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Abstract
With ample cultivation and economic potential, coffee is one of the main commodities in the world. Despite its vast cultivation,
there remain problems related to its productivity as a consequence of pests and diseases, questions regarding its physiology, and
difficulty with its propagation. Due to such challenges, the application of biotechnological tools, such as tissue culture and
molecular markers, has become essential in the search for improvements to coffee cultivation. Among tissue culture techniques,
somatic embryogenesis is considered the best form of micropropagation in vitro since it is possible to produce plants that are
identical to the parent plant. It is therefore essential to identify the genes involved in the process of somatic embryogenesis, as
well as to understand their functions. Different studies have shown the expression of ethylene response factor (ERF) genes in
different tissues and under different conditions, mainly in response to biotic and abiotic stresses. However, little is known about
their role during somatic embryogenesis. Thus, this study is aimed to identify and analyze the expression patterns of ERF
subfamily genes duringCoffea arabica L. somatic embryogenesis. The EST-contig6, 9, and 27were confirmed to be the ethylene
response factor 8, 13, and 12 genes fromCoffea arabica L., respectively, and their relative expression analysis suggests that they
may be involved in coffee somatic embryogenesis. The expression patterns of ethylene response factor 8 and 13 in embryogenic
calluses and embryogenic cell suspensions showed that these genes can potentially act as somatic embryogenic markers.
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Introduction

Coffee has become one of the main commodities in the
world due to its economic potential and broad cultivation
(MAPA: Minis té r io da Agr icul tura , Pecuár ia e
Abastecimento, 2017). Despite extensive cultivation and
research on the species, due to its economic relevance,

there are still problems related to its productivity as a
consequence of pests and diseases (Carvalho et al. 2012;
Carvalho et al. 2017), questions regarding its physiology
and genetics (Barreto et al. 2012; Ságio et al. 2014), and
difficulty with its propagation (da Rosa et al. 2011;
Huang et al. 2014). In order to solve or minimize the
problems related to coffee cultivation, breeding programs
have sought the development of plants with superior char-
acteristics; however, the time for the emergence of new
and improved cultivars can be long, making it an obstacle
to the process (Carvalho et al. 1991; Tonietto et al. 2012).

In this way, the application of biotechnological techniques,
such as tissue culture and the use of molecular markers, can
serve as powerful tools to aid the genetic improvement of
coffee. Through in vitro micropropagation, it is possible to
obtain thousands of seedlings with the characteristics of
interest by means of a single leaf explant, an achievement
that is almost impossible with propagation via seed
(Carvalho et al. 1991; Campos et al. 2017). The use of
molecular markers allows the identification of genetic
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patterns, which are important in the selection of genetic
material with desirable characteristics. Such markers do
not represent the target genes themselves, but act as flags
that indicate their existence (Collard et al. 2005), and
thus the presence of characteristics of interest.

Somatic embryogenesis is a tissue culture technique that
is widely used in breeding and genetic studies of several
plant species of economic interest (Kumaravel et al. 2017;
Itaya et al. 2018; Zhu et al. 2018). Exploiting cellular toti-
potency, this technique is characterized by a high multipli-
cation rate when compared with other propagation process-
es, plus it produces of plants identical to the mother plant,
which is considered the best opt ion for in vi tro
micropropagation. The development of diploid somatic
cells in structures that match zygotic embryos depends on
the balanced expression of a complex network of genes,
which are regulated by endogenous and environmental fac-
tors (Zimmerman 1993). Therefore, identifying the genes
involved in the process of somatic embryogenesis, and to
understand their functions, is essential to improving their
applicability in the process of plant propagation and
breeding.

Different studies have been carried out in order to iden-
tify and characterize the genes regulating the onset of
coffee somatic embryogenesis (Nic-Can et al. 2013;
Silva et al. 2013; Silva et al. 2014; Torres et al. 2015;
Freitas et al. 2017). Studies with several species have
revealed the importance of such genes in the process of
somatic embryogenesis (Wiśniewska et al. 2012; Silva
et al. 2014; Tvorogova et al. 2016; Zheng et al. 2016;
Boycheva et al. 2017). Likewise, research has shown that
hormones and stress conditions influence the induction of
this process (Mantiri et al. 2008b; Nolan et al. 2014), and
induce the differentiation of cells leading to the onset of
an embryogenic response (Ikeda-Iwai et al. 2003; Rose
and Nolan 2006).

T h e g e n e s b e l o n g i n g t o t h e AP 2 / EREBP
(APETALA2/ethylene-responsive element binding
protein—protein that binds to the ethylene response ele-
ment) superfamily are transcription factors that play im-
portant roles in plant development, as well as tolerance to
biotic and biotic stress (Liu and Zhang 2017). Thus, sig-
naling molecules, such as jasmonic acid (JA), salicylic
acid (SA), ethylene (ET), and abscisic acid (ABA), act
to regulate several important defense-signaling pathways
involving these genes (Bouaziz et al. 2015). A number of
studies have attempted to identify and evaluate how these
genes act in response to stress (Sharma et al. 2010;
Bouaziz et al. 2015; Dossa et al. 2016; Du et al. 2016;
Liu and Zhang 2017); however, few studies have aimed
at identifying and characterizing these genes in somatic
embryogenesis.

The AP2/EREBP superfamily is one of the largest
groups of plant-specific transcription factors (Chen et al.
2016). This group shares a highly conserved region (AP2
DNA binding domain) with 50 to 70 amino acid residues
(Allen et al. 1998). Based on the number of AP2 domains
and similarity of sequences, genes belonging to the AP2/
EREBP superfamily are divided into three families: AP2,
RAV (related to ABI3/VP1), and ERF (ethylene response
factor; Chen et al. 2016). The family AP2 possesses two
AP2 domains (Shigyo and Ito, 2004), RAV possesses the
AP2 domain and the B3 DNA binding domain (Feng
et al. 2014; Li et al. 2015), and ERF contains a single
AP2 domain, which is the largest of the AP2/EREBP su-
perfamily and a crucial regulator of several processes in
plants.

Different studies have shown the expression of ERF
genes in different tissues and under different conditions,
with these transcriptional factors being involved in several
resposes to biotic and abiotic stresses in plants (Bouaziz
et al. 2015; Dossa et al. 2016; Du et al. 2016; Liu and
Zhang 2017). However, few studies have analyzed their
role during the process of somatic embryogenesis (Mantiri
et al. 2008b; Piyatrakul et al. 2012; Zheng et al. 2013;
Silva et al. 2015). A gene belonging to the ERF subfam-
ily, designated somatic embro-related factor 1 (SERF1),
which is involved in somatic and zygotic embryogenesis
and is induced by ethylene and is expressed in embryo-
genic calli, has been identified in Medicago truncatula
(Mantiri et al. 2008b). This gene seems to be essential
for somatic embryogenesis and may allow a connection
between stress and plant development (Mantiri et al.
2008b; Nolan et al. 2014). The fact that the SERF1 gene
belongs to the ERF subfamily and plays an important role
in somatic embryogenesis is interesting since genes of this
subfamily are commonly related to plant growth and pro-
cesses of response to biotic and abiotic stressors (Bouaziz
et al. 2015). This suggests, therefore, that other genes of
this subfamily are likely to have important functions in
the embryogenic process as well.

Currently, bioinformatics along with biotechnology al-
low the development of research aimed at genomic study.
The transcriptome (Vieira et al. 2006) and, more recently,
the genome sequencing (https://worldcoffeeresearch.org/)
of Coffea arabica enabled the development of studies
aiming the identification and analysis of genes related to
the regulation of different metabolic pathways. In this
context, gene expression analysis through real-time
qPCR displays an important role for the understanding
of the biological function of these genes. Therefore, con-
sidering the economic importance of the coffee and its
cultivation problems, this study aimed to in silico identify
and characterize the genes from the Coffea arabica. ERF
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subfamily analyzes the expression patterns of some of
these genes during coffee somatic embryogenesis.

Materials and Methods

In Silico Identification on the CAFEST Database The NCBI
(National Center for Biotechnology) genebank was searched
using SERF1 as the keyword in order to find sequences relat-
ing to that gene already deposited in the database. The obtain-
ed sequences were annotated and applied in a new search
using the BLAST (Basic Local Alignment Search Tool;
Altschul et al. 1990) on the coffee EST (expressed sequence
tag) database (CAFEST), which has been generated by the
Coffee Brazilian Genome project (Vieira et al. 2006). The
search and clustering processes of the of the putative members
of the coffee ERF subfamily were carried out using the Gene
Project interface (http://www.lge.ibi.unicamp.br/cafe/) from
the CAFEST database.

In the same way, a second search was performed using the
tBLASTn algorithm (Altschul et al. 1997). The query (target)
of amino acids was compared with nucleotides translated from
the database, and all reads that had significant alignment (e
value > 10−5) were selected. Using the term SERF1 as the
keyword, a search of the ESTs database was performed, since
all reads were previously annotated automatically by compar-
ison with the NCBI genebank. Next, the selected reads were
grouped (clustering), forming the EST-conitgs and the
singlets. After clustering, the saturation process was per-
formed aiming to find new sequences of the probable gene,
as well as the correction of incomplete clusters. This process
consisted of the application of the EST-contigs formed in the
new search of the database. This procedure was repeated until
no significant new reads were found.

Using the ORF FINDER (Open Reading Frame Finder)
tool, we identified the open reading frame (ORF) from each
gene obtained from the clustering process. The presence of the
AP2 domain, which characterized ERF subfamily members,
was verified through a conserved domain analysis carried out
on the NCBI Conserved Domain database.

Finally, the nucleotide sequences of interest were com-
pared with the public database of protein sequences (NCBI)
using the BLASTx algorithm. The BLASTp algorithm
(Altschul et al. 1997) was applied to align the protein of in-
terest with the proteins deposited in NCBI, which allowed the
evaluation of the degree of similarity between the compared
sequences.

In Silico Identification on the Phytozome Database Using the
keyword AP2, a search on the PFAM (https://pfam.xfam.org/)
database, aiming to find the PFAM number for the AP2/
EREBP superfamily, was carried out. The number obtained
(PF00847) was used as a search parameter on the Phytozome

database (https://phytozome.jgi.doe.gov/pz/portal.html) for
the obtaining the sequences from the ERF superfamily
previously deposited on this database. The sequences found
were then submitted to clustering using the CAP3 program
and its default parameters. Similar to the sequences found on
the CAFEST database, the ORF and the conserved ERF
domain of the sequences found on the Phytozome database
were identified through the ORF FINDER tool and verified on
the NCBI Conserved Domain database, respectively.

Phylogenetic Analysis Using the ClustalW program
(Thompson et al. 1994) and its standard parameters (default),
a global alignment of the EST-contigs and singlets, obtained
from the CAFEST and Phytozome databases, was performed
with the amino acid sequences encoded by them, the SERF1
gene proteins of the species Medicago truncatula and Glycine
max obtained from the NCBI, and the ERFs genes of Coffea
arabica described by Lima et al. (2011). The sequences were
visually inspected and manually corrected, with those whose
homology could not be ascertained being removed. The final
phylogenetic tree was constructed using the MEGA 7.0 pro-
gram (Kumar et al. 2016), with a neighbor-joining comparison
model (Saitou and Nei 1987), distance model p, and pairwise
suppression. The probabilistic bootstrap test with 10,000 rep-
licates was used to validate the tree in relation to the phyloge-
netic distance of the clusters (Sitnikova et al. 1995).

Identification of Common GroupingMotifs In order to identify
conserved motifs from the deduced amino acid sequences of
the among the putative ERFs found in the CAFEST and
Phytozome databases, the MEME Suite (Version 4.11.3;
http://meme-suite.org/tools/meme; Bailey et al. 2009) was
employed with the following settings modified from the
default: maximum number of motifs 6, minimum motif
width 6, maximum motif width 200, and any number of
repetitions. Sequences were then aligned using the ClustalW
program (Thompson et al. 1994) and subjected to the
GeneDoc program (http://www.nrbsc.org/gfx/genedoc/) to
shade the identical and similar amino acids in alignment.

Electronic Northern For in silico analysis of gene expression,
the frequency of the reads forming EST-contigs and singlets
was calculated according to their expression in the CAFEST
libraries, and the data normalized to allow the exact analysis of
the degree of expression of the probable genes in each of the
treatments and organs of the plant. Normalization consisted of
multiplying the number of reads forming each EST-contig or
singlet by the ratio of the total number of all libraries and the
number of reads in the library in which it appeared expressed.
By relating genes and libraries, the data was dropped into an
array and rearranged according to where they were expressed.
The EST-contigs, singlets, and libraries were grouped by hi-
erarchical clustering (Eisen et al. 1998) using the TreeView

DAUDE ET AL.130

http://www.lge.ibi.unicamp.br/cafe/
https://pfam.xfam.org/
https://phytozome.jgi.doe.gov/pz/portal.html
http://meme-uite.org/tools/meme
http://www.nrbsc.org/gfx/genedoc/


program to obtain a figure that allows the degree of expression
of the genes belonging to the ERF subfamily to be studied.
The figure was generated in grayscale with zero or negative
expression being represented by lighter shades, with gradually
increasing darkness until reaching black, which represents the
maximum degree of positive expression.

Primer Design From the candidate sequences for the genes
involved in somatic embryogenesis belonging to the ERF
subfamily of Coffea arabica obtained from the in silico anal-
ysis, primers for RT-qPCR (Table 1) were designed using
Primer Express v3.0 of Applied Biosystems (Thermo Fisher
Scientific, Foster City, CA).

Callus Induction and Establishment of Cellular Suspensions
Embryogenic and non-embryogenic calli induction were gen-
erated from mother plants of cv. Catuaí Amarelo IAC 62 cul-
tivated under greenhouse conditions using the protocol de-
scribed by Teixeira et al. (2004). Initially, leaf explants with
approximately 0.5 cm2 were cultivated in primary medium
(PM) for 30 d, and then, they were transferred to secondary
medium (SM), where they were cultivated for 180 d. The PM
medium is composed by 1/2-strength Murashige and Skoog
salts (Murashige and Skoog 1962), sucrose (20 g L−1), thia-
mine (10 mg L−1), pyridoxine (1 mg L−1), glycine (1 mg L−1),
nicotinic acid (1 mg L−1), myo-inositol (100 mg L−1), hydro-
lyzed casein (100 mg L−1), malt extract (400 mg L−1), 2,4-D
(20.0 μM), IBA (4.92 μM), 2-iP (9.84 μM), and Phytagel®
(2.4 g L−1). The SMmedium constitution is basically the same
of the PM medium, differing only by the 2,4-D concentration
(10.0μM). The inoculatedmaterial was kept in a growth room
at 27 ± 2°C and absence of light.

Embryogenic cell suspensions were established with an inoc-
ulum density of 10 g L−1 (Zamarripa et al. 1991) by 200 mg of
embryogenic calli inoculation to 125-mL Erlenmeyer flasks con-
taining 20 mL of T3 multiplication liquid medium: 1/2-strength
Murashige and Skoog salts (Murashige and Skoog 1962), su-
crose (30 g L−1), thiamine (5 mg L−1), pyridoxine
(0.5 mg L−1), nicotinic acid (0.5 mg L−1), myo-inositol

(100 mg L−1), hydrolyzed casein (100 mg L−1), malt extract
(200 mg L−1), kinetin (4.44 μM), and 2,4-D (4.52 μM)
(vanBoxtel and Berthouly 1996). Flasks were maintained in an
orbital agitator at 100 rpm (Tecnal, Piracicaba, Brazil), at 25 ±
2°C and in the absence of light, and the multiplication medium
was completely renewed at every 15 d. After 90 d, the embryo-
genic cell suspensions were used in the experiment.

Experimental Design and Tissue Sampling The experiment
was conducted in a completely randomized design, with three
biological repetitions for each tissue type. For non-
embryogenic and embryogenic callus cultures, each repetition
was composed by 10 calluses generated from different leaf
explants. For cell suspensions, each biological repetition was
composed by 200 mg of cell clusters obtained after
embryogeneic calli multiplication in liquid medium.
Collected samples were immediately frozen in liquid nitrogen
and subsequently stored at − 80°C until RNA extraction.

Extraction of Total RNA and cDNA Synthesis The extraction of
RNA from the samples was performed using Concert™ Plant
RNA Reagent extractor reagent (Invitrogen Corporation,
Carlsbad, CA). The samples were then treated with the
Turbo DNA-Free Kit (Applied Biosystems–Thermo Fisher
Scientific, Vilnius, Lithuania) for total removal of genomic
DNA. The quantity and purity of the RNA were measured
with a ND-1000 Nanodrop® Spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). The High-Capacity
cDNA Reverse Transcription Kit (Invitrogen–Thermo Fisher
Scientific, Vilnius, Lithuania) was used for the synthesis of
cDNA from 1000 ng of RNA.

RT-qPCR Analysis of gene expression by RT-qPCR employed
ABI PRISM 7500 Real-Time PCR (Applied Biosystems–
Thermo Fisher, Singapore), using SYBR Green (Applied
Biosystems–Thermo Fisher Scientific). The cDNAwas obtained
from RNA extracted from the three tissues under study: non-
embryogenic callus, embryogenic callus, and embryogenic cell
suspension.

Table 1. Sequence of primers
used in RT-qPCR. Fw forward
primer and Rv reverse primer

Gene GenBank accession
number

Primers (5′-3′) Amplification
efficiency (%)

RPL39 ribosomal
protein L39

GT720707.1 Fw: GCGAAGAAGCAGAGGCAGAA

Rv: TTGGCATTGTAGCGGATGGT

87

24S ribosomal
protein 24S

GT730897.1 Fw: GACCAATCGTCTTCTTTCCAGAAA

Rv: TCAACTCAGCCTTGGAAACATTAG

100

ERF8 (Contig6) AHA93902.1 Fw: AGCAGCAAGTCCTTCCCAAG

Rv: AATCTCAGCAGCCCATTTCC

98

ERF12 (Contig27) AHA93911.1 Fw: CCTCCAACGCTTCTTTCAGC

Rv: CGGTTTGTCTTGGGTGGTTT

90

ERF13 (Contig9) AHA93904.1 Fw: GCTGGGATTGGCTTCATTTG

Rv: ACCGAGAAAGTTGCTGCGTA

100
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The thermal conditions of the reaction were 2 min at 50°C,
10 min at 95°C, followed by 40 cycles of 15 s at 95°C and
1 min at 60°C. Data were collected and stored in the program
7500 Fast Software (Version 2.3; Applied Biosystems–
Thermo Fisher). Each reaction used 1 μL of cDNA (10 ng/
μL), 0.2 μL of each primer (initial concentration of 10 μM),
and 5.0 μL of Master Mix SYBR green UDG with ROX
(Applied Biosystems–Thermo Fisher) for a final volume of
10.0 μL per sample. The samples were processed in technical
triplicate. The results were normalized using Cq (quantifica-
tion cycle), also known as the threshold cycle (Ct), obtained
by the expression of the reference genes of ribosomal protein
L39 (RPL39) and ribosomal protein 24S (24S; Freitas et al.
2017) present in the same reaction. The Cq was determined by
the number of cycles in which the fluorescence generated
within a reaction crossed the threshold line. The Pfaffl formula
was used to calculate the relative expression (Pfaffl 2001).

Normalization was performed using the equation
ΔCTtarget = CT (target gene) −CT (endogenous control) and
ΔCTreference = CT (target gene) − CT (endogenous control).
The cal ibra t ion was determined by the formula
Etarget

ΔCTtarget and Ereference
ΔCTreference, where E is the efficien-

cy value of the primers used. The calibrator was a sample used
as the basis for comparative expression results. The relative
quantification was obtained by the formula Etarget

ΔCTtarget /
Ereference

ΔCTreference (Pfaffl 2001).

Results

Analysis In Silico – CAFEST DatabaseThe search for sequences
forming the genes belonging to the ERF subfamily in
CAFEST resulted in 179 reads, forming 30 EST-contigs and
37 singlets after the clustering process. Next, 27 EST-contigs
and 21 singlets were selected through the conserved AP2
characteristic of the ERF/DREB family (Nakano et al.
2006). However, after analysis of the amino acid residues of
the AP2 domain (Fig. 1), 15 EST-contigs and 5 singlets hav-
ing the specific ammino acids of the ERF subfamily (Sakuma
et al. 2002; Liu and Zhang 2017) remained; the sequences that
did not show the specific amino acid residues of the ERF
subfamily were excluded from the analyses.

Phytozome Database The search for sequences forming the
genes belonging to the ERF subfamily in Phytozome database
resulted in 254 reads, forming 103 Phy-contigs and 39 Phy-
singlets after the clustering process. Then, based on the on the
presence of the AP2 conserved domain, 108 sequences were
selected. However, after analyzing the amino acid residues of
the AP2 domain (Fig. 2), only 54 sequences, 35 Phy-contigs
and 19 Phy-singlets, were found to display the specific amino
acid residues of the ERF subfamily (Sakuma et al. 2002; Liu
and Zhang 2017). The sequences that did not show the

specific amino acid residues of the ERF subfamily were ex-
cluded from the analyses.

Phylogenetic Analysis The 15 EST-contigs and 5 singlets ob-
tained from the CAFEST and the 35 Phy-contigs and 19 Phy-
singlets obtained from the Phytozome databases were submit-
ted to phylogenetic analysis along with the SERF1 gene from
Medicago truncatula and Glycine max and the ERFs gene of
Coffea arabica described by Lima et al. (2011), with the aim
of analyzing the phylogenetic distances among the studied
sequences (Fig. 3).

Figure 3 shows that the EST-contigs2, 4, 6, 7, 9, 10, 12, 17,
20, 21, 26, and 27 and the singlet36, along with Phy-contig99,
Phy-contig92, Phy-singlet4, Phy-contig37, Phy-singlet12, Phy-
contig50, Phy-contig77, Phy-contig101, Phy-contig93, Phy-
singlet27, Phy-contig98, and Phy-contig47, grouped with the
genes CaERF10, CaERF2, CaERF8, CaERF1, CaERF13,
CaERF5, CaERF3, CaERF6, CaERF9, CaERF4, CaERF11,
CaERF12, and CaERF15, respectively, forming independent
clades with bootstrap values above 99. The gene SERF1 from
Medicago truncatula and Glycine max formed a well-defined
clade, grouping with Phy-contig97. However, none of the EST-
contigs and singlets evaluated exhibited a high degree of simi-
laritywith these sequences, so theywere not groupedwith them.

The EST-contigs and singlets and Phy-contigs and Phy-
singlets that clustered close to the CaERFs genes were sub-
mitted to alignment thorugh the ClustalW program
(Thompson et al. 1994). The result obtained showed a high
similarity among the sequences, allowing the observation of
small differences in sequence length and identity
(Online Resource 1). Considering the high similarity between
the sequences found in the CAFEST and Phytozome data-
bases, and the possibility of analyzing the in silico expression
profile of the CAFEST sequences, through the Electronic
Northern, only the EST-contigs and singlets were submitted
to the aligment on the NCBI database through the Blastx tool
(Table 2) for the comparison of the identity level of these
sequences with those present in this database. As one can
observe in Table 2, all sequences that grouped close to
CaERF genes showed identity levels above 98%. In addition,
CAFEST sequences allow the in silico expression analysis to
be carried out through the Electronic Northern.

Expression Analysis by Electronic Northern Gene expression
analysis by means of Electronic Northern made it possible to
gauge the expression levels of the EST-contigs and singlets in
different tissues, thus allowing the prediction of probable se-
quences for the genes of interest (Fig. 4). The Electronic
Northern consists of counting the reads that form each EST-
contig and singlet, indicating the degree of expression of each
sequence in the tissue of interest.

Figure 4 shows that EST-contig6 was expressed in the
tissues of the embryogenic calluses (EA1/IA1/IA2) and cell
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suspensions treated with acibenzolar-S-methyl and
brassinosteroids (CB1); however, its greatest expression was
in embryogenic calluses. The EST-contig9, as well as EST-
contig6, was expressed in the libraries of embryogenic cal-
luses and cells in suspension treated with acibenzolar-S-
methyl and brassinosteroids (CB1), but a greater expression
was observed in the library of the hypocotyls treated with
acibenzolar-S-methyl (CL2; Fig. 4). The expression profile
of EST-contig17 (Fig. 4) was varied, with expression in five
tissues: cells in suspension treated with NaCl (CS1), embryo-
genic calli (EA1/IA1/IA2), flower buds in different stages of
flowering (FB1/FB2/FB4), floral buds and fruits of different
stages (FR1/FR2), and field plants with stress from water def-
icit (tissue pool; SH2). The EST-contig20 was expressed in

cells in suspension treated with acibenzolar-S-methyl and
brassinosteroids (CB1), and young leaves of orthotropic
branches (LV4/LV5; Fig. 4). Similar to EST-contig6, 9, and
20, the sequence of EST-contig27 was expressed in the tissue
of cells in suspension treated with acibenzolar-S-methyl and
brassinosteroids (CB1); however, the expression of this EST-
contig was also observed in the germinating seed library
(whole seeds and zygotic embryos; EM1, SI3; Fig. 4). The
expression of EST-contig28 was observed in both embryo-
genic callus (EA1/IA1/IA2) and non-embryogenic callus
(CA1/IC1/PC1; Fig. 4). The singlets 10, 21, and 36 were
expressed in cells in suspension treated with acibenzolar-S-
methyl (BP1), cells in suspension treated with NaCl (CS1),
and embryogenic calli (EA1/IA1/IA2), respectively (Fig. 4).

Figure 1. Conserved amino acid residues (shaded in black) of the AP2 domain from EST-contigs and singlets that characterize the ERF (a) and DREB
(b) subfamilies.
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Figure 3. Phylogenetic tree of all sequences (ETS-contigs and singlet,
Phy-contigs, and Phy-singlets) belonging to the ERF subfamily, SERF1
gene of Medicago truncatula Gaertn., and ERFs gene of Coffea arabica
L. (circles) EST-contigs and singlets, (diamonds) Phy-contigs e Phy-

singlets, (squares) ERFs gene of coffee Coffea arabica, (triangles)
genes MtSERF1, GmSERF1, and GmSERF2. The neighbor-joining
algorithm was used to construct the tree by the method of p-distance
and pair-wise suppression.

Figure 2. Conserved amino acid residues (shaded in black) of the AP2 domain from Phy-contigs and Phy-singlets that characterize the ERF (a) and
DREB (b) subfamilies.
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RT-qPCR Analysis of Relative Expression The expression pro-
files of all the EST-contigs evaluated are shown in Fig. 5, with
the relative expression levels of the sequences in the tissues of
embryogenic callus, non-embryogenic callus, and embryo-
genic cells in suspension. The efficiency values for the
primers used are shown in Table 1, with the reference genes
used being the ribosomal protein L39 (RPL39) and the ribo-
somal protein 24S (24S) described by Freitas et al. (2017).

The expression profile of EST-contig6 was highly expressed
in embryogenic tissues (Fig. 5a). The expression level of the
embryogenic cell suspension sequence was approximately 5.6
times higher than in embryogenic callus cultures, reaching 423
times when compared with non-embryogenic callus lines. The
expression value for embryogneic callus cultures was 75 times
higher than that were non-embryogenic.

The expression profile of EST-contig9 (Fig. 5b) was similar to
that of EST-contig6, where the highest expression was observed
in embryogenic tissues. However, the level of EST-contig9 ex-
pression in these tissues was lower than that observed in EST-
contig6. The expression of the sequence in embryogenic callus
cultures and embryogenic cell suspensions was 93 and 164 times
higher, respectively, than non-embryogenic callus tissues.

Expression levels of EST-contig27 were higher in the tissues
of embryogenic callus cultures and embryogenic cell suspen-
sions (Fig. 5c), where expression was 34 and 38.5 times higher,
respectively, when compared with non-embryogenic callus cul-
tures; however, there was no significant difference between em-
bryogenic calluses and embryogenic cell suspensions.

Discussion

Analysis In Silico The ERF/DREB family is characterized by
having a uniqueAP2 domain (Nakano et al. 2006), whose size

is between 50 and 70 amino acid residues (Allen et al. 1998).
The search for motifs of clustering for the sequences obtained
in the CAFEST and Phytozome databases returned a motif
whose size was 58 amino acid residues and was highly con-
served among sequences (Figs. 6 and 7). The obtained motif
was submitted to conserved domain analysis, confirming that
it is the conserved region of the AP2 domain.

According to the amino acid sequence, the ERF family can
be divided into two subfamilies corresponding to ERF
(Nakano et al. 2006), with the classification based on the
presence of two amino acids conserved in the AP2 domain.
In Arabidopsis thaliana and cotton, the ERF subfamily was
observed to have alanine (A14) and aspartic acid (D19) in the
14th and 19th positions, respectively, whereas the DREB sub-
family was observed to have valine (V14) and glutamic acid
(E19) in these same positions (Sakuma et al. 2002; Liu and
Zhang 2017). Thus, the analysis of conserved amino acid
residues of EST-contigs and singlets belonging to the ERF
subfamily resulted in 15 EST-contigs and 5 singlets related
to the subfamily ERF (Fig. 1a), in addition to 8 EST-contigs
and 8 singlets relative to the DREB subfamily (Fig. 1b), cor-
roborating the results obtained for the other previously men-
tioned species. For the Phy-contigs and Phy-singlets, the anal-
ysis allowed the selection of 54 (35 Phy-contigs and 19 Phy-
singlets) and 50 (43 Phy-contigs and 7 Phy-singlets) se-
quences belonging to the ERF and DREB subfamilies, respec-
tively (Fig. 2a, b). These results are important since they cor-
roborate previous findings in the literature, contributing to an
assertive division between the two subfamilies.

Phylogenetic Analysis Studies by Lima et al. (2011) on the
genes related to the ethylene signaling pathway in coffee
allowed the in silico identification of 13 ERF genes.
Figure ure 3 shows that 12 EST-contigs and 1 singlet

Table 2. Comparison of the EST-contigs and singlets with their best results obtained from BLASTx analysis in the NCBI database

Subfamily Contig/
aa

blastx e value Identity Positives

ERF CaC2 AHA93900.1 ethylene response factor 10 [Coffea arabica L.]. 264aa 1e−142 264/264 (100%) 264/264 (100%)

CaC4 AHA93901.1 ethylene response factor 2 [Coffea arabica L.]. 304aa 9e−133 304/304(100%) 304/304(100%)

CaC6 AHA93902.1 ethylene response factor 8, partial [Coffea arabica L.]. 249aa 1e−130 177/178 (99%) 177/178 (99%)

CaC7 AHA93903.1 ethylene response factor 1 [Coffea arabica L.]. 218aa 5e−117 218/218(100%) 218/218(100%)

CaC9 AHA93904.1 ethylene response factor 13 [Coffea arabica L.]. 193aa 9e−119 193/193 (100%) 193/193 (100%)

CaC10 AHA93905.1 ethylene response factor 5 [Coffea arabica L.]. 396aa 0.0 388/396(98%) 389/396(98%)

CaC12 AHA93906.1 ethylene response factor 3, partial [Coffea arabica L.]. 335aa 0.0 335/335(100%) 335/335(100%)

CaC17 AHA93907.1 ethylene response factor 6, partial [Coffea arabica L.]. 220aa 4e−97 220/220 (100%) 220/220 (100%)

CaC20 AHA93908.1 ethylene response factor 9, partial [Coffea arabica L.]. 158aa 9e−61 158/158 (100%) 158/158 (100%)

CaC21 AHA93909.1 ethylene response factor 4, partial [Coffea arabica L.]. 165aa 1e−109 165/165 (100%) 165/165 (100%)

CaC26 AHA93910.1 ethylene response factor 11, partial [Coffea arabica L.]. 282aa 6e−108 282/282(100%) 282/282(100%)

CaC27 AHA93911.1 ethylene response factor 12 [Coffea arabica L.]. 252aa 9e−147 252/252(100%) 252/252(100%)

CaS36 AHA93913.1 ethylene response factor 15 [Coffea arabica L.]. 158aa 1e−91 158/158 (100%) 158/158 (100%)
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identified in the CAFEST database and the 9 Phy-contigs and
4 Phy-singlets identified in the Phytozome database are the
same genes as those described by Lima et al. (2011), since
they grouped together and were shown to be 100% identical
(Table 2), being named according to the nomenclature pro-
posed by Lima et al. (2011). This result was expected since
the search performed in the Phytozome database used the
PFAM number from the AP2 superfamily, allowing the iden-
tification of all sequences from this superfamily in this data-
base. Similarly, in the CAFEST database, the same sequences
identified by Lima et al. (2011) were also identified in this
study, and this finding was expected, since the search on this
database was performed using the sequence from the SERF1
gene, a member of the ERF subfamily (Mantiri et al. 2008b)
that shares highly conserved domains characteristic of the
ERF subfamily (Allen et al. 1998).

The unexpected result was the non-identification of the
SERF1 gene in Coffea arabica in none of the databases ana-
lyzed because, as already mentioned, such a gene was the
basis of the search in the CAFEST database. On the other

hand, in the Phytozome database, Phy-contig97 grouped with
SERF1 fromMedicago trucatula and Glycine max, indicating
that this contig could represent the SERF1 from Coffea
arabica. However, the global aligment through the ClustalW
program (Thompson et al. 1994) of these sequences
(Online Resource 1) and the comparison of the identity levels
of Phy-contig97 with sequences from the NCBI database did
not allow the assertive identification of this gene as the SERF1
from Coffea arabica. However, the possibility of the non-
existence of this gene in coffee should be considered since
the SERF1 gene has been identified only in the species
Medicago truncatula (Mantiri et al. 2008b) and soybean
(Zheng et al. 2013).

Thus, despite the non-identification of the SERF1 gene, the
discovery of 13 other genes in the CAFEST database belong-
ing to the ERF subfamily was fundamental, since it allowed
the analysis of possible involvement of these sequences in
somatic embryogenesis in coffee. In addition, the identifica-
tion of 108 sequences of the ERF subfamily in the Phytozome
database suggests that other genes (not analyzed in our study)
from this subfamily may possibly be involved in coffee so-
matic embryogenesis.

Expression Analysis by Electronic Northern The in silico ex-
pression profiles of ERF genes obtained in CAFEST corrob-
orate those described by Lima et al. (2011); however, this
author’s work aimed at identifying genes that are members
of the ethylene signaling pathway, and did not evaluate which
of these genes may be related to the process of somatic em-
bryogenesis. Thus, the EST-contigs and singlets that were
expressed in the greatest number of embryogenic tissues,
and in which they had their highest levels (EST-contig6, 9
and 27), were selected and evaluated in more detail.

Several studies have reported the expression of ERF genes
in different tissues and treatments, and that they are responsi-
ble for several responses to biotic and abiotic stresses
(Bouaziz et al. 2015; Dossa et al. 2016; Du et al. 2016; Liu
and Zhang 2017); however, there have been few studies that
have evaluated the involvement of these genes in somatic
embryogenesis, with the studies by Mantiri et al. (2008a,
2008b), Zheng et al. (2013), and Silva et al. (2015) being
the few available in the literature. Thus, the comparison of
the selected EST-contigs and singletswith the genes described
in these works can allow an evaluation of the importance of
these sequences in the embryogenic process.

The expression of EST-contig6 in the libraries of the em-
bryogenic calli (EA1/IA1/IA2) and cell suspension treated
with acibenzolar-S-methyl and brassinosteroids (CB1) is in-
teresting because Silva et al. (2015), when evaluating genes
involved in somatic embryogenesis, identified a gene referred
to as CaERF-like, which had a similar in silico expression
profile. Likewise, the SERF1 gene, which belongs to the same
subfamily, was identified in the study of Mantiri et al.

Figure 4. Electronic Northern representing the degree of expression of
EST-contigs and singlets belonging to the ERF subfamily in the different
libraries of Coffea arabica L. shown in grayscale where the darker the
shade, the higher the degree of expression. The represented libraries are
defined by Vieira et al. (2006). Libraries: BP1, cell suspension treated
with acibenzolar-S-methyl; CB1, cell suspension treated with
acibenzolar-S-methyl and brassinoesteroids; CL2, hypocotyls treated
with acibenzolar-S-methyl; CS1, cell suspension treated with NaCl;
EA1/IA/IA2, embryogenic calli; EM1/SI3, seeds at the beginning of ger-
mination; FB1/FB2/FB4, floral buds at different stages of flowering;
FR1/FR2, flower buds and fruits in different stages; FR4, fruits (Coffea
racemosa Lour.); CA1/IC1/PC1, non-embryogenic calli; LV4/LV5,
young leaves of orthotropic branches; RT8, cells in suspension with alu-
minum stress; SH2, field plants with stress from water deficit (tissue
pool). The figure was generated by the program TreeView.
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(2008b), in which the genotypes Jemalong 2HA andwild-type
Jemalong ofMedicago truncatulawere molecularly analyzed,
the first being a mutant 500 times more embryogenic than the
second (Rose et al. 1999). In addition, the genes of the ERF
subfamily are important in response to biotic and abiotic
stresses. Thus, exposure to jasmonic acid, salicylic acid, eth-
ylene, and abscisic acid implies the regulation of various plant
defense-signaling pathways (Bouaziz et al. 2015), and may
induce the process of somatic embryogenesis. The expression
of EST-contig6 in the library of the cell suspension treated
with acibenzolar-S-methyl and brassinosteroids (CB1) cor-
roborates data from the literature, since acibenzolar-S-methyl
is a pesticide that causes plant stress and brassinosteroid is a
plant hormone, forming the combination of stress and an im-
portant hormone for early embryogenesis (Rose and Nolan
2006).

Like EST-contig6, EST-contig9 was expressed in the pre-
viously mentioned tissues. However, its expression in hypo-
cotyls treated with acibenzolar-S-methyl (CL2) is relevant be-
cause the hypocotyl is a part of the stem of the embryo or
seedling and the SERF1 gene plays an important role in the
induction of embryo formation (Mantiri et al. 2008a; Mantiri

et al. 2008b), besides the ERF subfamily plays an important
role in plant growth and development. In addition, hypocotyls
were treated with acibenzolar-S-methyl, which is an exoge-
nous substance and causes a defense response in the plant,
such as the production of hormones. Kępczyńska et al.
(2009) found that the addition of exogenous substances, such
as abscisic acid, methyl jasmonate, and ethylene to culture
media, improved the quality of Medicago sativa embryos. In
the same work, these substances were related to the synthesis
of ethylene, which is a hormone related to the expression of
genes of the ERF subfamily.

In addition to the germinating seed library (whole seeds
and zygotic embryos; EM1, SI3), EST-contig27 was
expressed in cell suspension treated with acibenzolar-S-
methyl and brassinosteroids (CB1). This result corroborates
Mantiri et al. (2008b), who analyzed the expression of the
SERF1 gene in somatic and zygotic embryos and observed
that their expression in zygotic embryos was similar to the
pattern observed in somatic embryos.

Electronic Northern analysis allowed the identification of
three sequences, belonging to the ERF subfamily, EST-
contig6, EST-contig9, and EST-contig27, which may be

Figure 5. Profile of relative
quantitative expression by qPCR
of EST-contigs identified in
Coffea arabica L. Columns
represent the expression of gene
transcripts in different tissues of
coffee plants. (a) Quantitative
expression of EST-contig6. (b)
Quantitative expression of EST-
contig9. (c) Quantitative
expression of EST-contig27. All
gene transcripts were normalized
by the expression of multiple
reference genes (RPL39 and 24S).

COFFEE ETHYLENE RESPONSE FACTOR GENES SOMATIC EMBRYOGENESIS 137



related to the embryogenic process in Coffea arabica (Fig. 4).
The sequences obtained were submitted to gene expression
analysis by RT-qPCR (Fig. 5) in the tissues of embryogenic
calli, non-embryogenic calli, and cell suspension. This analy-
sis aimed to verify the relative expression levels of the three
sequences in the mentioned tissues in order to gauge and sug-
gest their influence on somatic embryogenesis.

RT-qPCR Analysis of Relative Expression The relative expres-
sion profiles obtained for the genes CaERF8, CaERF13, and
CaEFR12 were compared with that of the genes MtSERF1
(Mantiri et al. 2008b), GmSERF1, GmSERF2 (Zheng et al.
2013), and CaERF-like (Silva et al. 2015) due to the fact that
these genes are important in somatic embryogenesis and be-
long to the same subfamily. This comparison aimed to

indicate the relationship of the identified genes with the em-
bryogenic process, and to suggest possible molecular markers
of this process in coffee.

The expression profiles of CaERF8 and CaERF13 are im-
portant because they attest to the results obtained in the
Electronic Northern analysis, where the expression of these
sequences in embryogenic tissues was observed. In addition,
Mantiri et al. (2008b) evaluated the influence of ethylene on
somatic embryogenesis and analyzed a genotype with high
embryogenic capacity (Jemalong 2HA) and the wild-type
(Jemalong) of Medicago truncatula. These authors identified
the geneMtSERF1, the expression of which is induced by the
presence of ethylene and is essential for the development of
somatic embryogenesis. In the same study, the expression of
the MtSERF1 gene was verified in the two previously

Figure 6. Grouping motifs of putative Coffea arabica L. genes belonging to the ERF subfamily found in the CAFEST database. The identity levels
among the amino acid residues is represented by grayscale, where the black color indicates greater identity and the white color no identity levels.
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mentioned genotypes and a high expression was observed in
the highly embryogenic genotype, an observation not noticed
in the other genotype, thus confirming its importance in the
induction of embryo formation.

The expression levels ofCaEFR12were found to be higher
in embryogenic tissues. This result is interesting because, as
already mentioned, the SERF1 gene is essential for the devel-
opment of somatic embryogenesis (Mantiri et al. 2008b), and
so a high expression of the sequence in this tissue was expect-
ed, which was indeed observed. In soybean (Glycine max),
Zheng et al. (2013) identified orthologs of the SERF1 gene
that act together with the gene AGAMOUS-like15 in the in-
duction of somatic embryogensis. Analyzing the gene expres-
sion of the orthologs identified in soybean, this author obtain-
ed the greatest expression of this sequence in the tissue of
explants of immature cotyledons cultivated in culture medium
inducing somatic embryogenesis, thus confirming the impor-
tance of this gene in this process, besides corroborating the
result obtained for the CaEFR12 gene.

The only studies of the SERF1 gene available in the literature
(Mantiri et al. 2008a; Mantiri et al. 2008b; Zheng et al. 2013)
report it as a gene that acts directly on the process of somatic
embryogenesis, being highly expressed in embryogenic tissues
andwith low expression in non-embryogenic tissues. In addition,
Mantiri et al. (2008a) suggests that MtSERF1 shows biding sites
to the promoter region of theWUSCHEL (WUS) gene, possibly

acting in conjuction with this gene to regulate genes involved in
somatic embryogenesis onset. The SERF1 gene from Coffea
arabica was not identified in this study. Therefore, the compar-
ison of its expression with the one observed for Coffea arabica
WOX (WUSHEL-related HOMEOBOX) genes (Daude et al.
2020), which would show whether these genes act in a pattern
similar to one observed by Mantiri et al. (2008a), could not be
performed.

The expression profile obtained for the genes CaERF8,
CaERF13, and CaEFR12 attest to the results described in
the cited studies, indicating that these genes may be intrinsi-
cally linked to the mechanism of somatic embryogenesis in
coffee. In addition, the expression of the genes CaERF8 and
CaERF13 exclusively in embryogenic tissues is important, as
it suggests the potential use of these sequences as molecular
markers of somatic embryogenesis. Studies on genomic anal-
ysis during somatic embryogenesis in coffee have suggested
the identification and characterization of two molecular
markers of the embryogenic process: the genes somatic em-
bryogenesis receptor-like kinases (SERK1) and baby boom-
like (BBM; Silva et al. 2014, 2015).

The function of the gene SERK1 is correlated with the
activation of the embryogenic process in somatic or zygotic
cells through the identification of signaling molecules, in ad-
dition to its expression from the earliest stages of embryonic
development of the globular stage of the embryo (Schmidt

Figure 7. Grouping motifs of putative Coffea arabica L. genes belonging to the ERF subfamily found in the Phytozome database. The identity levels
among the amino acid residues is represented by grayscale, where the black color indicates greater identity and the white color no identity levels.
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et al. 1997; Ikeda et al. 2006). Based on their function, homo-
logs have been described in several species (Hecht et al. 2001;
Nolan et al. 2003; Yang et al. 2011; Ma et al. 2012). In
transcriptional analyses of SERK1 in Arabidopsis and coffee,
Hecht et al. (2001) and Silva et al. (2014) obtained high gene
expression in embryogenic tissues, if not observed for non-
embryogneic tissues, thus proposing its use as a marker of the
embryogenic process. However, even though it is a gene with
its highest expression in embryogenic tissues, the fact that it
has been expressed in non-embryogenic tissues could be a
hindrance to its application as a molecular marker, since this
may generate false positives.

Comparing the expression profile obtained for the genes
CaERF8 and CaERF13 with the gene SERK1, identified and
characterized in coffee as a molecular marker of somatic
embryogenesis, a great difference in expression profiles can
be observed. Expression of the gene CaSERK1 described by
Silva et al. (2014) in the suspension of embryogenic cell tissue
is approximately 10-fold lower when compared with the gene
CaERF8, and 6-fold lower for the gene CaERF13. A signifi-
cant difference in the expression level of these genes in em-
bryogenic calli tissue is also observed, with the genes
CaERF8 and CaERF13 being 7 and 14 times more expressed
than the CaSERK1 gene, respectively. This comparison is
important because it suggests that CaERF8 and CaERF13
are superior molecular markers than CaSERK1, since their
expressions in embryogenic tissues were superior. This result
is fundamental, as it can direct the study of these genes in
other species in order to evaluate the embryogenic capacity
of the species or material used.

In the work of Silva et al. (2015), the same evaluation of
the expression of the gene CaBBM in tissues similar to that
used in the present study obtained high expression in the em-
bryogenic tissues, and no expression in non-embryogenic tis-
sue. This expression profile resembles that obtained for the
genes CaERF8 and CaERF13, demonstrating the possibility
of using these as molecular markers since they belong to the
same superfamily (AP2/EREBP). However, an important fac-
tor in the selection of a marker gene is the function the gene
performs during the process, with BBM being related to cel-
lular proliferation and embryogenic processes (Passarinho
et al. 2008; El Ouakfaoui et al. 2010), while genes belonging
to the ERF subfamily are related to plant growth and devel-
opment, as well as responses to biotic and biotic stresses
(Bouaziz et al. 2015). Thus, the analysis of these factors is
important because, depending on the stage of tissue develop-
ment, they can directly influence the use of these genes as
molecular markers. The results obtained in the analysis of
the relative expressions of the genes CaERF8 and CaERF13
will enable future studies aimed at validating these genes as
molecular markers, as well as evaluating their relationship to
the regulation of somatic embryogenesis Coffea arabica.

Conclusion

The EST-contig6, 9, and 27 were found to correpond to
CaERF8, CaERF12, and CaERF13 genes from Coffea
arabica. The RT-qPCR analyses of relative expression of
the identified genes indicated that CaERF8, CaERF12, and
CaERF13 could be directly linked to somatic embryogenesis.
In addition, the expression levels ofCaERF8 andCaERF13 in
tissues of embryogenic callus cultures and embryogenic cell
suspensions indicate that they may be markers of somatic
embryogenesis in Arabic coffee.
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