher plants, cis-regulatory 

elements became more complex. The cis-elements within the 

AFLs are mainly related to expression within the developing 

embryo, environmental factors or hormonal regulation. For 

example, the cis-element of endosperm expression are present 

upstream of several ABI3 and FUS3 genes (Fig. 6a and b), and 

other seed-related elements like zein metabolism regulatory 

elements are present upstream of all AFL genes (Fig. 6a-c). 

These results indicate that AFLs might be expressed within 

the endosperm tissue in higher plants (Fig. 6a). Similarly, the 

upstream sequence of AFLs exhibit cis-regulatory elements 

related to growth and development, i.e. light responsiveness, 

anaerobic induction, gibberellin responsiveness, abscisic acid 

responsiveness and salicylic acid responsiveness (Fig. 6). 

These findings collectively suggest that early lineage of AFL 

genes in higher plants began with the evolution of cis-

regulatory elements related to environmental factors and 

hormonal regulation. Further, anaerobic induction elements 

and drought responsive elements are widely present in the 

upstream regions of ABI3 and LEC2 genes, whereas anaerobic 

induction elements are present in several FUS3 genes (Fig. 6). 

These observations suggest that AFLs may play a role in 

different environmental factors (Fig. 6c). 

Expression analysis of the AFL gene family in plants: In 

order to further test whether the predicted cis-regulatory 

elements of pri-ABI3 genes play roles in chlorophytes 

growth, RNA-seq data of pri-ABI3 genes in C. reinhardtii 

under different conditions was retrieved from JGI database 

and analysed (Fig. 7).  

 

 
Figure 7. Expression analysis of pri-ABI3-C. reinhardtii 

under dark oxic and dark anoxic conditions (a). 

Expression analysis of pri-ABI3-C. reinhardtii 

under nitrogen deficiency treatments (b). 

 
Figure 8. Expression analysis of G. max ABI3 and B. rapa ABI3. Figure a, b,e and f represents the transcript levels 

of G. max and B. rapa ABI3s in different tissues. Figure c and d represents the transcript levels of G. max 

ABI3 after flowering initiation. 
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Compared to dark and aerobic conditions, pri-ABI3 

expression in C. reinhardtii was upregulated in light and 

anaerobic conditions. These data are consistent with the 

presence of various 3-AF1 binding site, AAAC-motif and 

ARE cis-regulatory elements upstream of pri-ABI3 (Fig. 7a 

and Fig. 6a). It was previously reported that the fatty acid 

content increases in C. reinhardtii under nitrogen deficiency 

(Jo et al., 2019). The expression of pri-ABI3 in C. reinhardtii 

under nitrogen deficiency was analysed at different times 

(Fig. 7b). pri-ABI3 gene expression gradually increased from 

0 to 30 min, a change that is consistent with the presence of 

several cis-elements related to environmental stress 

regulation.  

In order to study the expression patterns of AFLs in higher 

plants, the oil seed crops B. rapa and G. max were chosen as 

representative crop species. As shown in Fig. 8 (a, b, e and f) 

and Fig. 8 (a-d), ABI3, FUS3 and LEC2 are mainly expressed 

in seed or silique tissues of G. max and B. rapa. This 

localisation might be related to predicted cis-elements like 

GCN4 or O2-site upstream of AFL genes. Furthermore, the 

expression levels of ABI3 (Fig. 8c and d) and FUS3 (Fig. 9a 

and b) genes in G. max seeds steadily increased until day 35 

after flowering. Our expression analysis also suggests that the 

duplicated AFL genes that are differentially expressed in 

these tissues. These data indicate that they might play 

different roles in tested plants. For examples, ABI3a, FUS3a 

and LEC2a showed higher expression levels compared to 

their other duplicated gene.  

AFL genes are predominantly expressed within seed tissues 

(Mendoza et al., 2005; Rohde et al., 2000), and their roles in 

seeds has been substantially established. However, it was 

interesting to note that A. hypochondriacus_ABI3 and M. 

gattatus_FUS3 are expressed in developing seeds and exhibit 

high transcript levels within green cotyledonary tissues 

(Fig. 10). This finding is consistent with the presence of 

several cis-regulatory elements upstream of AFL genes that 

are related to growth and development. The functions of these 

ABI3 and FUS3 genes in the vegetative tissues requires 

further exploration. 

 

DISCUSSION 

 

Studies have shown that the B3 domain within plant species 

first evolved within C. reinhardtii, followed by evolution in 

higher plants (Romanel et al., 2009). On the basis of structural 

differences, previous evolution studies have negated the 

presence of ABI3 in green algae (Carbonero et al., 2016; Han 

et al., 2017). ABI3, FUS3 and LEC2 of the B3 family perform 

diverse functions in plant growth and regulation, particularly 

in the formation of transcriptional regulatory network that is 

 
Figure 9. Expression analysis of G. max and (a,b) and B. rapa FUS3s (c,d) In different tissues  

  
Figure 10. Expression analysis of A. hypochondriacus ABI3 (a) and M. guttatus FUS3 (b) in different      tissues    
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vital for seed development and maturation (Fatihi et al., 2016; 

Santos‐Mendoza et al., 2008; Vicente Carbajosa and 

Carbonero Zalduegui, 2005). More recently, researchers 

noted that the AFL gene family is crucial for the regulation of 

storage protein and lipid levels in seed tissues (Verdier and 

Thompson, 2008). Thus, it is essential to clarify the AFL 

family evolution, origination and structural features.  

Identification and evolution of AFLs in plant species: 

Previously, the structural basis AFLs were not identified in 

green algae and were well distributed within mosses and 

liverworts (Carbonero et al., 2016; Han et al., 2017). Thus, we 

carefully identified and examined AFLs in green algae. Our 

results are inconsistent with previous studies: we found that 

among AFLs only ABI3 is present in all plant linages (Fig. 1 

and Table S1). Out of seven green algae species, ABI3 genes 

were confirmed in C. reinhardtii and V. carteri (Fig. 1). 

Phylogenetic tree analysis revealed that ABI3 evolution in 

plants matches with the evolution of plant species. The 

identification and phylogenetic tree studies collectively 

revealed that ABI3 in plants might have originated from 

Chlorophyta (Figs. 2). Further, motifs 1 and 4, designated as 

B3 binding domain, are conserved between ABI3s and pri-

ABI3s (Fig. 5a). These data further evidence the evolution of 

ABI3s from green algae. Notably, two out of seven algae 

possess pri-ABI3 while all other plants contain ABI3. This 

finding also suggests that ABI3 first appeared in algae 

(Fig. 1). AFL and AFLs-B3 domain phylogeny suggests that 

pri-ABI3 and ABI3 genes in non-vascular plants are clustered 

together (Figs. 3a). This outcome again proves that ABI3 first 

evolved within green algae and later within higher plant 

species. Our results suggest that ABI3 first developed with in 

the monocots and later evolved in dicots. This notion was 

confirmed by the motif analysis; motif 9 at the N-terminus is 

restricted to dicotyledonous ABI3s, and it might have evolved 

during the evolutionary process from monocots to dicots (Fig. 

5a). Li et al., (2010) showed that ABI3 in gymnosperm Pinus 

taeda is clustered with angiosperms. These data indicate that 

among AFLs, ABI3 was evolved within the gymnosperms 

and was later was lost in this group. 

Detailed analysis of FUS3 and LEC2 indicated that FUS3 is 

present in all monocots and dicots, but there were uncertain 

FUS3 sequences in S. polyrhiza and C. papaya (Fig. 1). By 

contrast, LEC2 is limited to dicots. Similar to FUS3, tentative 

LEC2 sequences are present in several dicots (Fig. 1). Our 

findings collectively suggest that the presence of tentative 

FUS3 and LEC2 sequences within the respective species that 

require further considerations. 

AFL phylogeny (Fig. 3a) showed that monocotyledonous 

FUS3 genes in clade II are closer to non-vascular terrestrial 

plants ABI3 genes. This finding confirms that FUS3 first 

evolved within monocots. Similarly, FUS3 in A. trichopoda, 

one of the earliest known monocots (Tang et al., 2019), is 

closest to the AtHSI2 outgroup. Thus, that gene might be a 

prototype FUS3 that later originated in other monocots. A. 

coerulea is known to be the earliest diverged plant among all 

the eudicots (Aköz and Nordborg 2019). Interestingly, FUS3 

in A. coerulea clusters with the monocotyledonous FUS3 

genes (Fig. 3a). Hence, among all the dicots, FUS3 might 

have first evolved in A. coerulea. More data indicated that the 

B2 domain of dicotyledonous FUS3 is quite conserved (Fig. 

2). During evolution from monocots to dicots, the FUS3 B1 

domain seems to have been established to perform more 

diversified functions. LEC2 differentially evolved within the 

dicots only (Figs. 1 and 2). LEC2 has important roles related 

to seed maturation and embryogenesis, but during evolution 

it was lost within monocots.  

Interestingly, during evolution, AFLs within vascular plants 

have developed some common features. For instance, the 

number of introns within AFLs is mainly six, and the intron 

phase is mainly 0, 0, 2, 1 and 0 (Fig. 4). This similarity 

indicates that most of the vascular plants shared a conserved 

gene structure during biological evolution. The B3 domain is 

conserved in the AFL gene family (Fig. 3b). Similarly, the pI 

of AFLs in dicots is less than 7 (Table 3). These data suggest 

that AFLs in higher plants have evolved from basicity to 

acidity. Remarkably, pri-ABI3 in C. reinhardtii is also acidic 

(6.24) in nature, which further substantiates the similarities 

between ABI3 and pri-ABI3 genes. Segmental duplication 

represents DNA segments that are almost identical (90–

100%) and exist at more than one site in the genome (Khaja 

et al., 2006). Among the ALFs within the plants, FUS3 and 

LEC2 have been tandemly duplicated whereas ABI3 is the 

result of both tandem and segmental duplications. Singleton 

genes are defined as non- duplicated genes (Panchy et al., 

2016). M. acuminate FUS3a and b are singletons. 

Consequently, these genes might have independent functions 

in this species. 

Potential roles of AFLs in plant species: We found that 

motifs 1 to 4 are part of the B3 binding domain, but the 

functions of other motifs remain unknown (Fig. 5a and 

Table 2). These motifs are found in the pri-ABI3s; other 

motifs later evolved within mosses, and the number of motifs 

increased gradually within higher plants during the 

evolutionary process (Fig. 5a and Table 2). During the 

evolution of ABI3 and FUS3 from monocots to dicots, motif 

9, which is unique to dicots, evolved within dicotyledonous 

plants (Fig. 5a and b). These phenomena collectively suggest 

that the increasing number of motifs in vascular plants is 

associated with adaptation to more complicated 

environments. Moreover, motif 8 in FUS3 only occurs in 

crucifer plant species, a finding that indicates potential roles 

for this motif in oil seed crops.  

The B3 domain of the AFL gene family with other TFs 

interact with the G box (CACGTG) in order to control the 

expression of genes involved in seed maturation, and it is 

necessary for proper AFL-B3 target promoter function (Baud 

et al., 2016; Bensmihen et al., 2002; Brocard-Gifford et al., 

2003; Lepiniec et al., 2018; Zhang et al., 2005). The upstream 
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sequence analysis revealed that most of the AFLs and pri-

ABI3s exhibit G-boxes, suggesting that AFL gene family may 

interacts with each other or with other B3 transcription factors 

to control the expression of other genes. G3-box and GATA 

have been reported to participate in anaerobic conditions 

(Ahmad et al., 2019); they are present in the pri-ABI3 of C. 

reinhardtti. The expression analysis of pri-ABI3-C. 

reinhardtii (Fig. 7) shows that under anaerobic conditions, its 

expression was induced. Hence, this gene might participate in 

adapting to anaerobic condition. Researchers previously 

investigated whether the AFL gene family members bind to 

sequence containing RY cis-elements (Kroj et al., 2003). Our 

study found that the RY-element is only present in ABI3 of 

the moss S. fallax (ABI3d), monocotyledonous P. virgatum 

and dicotyledonous A. coerulea. In addition, RY-element is 

also found in FUS3 of monocotyledonous Z. mays, P. 

virgatum, in dicotyledonous B. oleracea (FUS3b) and B. rapa 

(FUS3b) but the RY-element is absent in dicot LEC2 genes. 

The AFL gene family, together with LEC1 (an ortholog of the 

NF-YB subunit), interacts with CCAAT-box cis-element and 

is considered crucial for the development of a zygotic embryo 

(Carbonero et al., 2016; Wang and Perry, 2013). The 

CCAAT-box cis-element is widely present in numerous 

members of AFLs, including pri-ABI3 genes in bryophytes 

and mosses. This observation suggests that AFL regulation 

with LEC1 is important for performing diverse functions in 

plant growth and development. Moreover, WRINKLED1 and 

MYB-like cis-elements are important targets of the AFL gene 

family that play important roles in fatty acid accumulation and 

biosynthesis (Ettaki et al., 2018; Troncoso-Ponce et al., 2016; 

Wang and Perry, 2013). Among them, the MYB-like elements 

are well distributed in the upstream sequences of AFL gene 

family members, a fact that further suggests their conjugated 

roles within the plant species. There are several reports on the 

crucial roles of AFLs in fatty acid accumulation within seeds; 

AFL mutants exhibit common phenotypic changes e.g. 

reduced accumulation of storage proteins and anthocyanin. 

Moreover, FUS3 has been reported to preferentially control 

the expression of genes responsible for TAGs biosynthesis in 

seeds (Khaja et al., 2006; Zhang et al., 2016a). In order to 

verify this action, we analysed AFL transcriptome data in the 

representative oil crops B. rapa and and G. max (Figs. 8, 9 

and 10). As expected, AFLs within the representative species 

are mainly expressed within the seeds. These data further 

emphasise their roles in lipid biosynthesis during seed 

development. A previous study showed that FUS3 

overexpression increases oil contents within the seedlings 

(Zhang et al., 2016a). Interestingly, the transcripts level of M. 

guttatus_FUS3 and A. hypochondriacus_ABI3 were higher 

within the cotyledons (Fig. 10). This finding indicates that 

these genes might have roles within the vegetative parts and 

needed more consideration in later studies. 

 

CONCLUSION 

 

In summary, our investigations evident the ABI3 (pri-ABI3) 

presence in Chlorophyta. Among AFL gene family ABI3 

evolved first within the plant species followed by FUS3 and 

LEC2. The ABI3 may have evolved from Chlorophyta, FUS3 

was evolved first within the monocots and LEC2 with 

differentiation may have developed in dicots only. Moreover, 

the requisite ofFUS3 and LEC are in land plants need more 

considerations. During the evolution of AFL gene family, the 

AFL genes moved from basicity to acidity and more motifs 

have evolved at both N-terminuses and C-terminuses. Similar 

trends were also observed for intron/exon phases and cis-

elements. There were several light responsive elements 

widely distributed within AFL gene family in different plant 

species which shows that light responsive elements are 

necessary for the expression of this gene family to carry out 

diverse functions. These conclusions may help future 

functional studies of AFL gene family in plants. 
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