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Abstract
Somatic embryogenesis is the regeneration of embryos from the somatic cell via dedifferentiation and redifferentiation 
without the occurrence of fertilization. A complex network of genes regulates the somatic embryogenesis process. Espe-
cially, microRNAs (miRNAs) have emerged as key regulators by affecting phytohormone biosynthesis, transport and signal 
transduction pathways. miRNAs are small, non-coding small RNA regulatory molecules involved in various developmental 
processes including somatic embryogenesis. Several types of miRNAs such as miR156, miR157, miR 159, miR 160, miR165, 
miR166, miR167, miR390, miR393 and miR396 have been reported to intricate in regulating somatic embryogenesis via 
targeting the phytohormone signaling pathways. Here we review current research progress on the miRNA-mediated regulation 
involved in somatic embryogenesis via regulating auxin, ethylene, abscisic acid and cytokinin signaling pathways. Further, 
we also discussed the possible role of other phytohormone signaling pathways such as gibberellins, jasmonates, nitric oxide, 
polyamines and brassinosteroids. Finally, we conclude by discussing the expression of miRNAs and their targets involved in 
somatic embryogenesis and possible regulatory mechanisms cross talk with phytohormones during somatic embryogenesis.
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Introduction

Plant embryogenesis is the regeneration of embryo, either 
by zygotic embryogenesis (zygote to embryo), or by somatic 
embryogenesis (somatic cell to embryo). The zygotic embry-
ogenesis occurs through fertilization of gametes; whereas 
somatic embryogenesis can be induced in vitro from the 
somatic cells of plants (Harada et al. 2010; Méndez-Hernán-
dez et al. 2019). However, the developmental and regulatory 
mechanisms are quite similar in both somatic and zygotic 
embryogenesis processes (Guan et  al. 2016). Somatic 
embryogenesis can be induced in two different ways, such 
as indirect (via an intermediate callus stage) and direct 
(without intermediate callus stage) embryogenesis. Somatic 
embryogenesis is a widely used biotechnological tool for 
propagation, transformation and germplasm conservation 

(Loyola-Vargas and Ochoa-Alejo 2016). In addition, somatic 
embryogenesis (SE) is also an ideal model to conduct the 
research at physiological, cellular, and molecular levels 
(Nic-Can et al. 2015). However, few bottlenecks including 
poor responsiveness and somatic mutations during the SE 
process hampered the propagation of many plant species. 
(Awada et al. 2020). Though some woody plants are recal-
citrant to SE, still it’s a promising technology for large scale 
propagation of important woody plants (Awada et al. 2020; 
Guan et al. 2016; Isah 2016).

Somatic embryogenesis is an apparent evidence of toti-
potency and induced by exogenous stimuli including stress 
(physical injury, low or high temperature, heavy metals, 
osmotic shock, drought or cold) (Ikeda-Iwai et al. 2003; 
Loyola-Vargas and Ochoa-Alejo 2016) or plant growth 
regulators (Wójcik et al. 2020). Auxin is the principle phy-
tohormone for the induction of SE in plants (Wójcik et al. 
2020). Other plant growth regulators including cytokinin, 
abscisic acid (ABA), gibberellin (GA), ethylene, jasmonates, 
polyamines and brassinosteroids also showed their efficacy 
in inducing SE in various plant species (Jiménez 2005; 
Yang and Zhang 2010). Somatic embryogenesis is regu-
lated by the complex network of genes (Gulzar et al. 2020; 
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Méndez-Hernández et al. 2019). The signal transduction 
genes such as somatic embryogenesis receptor-like kinase 
(SERK), calmodulin-like domain protein kinases (CPK) are 
essential for the induction of somatic embryogenesis (Davle-
tova et al. 2001; Schmidt et al. 1997). In addition, numerous 
studies demonstrated the role of transcription factors encod-
ing genes including LEAFY COTYLEDON (LEC1, LEC2, 
FUSCA3), ABAINSENSITIVE 3 (ABI3), AGAMOUS-LIKE 
15 (AGL15), BABY BOOM (BBM), WUSCHEL (WUS) in SE 
process of different species (Boutilier et al. 2002; Horstman 
et al. 2017; Lotan et al. 1998; Stone et al. 2008; Su et al. 
2009; Zheng and Perry 2013). Moreover, cell cycle regula-
tion and cell wall development genes such as CEM6, SEPR, 
AGPs also play an important roles during the developmental 
stages of somatic embryogenesis (Joshi and Kumar 2013). 
Recent studies indicated that various microRNAs (miRNA) 
also regulate transcription factors and phytohormone metab-
olism during plant somatic embryogenesis at the post-tran-
scriptional level (Siddiqui et al. 2019).

miRNAs are a class of endogenous non-coding small 
RNA molecules of 20–24 nt length and known to regu-
late gene expression at post-transcriptional levels through 
mRNA cleavage and/or translational repression of corre-
sponding target genes (Wang et al. 2019). Since the first 
discovery of plant miRNAs in Arabidopsis (Reinhart et al. 
2002), about 20,388 miRNA loci (MIRs) belonging to 5757 
families, 1365 clusters, 1668 syntenic blocks and 141,327 
predicted miRNA-target pairs in 88 species ranging from 
chlorophytes to angiosperms were recorded in PmiREN 
database (Guo et al. 2019). miRNAs play important roles 
in various biological processes including growth and devel-
opment, metabolism, abiotic and biotic stress responses in 
plants (Guo et al. 2019; Wang et al. 2019). Moreover, their 
prominent role in embryogenesis was revealed by mutat-
ing miRNA biogenesis associated gene i.e. Dicer-Like 1 
(DCL1). The DCL1 mutants of Arabidopsis plants showed 
impaired embryogenesis and development (Park et al. 2002). 
Further studies also revealed miRNAs roles in regulating 
the meristem development, cell proliferation and embryo-
genesis in plants (Long et al. 2018; Szczygiel-Sommer and 
Gaj 2019). In this review, we summarized the regulatory 
mechanisms of miRNAs during somatic embryogenesis of 
plants via targeting the phytohormone signaling pathways. 
Finally, we propose the future prospectives for dissecting 
functional roles of miRNAs in somatic embryogenesis.

miRNAs and target genes intricate in plant 
somatic embryogenesis

miRNAs were discovered in an invertebrate animal model 
Caenorhabditis elegans (Lee et  al. 1993). However, 16 
plant miRNAs and their functional role in developmental 

processes were first discovered in Arabidopsis (Reinhart 
et al. 2002). However, first Luo et al. (2006) reported the 
miRNAs that are associated with embryogenesis and post-
embryonic development in embryogenic callus of rice. 
With the advent of miRNA identification methods, various 
miRNAs associated with SE have been identified in various 
plants including rice, maize, lily, coconut, Arabidopsis, cot-
ton, citrus, longan, hybrid yellow popla, Japanese larch, and 
picea (Table 1).

miRNAs and their targets expression 
in embryogenic callus

Various miRNAs are known to play a vital role in regulating 
the transition from callus into SE. miR156 is one of the most 
conserved miRNAs family in plants that targets Squamosa 
Promoter Binding Protein-Like (SPL) transcription factors 
(Wang et al. 2009). In Arabidopsis, the MIRNA genes and 
mature miRNA of miR156a-h were up-regulated during the 
SE process (Szyrajew et al. 2017). However, the expres-
sion pattern of miR156 is varied from monocots to eudicots 
plants. In citrus, the expression of miR156 is significantly 
higher in embryogenic callus (EC) than non-embryogenic 
callus (NEC) (Wu et al. 2011). In coconut, the expression 
pattern of miR156 is significantly higher in NEC than in 
EC. miRNA targeted SPL is involved in the development of 
plant leaves, flowers, fruit, juvenile-to-adult phase transi-
tion, stress response and secondary metabolism (Cui et al. 
2014; Gou et al. 2011; Silva et al. 2014; Wang et al. 2009; 
Wu and Poethig 2006; Yu et al. 2015a, b). The expression 
of SPL transcription factors was principally reverse to that 
of miR156 expression in EC and NEC. The expression level 
of SPL2, -4, -5 were higher in NEC than in EC in citrus. 
miR156 could enhance the capability of SE induction from 
callus. The number of SEs formed in csi-miR156a overex-
pression lines and individual knock-down of the two tar-
get genes CsSPL3 and CsSPL14 was significantly higher 
than the controls (Long et al. 2018). The FUSCA3 (FUS3) 
is a B3 domain transcription factor that plays an impor-
tant role in the induction of SE in plants (Liu et al. 2018). 
The expression of CsFUS3 in csi-miR156a overexpression 
lines is significantly up-regulated throughout the SE induc-
tion process. miR157a is another member of miR156 and 
involved in the regulation of cellular dedifferentiation and 
callus proliferation. The SPL10 transcription factor is the 
target of miR157a. The transcript level of GhmiR157a was 
found to be higher in the early stage of callus initiation and 
NEC; and lower transcript abundances in EC and SE devel-
opment stage (Wang et al. 2018a). Moreover, callus prolif-
eration rate in GhSPL10 overexpression lines is significantly 
increased (Wang et al. 2018b). These results indicated that 
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miR156/157-SPLs might regulate the initial phases of SE 
induction.

miRNAs and phytohormone cross talk 
during somatic embryogenesis

Phytohormones such as auxin, cytokinin, ABA, gibberellin 
GA, ethylene and jasmonic acid play an essential role in 
inducing somatic embryogenesis of plants (Bhatia and Bera 
2015; Jiménez 2005; Ruduś et al. 2001; Vondrákova et al. 
2016). Among them, auxins are the most widely studied 
phytohormone for somatic embryogenesis induction (Nic-
Can and Loyola-Vargas 2016; Wójcik et al. 2020). The regu-
latory networks of auxin are operated by the three dynamic 
processes such as auxin biosynthesis and inactivation, auxin 
polar transport and auxin signal transduction. Signal trans-
duction pathway consists an array of transcriptional acti-
vation or repression of genes (Fukui and Hayashi 2018). 
Furthermore, several studies revealed the functional con-
nections between miRNAs and phytohormones cross talk in 
the development processes of plant SE. Especially miR160, 
miR166, miR167, miR390, miR393 are involved in the regu-
lation of auxin signaling during SE (Lin et al. 2015a, b;  

Wójcik and Gaj 2016; Wójcik et al. 2017). miR156/157 and 
miR159 are involved in the regulation of ethylene signaling 
(Wang et al. 2018a) and ABA signaling during SE, respec-
tively (Li et al. 2013).

Ethylene signaling and miRNA‑target genes

Ethylene plays important roles in SE induction and develop-
mental processes (Wang et al. 2018a). miR157 is involved 
in the biosynthesis of ethylene, flavonoid and signaling of 
ethylene. The GhSPL10 is the target of GhmiR157a. The 
ethylene signaling-related genes (ETR1, CTR1, EBF1/2 and 
ERF1/2), ethylene biosynthesis gene (ACOs) and flavonoid 
synthesis genes (CHS, CHI, and DFR) were significantly 
activated in GhSPL10 overexpression lines (Wang et al. 
2018a). Inhibition of ethylene biosynthesis by aminoeth-
oxyvinylgycine treatment in GhSPL10 overexpression lines 
completely inhibited callus initiation, whereas an expression 
of ethylene biosynthesis genes led to higher callus prolifera-
tion in wild type (Wang et al. 2018a). Increased expression 
of flavonoid biosynthesis-related genes also observed by 
1-aminocyclopropane carboxylic acid (ethylene biosynthesis 
precursor) treatment in wild type plants. miR157a negatively 

Table 1  List of miRNAs identified so far in various plants during somatic embryogenesis

Non-embryogenic callus (NEC), embryogenic callus (EC), incomplete pro-embryogenic culture (ICpEC), compact pro-embryogenic cultures 
(CpEC), globular embryo (GE), heart-shaped embryos (HE), torpedo shaped embryos (TE), cotyledonary embryos (CE), mature embryos (ME)

Different plant groups Species Developmental stage Methods References

Angiosperms Monocots Rice (Oryza sativa) undifferentiated calli,  
differentiated calli

Northern blot, NGS,  
qRT-PCR,

Luo et al. (2006)

Maize (Zea mays) EC NGS, Northern blot, NGS Chavez-Hernandez et al. 
(2015)

Lily (Lilium pumilum) NEC, EC, GE, TE, CE NGS, qRT-PCR Zhang et al. (2017), Yang 
et al. (2020)

Coconut (Cocos nucifera) NEC, EC Microarray, NGS Sabana et al. (2020, 2018)
Dicots Arabidopsis thaliana EC, SE NGS,qRT-PCR,  

Transformation
Szczygiel-Sommer and Gaj 

(2019), Szyrajew et al. 
(2017), Wójcik et al. 
(2017)

Cotton (Gossypium hir-
sutum)

EC NGS, qRT-PCR Yang et al. (2013), Arora 
et al. (2020)

Orange (Citrus sinensis) NEC, EC, GE, CE NGS, qRT-PCR,  
Transformation

Long et al. (2018), Wu et al. 
(2011, 2015)

Longan (Dimocarpus 
longan)

NEC, EC, ICpEC, CpEC, 
GE, HE, TE, CE, ME

NGS, qRT-PCR,  
Transformation

Lin and Lai 2013, Li et al. 
2015a, b), Xu et al. (2020), 
Zhang et al. (2020)

Hybrid yellow poplar (Liri-
odendron tulipifera)

pre-embryonic mass and 
SE at sequential  
developmental stages

NGS, microarray Li et al. (2012)

Gymnosperms Japanese Larch (Larix 
leptolepis)

EC, NEC Microarray, NGS,  
qRT-PCR

Zhang et al. (2010), Liu 
et al. (2016a), Li et al. 
(2014)

Picea balfouriana EC qRT-PCR Li et al. (2017, 2019)
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regulates its target SPL10 and resulted in callus induction 
by inducing ethylene responses, which further activate 
flavonoid biosynthesis to promote callus proliferation. It 
has revealed the miR157-SPL mediated regulation during 
somatic embryogenesis via modulating ethylene-mediated 
flavonoid biosynthesis.

ABA signaling and miRNA‑target genes

ABA known to act as a signal substance in stress-induced 
somatic embryogenesis in various plants (Nishiwaki et al. 
2000). ABA induces the accumulation of miR159 in Arabi-
dopsis plants and miR159 targets the cleavage of MYB101 
and MYB33 transcripts (Reyes and Chua 2007). The tran-
scription factors MYB101 and MYB33 acts as positive regu-
lators of ABA responses and are regulated by miR159 in 
ABA‐dependent manner (Millar and Gubler 2005; Reyes 
and Chua 2007; Tsuji et al. 2006). Expression analysis indi-
cated that miR159 plays an important role in the SE. For 
instance, miR159 showed a high accumulation in E4, GE 
and CE stage, while MYB showed negative expression pat-
terns (Li et al. 2013; Szyrajew et al. 2017; Wu et al. 2011; 
Zhang et al. 2012). The expression of miR159 in NEC is sig-
nificantly higher than EC in larch, longan and citrus plants 
(Wu et al. 2011; Xu et al. 2020; Zhang et al. 2010). These 
suggested that miR159-MYB regulates somatic embryogen-
esis via modulating the ABA signaling pathways.

Auxin signaling and miRNA‑target genes

miR160 and targets

The auxin signal transduction pathways are also regulated 
by miRNAs. The AUXIN RESPONSE FACTORS (ARFs) 
such as ARF10, ARF16, ARF17 are the targets of miRNA160 
(Liu et al. 2007; Mallory et al. 2005; Wang et al. 2005). 
miRNA160 is known to express in different developmen-
tal stages of somatic embryogenesis. miR160a of Longan 
plants was barely detectable during the early stages of SE, 
but highly expressed during the heart- and torpedo-shaped 
embryonic stages. Dlo-miR160a, -a* and -d* expression 
is significantly higher in torpedo-shaped embryos, globu-
lar embryos and cotyledonary embryos, respectively (Lin 
et al. 2015a, b). Loss-of- functional mutation of miR160a in 
Arabidopsis plants caused various embryonic developmental 
defects (Liu et al. 2010), suggesting the role of miR160 in 
embryo development. LEC2 is well known and an important 
regulator in inducing SE, via YUC -mediated auxin biosyn-
thesis (Stone et al. 2008). A negative feedback regulation 
exists between ARF10/ARF16 and LEC2 during somatic 
embryogenesis. The relative expression of LEC2 was 

increased in miR160, mARF16 (carry the miR160-resistant 
form of ARF16) and arf10arf16 mutant lines; and expres-
sion of ARF10 and ARF16 was also increased in LEC2 over-
expression lines (Wójcik et al. 2017). IAA-related indolic 
compound levels were significantly higher in the miR160b, 
miR160c insertion lines. Meanwhile, auxin biosynthesis 
genes (YUC2,YUC4, YUC10) and auxin-responsive genes 
(IAA1, IAA17 ACS4) were highly up-regulated in miR160b, 
miR160 and 35S:LEC2 lines (Stone et al. 2008; Wójcik 
et al. 2017). It has revealed that miR160-ARFs regulated SE 
induction through the LEC2-mediated auxin biosynthesis 
and signal transduction pathway.

miR165/166 and targets

In Arabidopsis, two copies of the MIR165 and six cop-
ies of the MIR166 genes produce the mature miR165 and 
miR166, varying by one nucleotide (Reinhart et al. 2002). 
The targets of miR166 belong to the class III HOMEO-
DOMAIN LEUCINE ZIPPER (HD-ZIP III) family such 
as PHABULOSA (PHB) and PHAVOLUTA  (PHV), genes 
that positively regulate the LEC2 (Liu et al. 2014; Wójcik 
et al. 2017). Various studies described the expression and 
role of miR166 in SE. The LaMIR166b transcript showed 
the highest level in mature somatic embryos and undetect-
able at the callus proliferation stage in Japanese Larch. The 
expression of PHB and PHV genes significantly increased at 
the early and late SE stages. During somatic embryogenesis 
in Japanese Larch, a positive feedback regulation has been 
found between PHB and PHV and LEC2 during somatic 
embryogenesis (Li et al. 2016). Accumulation of the PHB 
transcripts in the gain of-function phb1-d mutant and a 
STTM165/166 line (the target mimicry) led to the significant 
increase in LEC2 transcription; whereas overexpression of 
LEC2 significantly increased the level of the PHB and PHV 
transcripts during SE (Wójcik et al. 2017). PHB binds to 
the LEC2 promoter and activates its expression (Tang et al. 
2012). It clearly demonstrated that miR165/166 regulates 
SE induction through the LEC2-mediated auxin biosynthesis 
and signal transduction pathway.

miR167 and targets

Two auxin response factors ARF6 and ARF8 are the cleav-
age targets of miRNA167. The overexpression lines of 
MIR167a (a predicted miR167 precursor gene) mimicked 
the arf6arf8 double mutants in Arabidopsis (Su et  al. 
2016). In the early stage of somatic embryogenesis, the 
expression of miR167 was dramatically decreased within 
2 days during the culture of SE induction and was sig-
nificantly higher in NEC than EC (Sabana et al. 2020; 
Wu et al. 2011; Yang et al. 2013). In the late stage of SE 
development, the expression of miR167 was dramatically 
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increased. In citrus, the abundances of miR167 transcripts 
was increased continuously and reached the highest level 
at cotyledonary embryo (CE) stage (Wu et al. 2011), and 
a similar expression pattern was also reported in Japa-
nese larch (Zhang et al. 2012). Overexpression of miR167 
inhibited the SE formation (Su et al. 2016), and diminu-
tion of miR167 activity enhanced callogenesis and somatic 
embryogenesis (Arora et al. 2020). LEC2 is an important 
positive regulator in plant somatic embryogenesis, which 
promotes embryogenic induction in somatic tissues of 
Arabidopsis, via YUC -mediated auxin biosynthesis (Bar-
bara et al. 2013). The relative expression of LEC2 gene 
was up regulated in miR167-mimic transformed callus of 
cotton. Besides auxin biosynthesis, the auxin distribution 
was regulated by miR167. In wild-type callus, the spatial 
distribution of auxin response signals was restricted to 
future SE initiation sites; in contrast, distribution of auxin 
response signals in embryonic callus of the 35S:mi167c 
transgenic lines were broader and more disorganized. The 
expression of auxin transporter genes LAX3 (auxin influx 
carrier), PIN1 and PIN2 (auxin efflux carrier) was also sig-
nificantly increased in 35S-MIM167 callus in cotton (Su 
et al. 2016). These implied that the diminution of miR167 
activity enhanced somatic embryogenesis via LEC2-YUC 
-meditaed auxin biosynthesis and LAX3-PIN-mediated 
auxin transport.

miR390 and targets

The role of miR390 in somatic embryogenesis of plants was 
first demonstrated in Longan. The trans-acting short-inter-
fering RNAs (tasiRNAs) originated from TAS3 families via 
miR390 cleavage and targeted ARF3/-4 (Lin et al. 2015a, 
b). In longan, Pri-miR390 was highly expressed in friable-
embryogenic callus (EC), and less expressed in incomplete 
compact pro-embryogenic cultures, while miR390 showed 
its lowest expression in EC and highest expression in tor-
pedo-shaped embryos (TEs) (Lin and Lai 2013). The expres-
sion of miR390 in EC is significantly higher in EC compared 
to NEC stage in cotton (Yang et al. 2013). In Arabidop-
sis, the expression of miR390 is significantly higher in the 
early stages than the late stages (Szyrajew et al. 2017). The 
expression data analysis of miR390 in somatic embryo-
genesis indicated that miR390 is involved in the regulation 
of early stages of SE induction in plants. The DlTAS3 and 
DlARF4 exhibited lowest expressions in EC, and reached 
their peaks in the globular embryos stage, indicating their 
expression was inversely proportional to the expression of 
miR390, especially at the globular embryos to CEs stages. 
These observations suggesting that miR390 might involve 
in the SE induction via generating tasiARFs that repress 
ARFs transcripts.

miR393 and targets

miR393 is well known auxin-related miRNA and its tar-
gets were involved in the auxin signaling pathway. The 
F-box proteins TIR1, AFB1, AFB2, and AFB3 are recep-
tors for auxin (Dharmasiri et al. 2005; Kepinski and Leyser 
2005), are the targets of miR393 (Navarro et al. 2006). The 
expression of miR393 (including MIRNA gene and mature 
miRNA) is significantly higher at early stages of SE induc-
tion compared to later stages in Arabidopsis (Szyrajew et al. 
2017; Wójcik and Gaj 2016).The expression of TIR1 and 
AFB2 at an early stage of SE induction was significantly 
reduced and increased significantly at later stages of SE. In 
contrast, the expression of AFB1 was gradually increased 
during somatic embryogenesis stages. The expression of 
miR393 was opposite to TIR1 and AFB2 expression at the 
early stage of SE induction. The frequency of embryo-
genic explants and the average number of SEs were sig-
nificantly reduced in T-DNA insertion mutants (miR393a, 
miR393b, miR393a/miR393b) and overexpression lines 
(35S::MIR393a, 35S::MIR393b) (Wójcik and Gaj 2016), 
indicated that miR393 mediated regulation of SE. Explants 
treated with exogenous application of 5 μM of 2,4-D was 
found to be more effective for SE induction in Arabidopsis 
wild type plants (Col-0), whereas exogenous treatment of 
1 μM of 2,4-D on miR393 mutant lines showed the highest 
embryogenic response. Over-expression of MIR393 exhib-
ited a significantly reduced sensitivity to auxin treatment 
and their explants formed SE efficiently in the presence of 
30 μM of 2,4-D. miR393 might influence the embryogenic 
potential of explant cells via modulating the auxin signaling 
pathway and through the modification of a cell’s sensitivity 
to auxin. miR393-mediated regulation of TIR1 and AFB2 
during embryogenic transition induced through a modifica-
tion of the explant sensitivity to auxin treatment.

miR396 and targets

miR396 is known to cleave the target of GROWTH-REG-
ULATING FACTOR (GRF) transcription factors (Omid-
bakhshfard et al. 2015). In Arabidopsis, miR396 targets are 
GRF1, GRF4, GRF7, GRF8, and GRF9 (Jonesrhoades and 
Bartel 2004; Rodriguez et al. 2010). Further studies revealed 
the role of miR396 its role in somatic embryogenesis. The 
expression of miR396 was significantly increased during the 
induction of SE (Szczygiel-Sommer and Gaj 2019; Szyrajew 
et al. 2017). Whereas, the expression of GRFs (GRF1-9) 
was significantly decreased in SE. Decreased SE response 
and increased sensitivity to auxin treatment was observed in 
T-DNA insertion mutants (mir396a and mir396b), whereas, 
increased SE response and decreased sensitivity to auxin 
treatment was observed in 35S:MIR396b lines, compared to 
the WT plants. These indicated that miR396 may contribute 
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to SE induction via an auxin-related pathway. Compared to 
the WT, the content of the IAA in mir396a and mir396b 
mutants was found to be 1.85- and 1.50-fold level increase, 
whereas the content of IAA was decreased by two-fold in the 
35S:MIR396b lines. The expression of YUC1 and YUC2 was 
substantially up- and down-regulated in mir396 mutants and 
35S:MIR396b expressing lines, during SE in Arabidopsis. 
PLETHORA genes (BBM and PLT2) are well-known can-
didates in triggering SE through the direct transcriptional 
regulation of the LEC1-ABI3-FUS3-LEC2 network that 
controls embryo identity (Horstman et al. 2017). Moreover, 
the expression of PLT1 and PLT2 was positively correlated 
with the expression of miR396. The expression of miR396 
significantly reduced in ptl2 mutant lines and significantly 
increased in 35S:PLT:GRF lines. Its clearly demonstrated 
the miR396-mediated regulation of GRFs-PLT during 
somatic embryogenesis through a modification of the bio-
synthesis of auxin and also with exogenous sensitivity to 
auxin.

Cytokinin signaling and miRNA‑target genes

Cytokinin signaling is also involved in the regulation of 
somatic embryogenesis (Ikeuchi et al. 2016). Cytokinins 
usually interacts with auxin to regulate callus initiation (Per-
ianez-Rodriguez et al., 2014; Liu et al. 2016b). Cytokinin 
signaling type-A genes including Arabidopsis Response 
Regulator7 (ARR7) and ARR15 are negative regulators of 
cytokinin signaling (Buechel et al. 2010). Moreover, auxin 
response factor 10 (ARF10) down-regulates ARR15 via 
direct binding to the promoter region of ARR15 and modu-
lates the cytokinin response (Liu et al. 2016b). The number 
of calli in Pro35S:miR160c and afr10afr16 double mutant 
lines are significantly lower than wild type. These results 
indicated that miR160 represses the callus initiation and 
formation by enhancing ARR15 expression.

Role of other phytohormones (Gibberellins, 
Jasmonates, Nitric oxide, Polyamines 
and Brassinosteroids) signaling and somatic 
embryogenesis

Gibberellins are also involved in the regulation of somatic 
embryogenesis in various plant species. In coconut, phyto-
hormone gibberellin increases the formation of a number 
of calli that converts to somatic embryos (Montero-Córtes 
et al. 2010). In Medicago truncatula, gibberellin acts syn-
ergistically with abscisic acid and increases the induction 
of somatic embryogenesis (Nolan et al. 2014). However, 
till date the interaction between miRNA and gibberellins 
is mainly focused on flowering regulation and seed dor-
mancy (Silva et al. 2019; Miao et al. 2019), and none of the 

reports have been published yet for elucidating the cross 
talk between miRNAs and gibberelins signaling pathways 
during somatic embryogenesis. In addition, jasmonates 
and nitric oxide can also regulate somatic embryogenesis 
through modulating expression of MYC2 and JAZ1 (Mira 
et al. 2016). miR319 regulates JA biosynthesis through tar-
geting TCP transcription factors (Zhao et al. 2015; Schom-
mer et al. 2008). Till date, no studies have been reported for 
the interaction between miRNA and jasmonates signaling 
for regulating somatic embryogenesis in plants. Polyamines 
are also involved in the regulation of somatic embryogen-
esis (Wu et al. 2009; Cheng et al. 2016; Zhu et al. 2018). 
Polyamines and its metabolites induce the somatic embryos 
in upland cotton (Gossypium hirsutum L.) (Cheng et al. 
2015), and sugarcane (Reis et al. 2016). The exogenous 
spermidine treatment induces the miRNAs expression 
(Wang et al. 2018b) and miR396b can modulate ethylene-
polyamine homeostasis through regulating ACC Oxidase 
gene expression (Zhang et al. 2016). The mechanism of the 
interaction between miRNAs and polyamines to regulate 
somatic embryogenesis in plants remains to be elucidated. 
Brassinosteroids control the cell division, elongation and 
differentiation and are essential for plant growth develop-
ment. At present, there are few studies deciphered the cross 
talk between somatic embryogenesis and BR signaling path-
way. The BRI1 (brassinosteroids receptor) can interact with 
SERK3. miRNA is involved in the regulation of brassinos-
teroids signaling pathway. For example, miR172 increases 
the sensitivity to BR by affecting the Bak1-mediated BR 
pathway, and promote seedling hypocotyl elongation and 
root growth in Arabidopsis thaliana (Kim et al., 2014). Osa-
mir1848 regulated the synthesis of phytosterol and BR by 
splicing the target gene OsCYP51G3. The overexpression of 
Osa-mir1848 decreased the OsCYP51G3 expression resulted 
in some BR defect phenotypes, including plant dwarfism, 
erect leaves, semi-sterility of pollen grains, and short cell 
size (Xia et al., 2015). But the studies related to the inter-
action between miRNA and brassinolactone in regulating 
somatic embryogenesis in plants have not been reported yet.

Conclusion and future perspectives

As a negative regulatory factor, miRNAs play important 
roles in the development of plant SEs. There is an elemen-
tary understanding of the probable underlying mechanisms, 
such as regulation of auxin biosynthesis, transport and sign-
aling transduction; ethylene biosynthesis and transduction 
(Fig. 1). However, there are few studies on the isolation 
and identification and elucidation of miRNA roles in the 
development stages of plant SE. The role of miRNAs in the 
development of embryos has not been comprehensively and 
systematically studied. The expression of miRNAs and their 
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regulated target genes constitutes a relatively tight regulatory 
network, and the precise operation of this network ensures 
the normal operation of various physiological processes in 
plants. Therefore, to strengthen the research on the biologi-
cal functions of miRNA during the process of plant embryo 
development will be helpful for further understanding of 
miRNA mediated embryo development via phtohormone 
signaling cross talk. In the process of plant embryo devel-
opment, the mutual regulation of miRNAs and their down-
stream target genes are important factors in plant somatic 
embryogenesis.
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