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Abstract
Somatic embryogenesis (SE) is a process by which somatic cells reprogram, acquire totipotency and embark on embryo 
formation. Although SE is a valuable tool for micropropagation in many crops, it presents specific challenges in woody 
species due to some bottlenecks, such as loss of embryogenic competence during subcultures and the often-low somatic 
embryo conversion into plantlets. Hence, great interest exists in exploring the regulatory networks involved on SE. As 
transcription modulators, long non-coding RNAs (lncRNAs) have been found essential in a wide range of biological 
processes. This work aimed to identify lncRNAs related to the embryogenic competence in Solanum betaceum Cav. 
(tamarillo). Nanopore® long-read sequencing was conducted in cell lines with distinct cell fates and, based on their cod‑
ing potential, 60 transcripts were selected as lncRNA candidates. Similar expression patterns were found among embryo‑
genic cell lines (EC) and cells that lost their embryogenic potential (herein long-term callus, LTC), whereas non-EC 
(NEC) showed differentially expressed lncRNAs. Whereas lncRNAs upregulated in EC and LTC were predicted to target 
embryogenesis-related genes, such as AGAMOUS-like 15 and WUSCHEL-related HOMEOBOX 2, lncRNAs upregulated 
in NEC were predicted to target mainly genes involved in carbohydrate metabolism, cell wall formation, auxin and eth‑
ylene signalling pathways. Altogether, these results show the involvement of lncRNA in the process of somatic embryo‑
genesis in S. betaceum, indicating that EC present a pattern of lncRNA expression that suggests its action on genes that 
directly modulate the morphogenic response in vitro, while in NEC the modulation through this type of RNAs seems to 
be predominantly reflected in genes more related to cellular physiology.

Key message
LncRNAs upregulated in EC/LTC were predicted to target embryogenesis-related genes, while lncRNAs upregulated in 
NEC were predicted to target genes involved in auxin and ethylene signalling and carbohydrate metabolism.
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Introduction

Long non-coding RNAs (lncRNAs) originate from a large 
part of the eukaryotic genome that is transcribed into RNA 
but not translated into proteins (Rai et al. 2019). These 
transcripts have been defined as longer than 200 base pairs 
(bp) and have a broad range of lengths and structures (Yu 
et al. 2019). Like mRNAs, most lncRNAs are transcribed 
by RNA polymerase II (Pol II) and are characterized by a 
5’ cap and a 3’ poly(A) tail (Wierzbicki et al. 2021). Other 
three plant RNA polymerases are also involved in lncRNA 
transcription (Waititu et al. 2020), but they lack the poly(A) 
tail (Zhang et al. 2014; Budak et al. 2020). LncRNAs can be 
linear or circular and classified in different ways as intronic 
(incRNAs, on the intron) or intergenic (lincRNAs, between 
genes) according to genomic location, sense (same strand) 
or antisense (lncNATs, opposite strand) according to the 
strand of origin in relation to exons, and also, as enhancer 
lncRNAs, when emerging from an enhancer region of 
protein-coding genes (Rai et al. 2019; Budak et al. 2020; 
Waititu et al. 2020).

Besides being poorly conserved among the plant king‑
dom (see Palos et al. (2023), lncRNAs have a tissue-specific 
expression with spatiotemporal patterns of distribution (Yu 
et al. 2019). These ncRNAs modulate the expression of tar‑
get genes, near the location where they were transcribed (cis-
acting) or away from their synthesis site (trans-acting; Lee 
2012), by chromatin remodelling, RNA splicing regulation, 

transcriptional activation or repression or miRNA-target 
mimicry (Waititu et al. 2020; Wierzbicki et al. 2021).

Although over 1.2 million of lncRNAs have been anno‑
tated across 80 plant species (Jin et al. 2021), their functional 
characterization is limited due to several reasons. Firstly, 
plant lncRNAs have a lower degree of sequence conserva‑
tion, even in closely related species, and most of them were 
found genus/species-specific (Zhu et al. 2022). Thus, infer‑
ring functions based on sequence similarity is challenging. 
Secondly, lncRNAs have tissue-specific expression pat‑
terns in plants (Yu et al. 2019), which makes the study of 
their functions difficult while highlighting the importance 
of understanding their role in developmental processes. In 
addition, lncRNAs are generally lowly expressed, mak‑
ing their detection and study difficult (Palos et al. 2023). 
Furthermore, lncRNAs represent a heterogeneous class of 
ncRNAs, with complex and varied structures and mecha‑
nisms of action (Lucero et al. 2020). The high complexity 
of these molecules leads to the need for new experimental 
approaches for the functional characterization of lncRNAs. 
Therefore, the development of new technologies is impera‑
tive to better understand the molecular mechanisms of 
lncRNAs in developmental functions.

In plants, lncRNAs have been increasingly recognized 
as relevant players of gene regulatory networks, mainly 
in developmental and stress mechanisms (Yu et al. 2019; 
Wu et al. 2020b). Recently, the emerging role of these and 
other ncRNAs in plant cell reprogramming and in vitro 

Graphical Abstract

Keywords  Auxin · Carbohydrate metabolism · Ethylene · Long-reads · Networks · Woody species

1 3

67  Page 2 of 19



Plant Cell, Tissue and Organ Culture (PCTOC) (2024) 157:67

regeneration was highlighted (Alves et al. 2021; Cordeiro et 
al. 2022; Bravo-Vázquez et al. 2023). Although the lncRNA 
research field is still in its infancy, some lncRNAs have been 
recently identified as involved in plant somatic cell repro‑
gramming towards regeneration in Dimocarpus longan 
Lour. (longan, Chen et al. 2018), Picea glauca (Moench) 
Voss (white spruce, Gao et al. 2022), Oryza sativa L. (rice, 
Zhang et al. 2022) and Allium sativum L. (garlic, Bai et 
al. 2023). Even though, the regulatory role of lncRNAs 
in plant morphogenesis, such as somatic embryogenesis 
(SE), a stress-induced process in which somatic cells repro‑
gram and develop into somatic embryos, remains vague. 
In longan, differentially expressed lncRNAs during SE 
were analysed, showing to be involved in the regulation of 
gene expression with fundamental regulatory roles in plant 
embryogenesis, such as five lncRNAs (LTCONS-00006334, 
LTCONS-00008111, LTCONS-00025525, 
LTCONS-00030223 and LTCONS-00055024) target‑
ing genes related to auxin response factors (Chen et al. 
2018). Likewise, three lncRNAs (MSTRG.33602.1, 
MSTRG.505746.1 and MSTRG.1070680.1) were pointed 
out as involved in auxin signal transduction and somatic 
embryo development in white spruce (Gao et al. 2022). In 
rice, OsCHENAT1709 and OsCHELIN2084, two members 
of a subclass of lncRNAs (the nuclear chromatin-enriched 
lncRNAs, cheRNAs), were found positively and negatively 
involved in cell dedifferentiation, respectively (Zhang et al. 
2022). However, to date, there has been no analysis of the 
lncRNA regulation of the acquisition, expression and main‑
tenance of the embryogenic competence in plant cells of 
woody species.

Solanum betaceum Cav., commonly known as tamarillo 
or tree tomato, is a species native to the Andean region 
(Acosta-Quezada et al. 2015). It bears egg-shaped fruits, 
with colour ranging from yellow to deep red and a distinc‑
tive tart flavour (sweet and acidic). Due to the high content 
of dietary fiber, vitamins, potassium and iron, and low con‑
tent in calories and fat of its fruits, the economic importance 
of tamarillo has been increasing in the fresh fruit market 
and food processing industry (Ramírez and Kallarackal 
2019). Besides being a non-sequenced species, this diploid 
(2n = 2x = 24) solanaceous (Pringle and Murray 1992) has 
been extensively used as an experimental model system for 
investigating regulatory aspects involved on indirect SE 
induction in woody species (Correia et al. 2011, 2012a, 2019; 
Correia and Canhoto 2012; Alves et al. 2017; Cordeiro et al. 
2023a, b; Caeiro et al. 2022) including by the generation of 
proteomics data (Correia et al. 2012b) and gene expression 
analysis studies (Cordeiro et al. 2020). In S. betaceum, SE is 
efficiently induced through a well-described two-step proto‑
col (Correia and Canhoto 2018), in which, during the induc‑
tion phase, two types of calli composed of cell populations 

with distinct cell fates but the same genetic background are 
formed. While embryogenic callus (EC) can proliferate and, 
in specific conditions, develop embryos, non-EC (NEC) can 
only proliferate without showing any embryogenic aptitude. 
Although both calli can be maintained through subcultures 
for several years, the embryogenic potential of EC decreases 
with successive subcultures, becoming unable to develop 
somatic embryos (herein termed long-term callus, Currais et 
al. 2013). Thus, in S. betaceum it is possible to have distinct 
SE-induced cell lines with the same genetic background, but 
different morphogenic competencies. Transcriptome and 
epitranscriptome analysis of these cell lines are important 
tools to unveil the molecular mechanisms underlying plant 
totipotency and especially factors controlling the embryo‑
genic competence acquisition, expression, and maintenance 
in woody dicot species. Accordingly, deeper knowledge of 
the gene expression regulation by lncRNAs would enable 
further modulation of key mechanisms essential for SE 
achievement and/or improvement. For instance, overcom‑
ing the recalcitrance of some crops to SE induction, enhanc‑
ing the embryogenicity of the explants and/or increasing 
the stability of the embryogenic competence for continued 
somatic embryo development would empower such tech‑
niques with vast biotechnology applications, including 
clonal propagation, germplasm conservation, regeneration 
of genetically modified plants and embryology fundamental 
research (Corredoira et al. 2019).

The present study aimed to identify lncRNAs with 
presumable regulatory roles in gene regulatory networks 
involved in the embryogenic competence in S. betaceum SE-
induced cell lines. A high-throughput sequencing approach 
was carried out using Oxford Nanopore Technologies® 
(ONT). This technology allows for long-read sequencing 
(> 4  Mb in a single read), which has been highlighted as 
the Method of the Year 2022 by Nature (Marx 2023), due 
to its high potential in the detection of complete full-length 
transcripts (Wang et al. 2021). Accordingly, a more com‑
plete reading of genomic information is achieved, which is 
extremely important for overcoming the difficult assembly 
in non-sequenced species, such as S. betaceum. Our findings 
shed light on the roles of several differentially expressed 
lncRNAs in cells with different embryogenic competencies 
and expand our knowledge of the molecular mechanisms 
underlying SE induction.

Materials and methods

Plant material, libraries preparation and sequencing

Proliferating S. betaceum cell lines with distinct embryo‑
genic competencies were used in this assay, namely 
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transcripts. Transcripts were validated against known ref‑
erence transcript annotations with the gffcompare program 
(https://ccb.jhu.edu/software/stringtie/gffcompare.shtml; 
Pertea et al. 2015; Pertea and Pertea 2020).

LncRNA prediction

Transcripts with more than 200 nt in length and having 
more than two exons were selected as lncRNA candidates. 
Four computational approaches, including CPC (Kong 
et al. 2007), CNCI (Sun et al. 2013), CPAT (Wang et al. 
2013) and Pfam (Finn et al. 2016), were combined to sort 
ncRNA candidates from putative protein-coding RNAs in 
the transcripts. Full-length reads were then mapped back 
to the reference genome, and quantification was performed 
by featureCounts (Liao et al. 2014). Inter-sample differen‑
tial expression analysis of lncRNAs was performed using 
the DESeq2 R package (Love et al. 2014). The resulting 
P values were adjusted for controlling the false discov‑
ery rate (Benjamini and Hochberg 1995). Genes with a P 
value < 0.05 and fold change ≥ 1.5 found by DESeq2 were 
assigned as differentially expressed.

LncRNA-target gene prediction and annotation

The protein-coding genes near the genomic location of 
lncRNA transcripts/isoforms (within 100 kb upstream and 
downstream) were screened out as potential cis-regulatory 
targets. This search was performed using the window func‑
tion in BEDTools software (Quinlan and Hall 2010). To 
identify lncRNA as trans-target genes, the Spearman cor‑
relation coefficient (PCC) between lncRNAs and mRNA 
was calculated (r ≥ 0.9 and P < 0.05). Gene function was 
annotated based on the following databases: COG/EggNOG 
(Clusters of Orthologous Groups of Proteins/Evolutionary 
Genealogy of Genes: Non-supervised Orthologous Groups; 
Huerta-Cepas et al. 2019), Pfam (Protein family), Swiss-
Prot (Bairoch and Apweiler 1999), GO (Gene Ontology; 
Ashburner et al. 2000) and KEGG (Kyoto Encyclopedia of 
Genes and Genomes; Kanehisa et al. 2012).

Results

Callus cultures and morphology

Three S. betaceum cell lines with distinct embryogenic 
competencies were used (Fig. 1). Despite having a similar 
genetic background, given that they were all induced from 
the red tamarillo cultivar, these calli have distinct morphol‑
ogies and morphogenic competencies. NEC (10 years old; 
Fig.  1a) is a yellowish, friable and mucilaginous mass of 

2-year-old EC, 10-year-old NEC and 8-year-old LTC. These 
calli were induced, from leaf explants of in vitro proliferat‑
ing shoots (the same individual explant-donor in the case of 
NEC and LTC), and maintained in Murashige and Skoog 
medium (Murashige and Skoog 1962; Duchefa Biochemie, 
Haarlem, The Netherlands), supplemented with 20 µM 
picloram (Sigma-Aldrich®, Missouri, USA) plus 9% (w/v) 
sucrose and semi-solidified with 0.25% (w/v) Phytagel™ 
(Sigma-Aldrich®) at pH 5.7, at 24 ± 1 °C under dark con‑
ditions, by monthly subculture, following the methodology 
previously described (Correia and Canhoto 2018).

Barcoded cDNA libraries (3 per cell line) were prepared 
and sequenced following the methodology described in 
Cordeiro et al. (2023b). Briefly, poly(A) RNA was puri‑
fied from callus samples (100  mg) from different plates, 
using Dynabeads™ mRNA DIRECT™ Kit (Invitrogen™, 
Thermo Fisher Scientific, Massachusetts, USA, Cat. No. 
61,011). Barcoded cDNA libraries were prepared using the 
Direct cDNA Sequencing Kit (ONT, Oxford, UK, Cat. No. 
SQK-DCS109) with Native Barcoding Expansion 1–12 
(ONT, Cat. No. EXP-NBD104). Sequencing was carried 
out using MinION (ONT, MK1C), MinKnow (ONT, ver‑
sion 21.10.8) and flow cell R9.4.1 (ONT, Cat. No. FLO-
MIN106). The datasets generated by ONT sequencing, 
using MinION, were deposited in the National Centre for 
Biotechnology Information (NCBI) repository, under Bio‑
Project ID PRJNA892465. From this BioProject, acces‑
sions SRR21981148, SRR21981149, SRR21981151, 
SRR21981152, SRR21981153, SRR21981155, 
SRR21981157, SRR21981158 and SRR21981159 were 
used for further analysis.

Bioinformatic data analysis

Data quality was assessed by FastQC (version 0.11.9; 
Andrews 2010) and a graph showing the Phred quality 
score per base sequence for all libraries was created using 
the MultiQC tool (Ewels et al. 2016). Raw reads were 
first filtered with a minimum read quality score of 8 and a 
minimum read length of 500 bp. Full-length, non-chimeric 
(FLNC) transcripts were determined by searching for prim‑
ers at both ends of reads. Clusters of FLNC transcripts were 
obtained after mapping to the reference tomato (Solanum 
lycopersicum) genome at NCBI (GCF_000188115.5, anno‑
tation release 103) using minimap2 software (Li 2018), and 
consensus isoforms were obtained after polishing within 
each cluster by pinfish (https://github.com/nanoporetech/
pinfish). Consensus sequences were mapped again to the 
reference genome using minimap2. Mapped reads were fur‑
ther collapsed by the cDNA_Cupcake package with a mini‑
mum coverage of 85% and a minimum identity of 90%. 5’ 
difference was not considered when collapsing redundant 
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S2). From the other lncRNAs identified, 36 were detected 
in the three callus lines, whereas three were only found in 
two of them: TCONS_00000089 was shared among LTC 
and NEC, TCONS_00000158 was shared among EC and 
NEC, while TCONS_00000232 was shared among EC and 
LTC (Fig. 2b). The length of these lncRNAs was analysed 
and the results showed that 19 lncRNAs were 200–500 bp 
in length, 13 were 500–1000  bp, 6 were 1000–2000  bp 
and only one lncRNA was longer than 3000  bp in length 
(Fig. 2c).

Differential expressed lncRNAs

An inter-sample differential expression analysis of lncRNAs 
was performed (Fig. 3). While NEC vs. EC (Fig. 3a) and 
LTC vs. NEC (Fig.  3b) showed a similar number of sig‑
nificant differentially expressed lncRNAs, no significant 
differences were found between LTC and EC (Fig.  3c). 
In total, 15 and 17 lncRNAs were significantly differen‑
tially expressed in NEC vs. EC and LTC vs. NEC, respec‑
tively (Figs. 3d and 4a; Table S3). Compared with NEC, 5 
lncRNAs were up-regulated in EC and the other 10 were 
down-regulated (Fig.  4b), whereas in LTC 6 lncRNAs 
were up-regulated and the other 11 were down-regulated 
(Fig. 4c). TCONS_00000218, 246, 483, 488 and 511 were 
all more expressed in EC and LTC than in NEC (Tables S2 
and S3). By contrast, TCONS_00000050, 58, 157, 158, 203, 
309, 360, 410, 482 and 526 were all more expressed in NEC 
than in EC and LTC (Tables S2 and S3). Therefore, the first 
lncRNAs group might be positively involved in the acquisi‑
tion of embryogenic competence, whereas the second might 
be considered negative regulators. Despite no expression 
differences in NEC vs. EC, TCONS_00000491 was more 
expressed in NEC than in LTC, while TCONS_00000460 
was specifically more expressed in LTC than in NEC (Table 
S2). Although TCONS_00000089 was only shared among 

undifferentiated cells with no embryogenic ability but with 
high proliferation capacity. In turn, EC (2 years old; Fig. 1b) 
is formed by whiter and more compact globular clusters, 
able to develop somatic embryos when transferred to an 
auxin-free medium (60 ± 18 somatic embryos in average 
per each 100 mg of callus). LTC (8 years old; Fig. 1c) was 
an EC forming somatic embryos, that with the subsequent 
long-term subcultures (after the third year) became unable 
to develop viable mature somatic embryos. Despite the loss 
of the embryogenic potential, cells continued to divide and 
proliferate, even at a higher proliferation rate.

Sequencing and identification of lncRNAs

To investigate the regulatory roles of lncRNAs associated 
to embryogenic competence, three barcoded cDNA libraries 
from the three S. betaceum cell lines were sequenced using 
ONT®. In the total nine libraries, 2.02 M raw reads were 
generated (Table S1), with an estimated average read length 
of N50 ~ 1.2 kb (Fig. S1) and a mean quality score over 15 
(Fig. S1). An average of 305 thousand raw sequences were 
obtained per sample in the EC replicates, while an aver‑
age of 199 and 168 thousand were obtained in the LTC and 
NEC, respectively.

Since the genome of S. betaceum has not yet been 
sequenced, full-length reads were mapped to the S. lyco-
persicum reference genome (GCF_000188115.5). Then, 
a combination of CPC, CNCI, CPAT and Pfam methods 
was used to sort the lncRNA candidates from the putative 
protein-coding RNAs across the transcripts, based on their 
coding potential. A total of 29,997 gene transcripts were 
detected and 60 lncRNA transcripts were predicted by all 
four methods (Fig. 2a, Table S2). However, quantification 
of transcript expression levels revealed a residual expres‑
sion of some sequences, with 21 lncRNAs showing 0 frag‑
ments per kilobase million (FPKM) in all replicates (Table 

Fig. 1  S. betaceum cell lines subcultured in the proliferation medium and sampled for lncRNAseq. a Non-embryogenic callus. b Embryogenic 
callus. c Long-term callus. Bars:1 mm
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trans-regulation, respectively. The top five function classes 
of matched genes commonly found in cis and trans-reg‑
ulation included: posttranslational modifications, pro‑
tein turnover and chaperones, carbohydrate transport and 
metabolism, secondary metabolites biosynthesis, transport 
and catabolism, signal transduction mechanisms and tran‑
scription (Fig. 5).

From the GO analysis, a similar number of predicted tar‑
get genes were found for the differently expressed lncRNAs 
in NEC vs. EC and LTC vs. NEC (Table S4). In a total of 
40 predicted target genes in cis, the most enriched genes, in 
general, were related to biological processes, mainly cata‑
bolic processes, and the highest percentage of genes were 
osmotic stress related (Fig. S3). In turn, from the 356 pre‑
dicted target genes in trans, the most enriched genes were 
related with the structure/function of cellular components, 
mainly related to the cell wall and external encapsulating 
structure, with the highest percentage of genes attributed to 
vacuole functions.

According to KEGG pathway annotation, 13 of the 40 
cis-targeted genes (Table S4) were more related to car‑
bohydrate metabolism (Fig.  6). From the 751 trans-tar‑
geted genes, 220 were related to signal transduction and 
140 genes were also related to carbohydrate metabolism 
(Fig.  6). For instance, FRUCTOKINASE (FRK2), GLU-
COSE-6-PHOSPHATE 1-DEHYDROGENASE (G6PD) 
and LOC101268695, coding for beta-fructofuranosidase, 
insoluble isoenzyme CWINV3-like, were found as target 
genes of TCONS_00000058 and 158, TCONS_00000050 

LTC and NEC, there were neither significant differences in 
its expression between these two callus lines nor between 
them and EC. In the same way, TCONS_00000232 was 
only expressed in EC and LTC but there were neither signif‑
icant differences in its expression between these two group 
samples nor between them and NEC.

LncRNA target prediction and functional annotation

LncRNAs are known regulators of protein-coding genes 
that lie near their genomic locations. The target genes of 
the differentially expressed lncRNAs, among S. betaceum 
SE-induced cell lines, were predicted according to their 
regulatory potential. From the 17 differentially expressed 
lncRNAs found in this work, all were predicted to target 
protein-coding genes in cis, with a total of 167 cis-regu‑
lated target genes (Table S4). In trans-regulation, no pre‑
dicted target genes were found for TCONS_00000460 and 
488, whereas the other lncRNAs were predicted to target 
1573 genes in total (Table S4). The putative function of 
these genes was annotated based on COG/EggNOG, Pfam, 
Swiss-Prot, GO and KEGG databases for each group (NEC 
vs. EC and LTC vs. NEC).

According to the COG method and for both groups, 97 
genes were predicted to be targeted by lncRNAs in cis- 
and 745 in trans-regulation (Table S4). From them, 35 and 
256 were from function unknown, respectively (Fig.  5). 
The other target genes were enriched in several pathways; 
for instance, 15 and 22 pathways were found in cis- and 

Fig. 2  a Combination of CPC, CNCI, CPAT and Pfam methods to sort 
the lncRNA candidates based on their coding potential. b Number of 
lncRNAs expressed in all samples (EC - embryogenic callus, LTC – 

long-term callus, NEC – non-EC) and tissue-specifically expressed 
lncRNAs. c LncRNAs length distribution in bp
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Combining lncRNA target prediction analysis and the 
mRNA transcript profile, some genes involved in the reg‑
ulatory mechanisms described for plant regeneration pro‑
cesses were highlighted (Table 1). It was the case of two 
known key regulatory factors in plant embryogenesis were 
found among the predicted target genes: WUSCHEL-related 
HOMEOBOX 2 (WOX2) and AGAMOUS-like MADS-BOX 
PROTEIN 15 (AGL15). Like the lncRNAs, both genes were 

and 158, and TCONS_00000157, respectively (Table  1). 
Moreover, four genes related to sucrose metabolism and 
xyloglucan metabolism were also identified as lncRNA-
target genes. These carbohydrate metabolism-related genes, 
all trans-targeted by lncRNAs upregulated in NEC, were all 
also found more expressed in NEC, in the transcription data 
(Fig. 7).

Fig. 3  Inter-sample differential expression analysis of lncRNAs, in S. 
betaceum SE-induced cell lines (EC - embryogenic callus, LTC – long-
term callus, NEC – non-EC), using the DESeq2 R package and Ben‑

jamini and Hochberg (1995). a NEC vs. EC. b LTC vs. NEC. c LTC 
vs. EC. d Number of significantly differentially expressed lncRNAs (P 
value < 0.05 and fold change ≥ 1.5, see also Table S3)
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CARRIER COMPONENT 9 (PIN9). By contrast, ARF5 was 
found more expressed in EC and LTC.

Another group highly represented in the lncRNA target 
prediction includes genes related to ethylene biosynthesis 
and signalling pathways (Table 1; Fig. 7). All these target 
genes had higher expression levels in NEC compared to EC 
and LTC, thus suggesting a putative positive trans-regula‑
tion of these genes by lncRNAs also upregulated in NEC 
(Fig. 7). Contrary, targeted by a lncRNA more expressed in 
NEC, LOC101265054 showed a residual expression among 
the samples tested. Moreover, from the mRNA transcript 
profile, other ethylene-related genes were also found upreg‑
ulated in NEC. By contrast, ACO3 a gene involved on stress 
tolerance was found more expressed in EC and LTC.

found upregulated in EC and LTC (Fig.  7). By contrast, 
AGL80 revealed a residual expression in all samples tested 
and was found targeted by a lncRNA upregulated in NEC.

Additionally, several genes involved in the auxin sig‑
nalling pathway were identified as predicted target genes 
in trans-regulation, including members from AUXIN/
INDOLE-3-ACETIC ACID (AUX/IAA) and AUXIN-
RESPONSIVE GRETCHEN HAGEN3 (GH3) gene fami‑
lies (Table  1). All the auxin-related target genes, as well 
as their putative lncRNAs regulators, were found upregu‑
lated in NEC (Fig.  7). Other auxin-related genes were 
also found more expressed in NEC samples in the mRNA 
transcript profiling, including AUXIN RESPONSE FAC-
TOR 1 (ARF1), ARF6, ARF8-1, IAA8 and AUXIN EFFLUX 

Fig. 4  a Clustered heatmap, with the expression values of the differ‑
entially expressed lncRNAs, in S. betaceum SE-induced cell lines (EC 
- embryogenic callus, LTC – long-term callus, NEC – non-EC). b and 
c Volcano plots representing the Log2 fold change (Log2 FC, green 

dots), adjusted p-value (padj, blue dots) and padj and Log2 FC (red 
dots) against the corresponding – Log10 P-value of all differentially 
expressed lncRNAs for b) NEC vs. EC and c) LTC vs. NEC
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predicted to be targeted by TCONS_00000157 and 158. In 
this case, both the lncRNAs and the target gene were found 
upregulated in NEC.

No SOMATIC EMBRYOGENESIS RECEPTOR KINASE 
(SERK) gene was predicted as a target gene of the differen‑
tially expressed lncRNAs. Nevertheless, from the transcripts 
data, SERK1 and SERK3B were found more expressed in 
NEC than in EC and LTC (Fig. 7).

Discussion

Recently, lncRNAs were pointed out as key players in the 
regulation of cell differentiation and development in both 
plants and animals (see Mattick et al. 2023). In plants, these 
ncRNAs are involved in gene regulatory networks in a wide 
range of biological processes in plant reproductive devel‑
opment, such as floral organs development and transition 
from the vegetative to the generative stage, flowering, and 
responses to abiotic and biotic stresses (Budak et al. 2020; 
Chen et al. 2020).

Besides the genes above mentioned targeted by 
TCONS_00000410, a lncRNA more expressed in NEC, 
another four genes were also highlighted (Table 1). While 
FERTILIZATION-INDEPENDENT ENDOSPERM PRO-
TEIN (FIE) and LOC101243931 (coding for SUVH1) had 
higher expression levels in LTC and NEC, the late EMBRYO-
GENESIS ABUNDANT PROTEINS (LEA 31-like and LEA 
D-34-like) genes were found more expressed in EC and 
LTC. Similarly, another LEA gene (LOC100750252) was 
found highly expressed in EC and LTC, in the mRNA tran‑
script profile, whereas LEA14 was found more expressed in 
NEC (Fig. 7).

Other target genes probably involved in the regula‑
tion of the embryogenic competence were also predicted 
to be targeted by lncRNAs upregulated in NEC (Table 1), 
specifically LOC101251419, LOC101262198 and 
LOC101244423. In addition, LOC101251256, coding for 
an abscisic acid receptor PYL8, and LOC101256079, cod‑
ing for histone deacetylase 5, were identified as target genes 
of TCONS_00000158. These trans-regulated genes were 
all also found more expressed in NEC. In cis-regulation, 
LOC101263700, coding for transcription factor VIP1, was 

Fig. 5  Clusters of orthologous groups of proteins (COG) analysis of the lncRNAs predicted target genes in cis and trans-regulation
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Fig. 6  KEGG pathway annotation of the lncRNAs predicted target genes in cis- and trans-regulation
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Table 1  Some of the predicted target genes of the differentially expressed lncRNAs found among SE-induced cell lines
LncRNA ID Predicted-Target Gene

trans-regulation1 cis-regulation1

Upregulated in EC and LTC
TCONS_00000218 WUSCHEL-related HOMEOBOX 2 (WOX2)
TCONS_00000483
TCONS_00000511
TCONS_00000483 AGAMOUS-like 15 (AGL15)
TCONS_00000511
Upregulated in NEC
TCONS_00000050 AUXIN-RESPONSIVE GRETCHEN HAGEN3-3 (GH3-3)

ETHYLENE RESPONSE FACTOR 2 (ERF2)
TCONS_00000050 GLUCOSE-6-PHOSPHATE 1-DEHYDROGENASE (G6PD)
TCONS_00000158 LOC101258429, coding for auxin repressed/dormancy associated protein
TCONS_00000050 GH3-4
TCONS_00000158
TCONS_00000410
TCONS_00000058 PROTEINASE INHIBITOR 1 (ER1)
TCONS_00000058 FRUCTOKINASE (FRK2)
TCONS_00000158 AUXIN/INDOLE-3-ACETIC ACID 14 (IAA14)
TCONS_00000157 LOC101268695, coding for beta-fructofuranosidase, insoluble isoenzyme CWINV3-like
TCONS_00000157 LOC101263700, 

coding for transcrip‑
tion factor VIP1

TCONS_00000158

TCONS_00000158 1-AMINOCYCLOPROPANE-1-CARBOXYLATE OXIDASE 5 (ACO5)
APETALA2-like (AP2d)
ETHYLENE RECEPTOR 4 (ETR4)
LOC101247368, coding for auxin-induced protein 10A5
LOC101251256, coding for abscisic acid receptor PYL8
LOC101251725, coding for small auxin-upregulated RNA 50
LOC101256079, coding for histone deacetylase 5

TCONS_00000203 IAA9
ERF-H2
SUCROSE TRANSPORT PROTEIN (LeSUT1)

TCONS_00000309 ERF-D8 AGL80
LOC101251419, coding for embryo-specific protein ATS3A
LOC543961, coding for a sucrose synthase

TCONS_00000309 ENDO-XYLOGLUCAN TRANSFERASE (XTH1)
XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH5)TCONS_00000360

TCONS_00000360 LOC101262198, coding for NO FLOWERING IN SHORT DAY-like transcription factor LOC101265054, 
coding for serine/
threonine-protein 
kinase CTR1-like

TCONS_00000410 ERF-A2 EMBRYOGEN-
ESIS ABUNDANT 
PROTEIN 31-like 
(LEA31-like)

ERF-F4
ERF-H11

ETHYLENE INSENSITIVE 3-like 2 (EIL2) LEA D-34-like
FERTILIZATION-INDEPENDENT ENDOSPERM PROTEIN (FIE)
IAA26
IAA29 LOC101243931, 

coding for histone-
lysine N-methyl‑
transferase, H3 
lysine-9 specific 
(SUVH1)

LOC101248621, coding for auxin-induced protein 15 A-like
LOC101251827, coding for auxin-induced protein 15 A
XTH16

TCONS_00000491 LOC101244423, coding for plant intracellular Ras-group-related leucine-rich repeat protein 6
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(Wierzbicki et al. 2021). However, poly(A) transcripts com‑
prise only 1–5% of a total RNA extraction. Thus, isolating 
the poly(A) RNAs from the rRNA and non-poly(A) RNAs, 
during library preparation, reduces the complexity of the 
transcriptome sampled and enriches the poly(A) lncRNA 
content. Also, poly(A) RNA-seq is a highly sensitive and 
specific method, that can detect low-abundant RNAs with 
high accuracy (Ura et al. 2022). This is especially important 
in lncRNA sequencing, due to their low expression levels. 
Nevertheless, restricting the analysis to poly(A) lncRNAs 
might compromise the identification of a wider range of 
these non-coding molecules. Alternatively, libraries can be 
prepared from total RNA, followed by rRNA removal and 
direct RNA sequencing. However, barcoding kits, which 
allow the pooling and sequencing of several libraries in a 

As the analysis of specific expression patterns can often 
provide important additional clues into the functional regu‑
lation of the networks involved, here, a long-read sequenc‑
ing approach was conducted to detect full-length transcripts 
in cell populations of a non-sequenced plant species, S. beta-
ceum. Aiming to reveal the role of the identified lncRNAs 
in the regulation of embryogenic competence, differential 
expression analysis was performed in cell lines with distinct 
morphogenic competencies.

To optimize the assay for high throughput sequencing, 
barcoded cDNA libraries enriched in poly(A) sequences 
were prepared for direct sequencing using ONT. As 
discussed in Cordeiro et al. (2023b), the method used 
generated reliable data for further analysis. As Pol-II tran‑
scripts, most plant lncRNAs are polyadenylated (poly(A) 

Fig. 7  Schematic representation of differentially expressed lncRNAs 
and their main predicted target genes in S. betaceum cell lines (EC 
- embryogenic callus, LTC – long-term callus, NEC – non-EC). The 
solid lines represent the cis-regulation and the dot lines the trans-regu‑
lation by the lncRNAs. On the right are the genes upregulated in these 

cell lines, with no predicted lncRNA regulation. In green – embryo‑
genesis-related genes, brown – carbohydrate metabolism-related 
genes, orange – auxin-related genes and pink – ethylene-related genes. 
LncRNAs are represented in red circles and numbers represent their 
simplified annotations, e.g. TCONS_00000XXX
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positive regulatory role of lncRNAs on their target genes. 
The involvement of several of these lncRNAs in specific 
regulatory networks of SE will be further discussed.

LncRNAs targeting embryogenesis-related genes

In two-step SE processes, the reprogramming of somatic 
cells into totipotent cells is a crucial step. In this context, 
the involvement of several miRNAs in callus induction and 
plant cell dedifferentiation is well-described in crops, such 
as maize, rice, wheat and tomato, and other economically 
important plants including Camellia sinensis (L.) Kuntze 
(tea plant), Gossypium hirsutum L. (cotton) and Lilium 
plants (reviewed by Bravo-Vázquez et al. 2023). However, 
the role of lncRNAs in the regulation of these mechanisms 
is still largely unknown. To date, only two lncRNAs were 
functionally characterized for their role in callus induction 
in rice (Zhang et al. 2022).

Previous studies involving the analysis of cell lineage-
specific transcriptomes identified not only several unknown 
transcripts of protein-coding genes but also lncRNAs 
involved in the cell fate specification of zygotic proem‑
bryos in Arabidopsis (Zhou et al. 2020). Thus, as lncRNAs 
emerge as key regulators of zygotic embryogenesis, their 
further study becomes imperative to elucidate the molecular 
pathways they are involved in and will possibly allow over‑
coming the recalcitrance of some species, such as trees, for 
experimental embryogenesis.

The present work showed that lncRNAs 
TCONS_00000218, 483 and 511 were putatively target‑
ing WOX2 and AGL15, in S. betaceum EC and LTC cell 
lines. WOX2 is a member of the WOX (WUSCHEL-related 
homeobox) family of transcription factors, master regulators 
of in vitro plant regeneration, mainly in the manifestation 
of cellular totipotency (Fambrini et al. 2022). Specifically, 
WOX2 plays an important role in the regulation of the shoot 
apical meristem, through a negative feedback loop involving 
CLAVATA (CLV) genes (Fletcher 2018). Moreover, this gene 
is involved in lateral organ development, such as leaves and 
flowers (Chung et al. 2016), and seems to have evolutionary 
conserved roles on the control of embryo development of 
both angiosperms and gymnosperms (Hassani et al. 2022). 
In vitro, WOX2 overexpression was found to promote SE 
and organogenesis in Arabidopsis (Hassani et al. 2022), 
cotton (Bouchabké-Coussa et al. 2013) and coffee (Arroyo-
Herrera et al. 2008). AGL15 is a member of the MADS-
box transcription factor family, which plays an important 
role in SE regulation (reviewed by Joshi et al. 2022). When 
ectopically expressed, it enhances the embryogenic com‑
petency in Arabidopsis (Harding et al. 2003), cotton (Yang 
et al. 2014) and soybean (Perry et al. 2016). Thus, since 
these transcription factors are well-known key regulators 

single run, are only available for cDNA in Oxford Nanopore 
Technologies® (ONT). Ultimately, the choice of sequenc‑
ing method will largely depend on the research purposes 
(Liu et al. 2017).

Using S. lycopersicum as the reference genome and given 
that S. betaceum is a closely related species and a model 
crop, a total of 60 lncRNA transcripts were predicted among 
S. betaceum SE-induced cell lines. From these, 39 lncRNAs 
showed relevant expression, and a total of 17 were found 
differentially expressed among samples. Such a reduced 
number of identified lncRNAs can be explained by the rea‑
sons pointed out above, which ultimately contribute to poor 
functional characterization of plant lncRNAs. In addition, 
as this analysis was performed with poly(A) RNA, the tran‑
scripts here identified were only the lncRNAs transcribed by 
Poll II. Moreover, from the distinct existing algorithms used 
to identify lncRNAs from RNA-sequencing data (Palos et 
al. 2023), the ones used might not have been the most effec‑
tive for plant transcripts. For instance, CNIT exhibits more 
accuracy, 0.98 versus 0.85, for Arabidopsis transcripts than 
CNCI (Guo et al. 2019). Also, the near absence of anno‑
tations associated with lncRNAs on reference annotations 
impairs more effective lncRNA research in less studied 
plants (Simopoulos et al. 2019).

S. Betaceum lncRNAs involved in totipotency 
acquisition

Throughout subcultures, previously competent EC loses its 
embryogenic potential and increases its proliferative capac‑
ity. Hence, regardless of the morphology resemblance with 
competent EC, this subcultured callus (LTC), becomes 
morphogenically more similar to NEC. However, contrary 
to what was hypothesized, the present analysis revealed 
similar lncRNA expression patterns between EC and LTC, 
while significant differences were found between these cell 
lines compared to NEC. These results suggest that lncRNA-
mediated gene regulation mechanisms are significantly 
involved in plant cell totipotency acquisition but likely less 
involved in the maintenance of the embryogenic capacity 
in S. betaceum-induced EC throughout subcultures. Also, 
in the differential expression analysis, a high number of 
lncRNAs was found upregulated in NEC, compared to the 
ones upregulated in EC and/or LTC. Thus, contrary to what 
was pointed out for longan, in which more lncRNA involve‑
ment was required for somatic embryo development (Chen 
et al. 2018), in S. betaceum, lncRNAs seem to be more 
required in the blocking of the embryogenic competence 
acquisition.

The target genes predicted in trans-regulation showed 
similar expression patterns of the lncRNAs for which 
they were predicted as targets. This is consistent with the 
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genes code for enzymes related to cell wall modifications, 
including expansion and loosening, through hemicellulose 
metabolism (Wu et al. 2020a). As morphogenetic processes 
are accompanied by changes in the cell wall, upregulation 
of XTH occurs in tissues undergoing SE. For instance, XTH 
genes were more expressed in somatic embryos than in the 
pro-embryogenic masses in cucumber (Malinowski et al. 
2004) and longan (Ma et al. 2022a). Due to its high prolifer‑
ation rate and cell morphology, changes in the cell wall of S. 
betaceum NEC were expected, and consequently, the upreg‑
ulation of these enzymes, as also reported for rapidly diving 
and expanding cells in carrot cell suspensions (Hetherington 
and Fry 1993). Thus, besides the previous reports showing 
the upregulation of these proteins in S. betaceum EC com‑
pared to NEC (Alves et al. 2017), the results here obtained, 
related to a putative upregulation of their coding transcripts 
in NEC, may indicate a regulatory role of these enzymes in 
the non-acquisition of embryogenic competence, in which a 
tight control of cell expansion is required.

Regulation of auxin-related genes by lncRNAs

Several auxin signalling-related genes were identified among 
the putative target genes in the lncRNAs trans-regulation. 
Likewise, in longan, five auxin response factors (ARFs), 
including ARF4, IAA6, AUX22 and ABF, were also pre‑
dicted as target genes positively regulated by differentially 
expressed lncRNAs (Chen et al. 2018). Also, recently, an 
auxin pathway-related network (lncRNA125175-miR393h-
TIR2) was pointed out to play a major role in SE regulation 
(Bai et al. 2023). Indeed, auxin plays a crucial role in plant 
growth and development and was identified as an indis‑
pensable inducer of SE (Wójcik et al. 2020), including in 
S. betaceum (Caeiro et al. 2022). Thus, as lncRNAs were 
upregulated in NEC, it can be assumed that these molecules 
are involved in the negative regulation of the embryogenic 
potential acquisition through the activation of some auxin-
responsive genes. Indeed, although most auxin-responsive 
genes are known to promote SE, some of them are involved 
in its repression. For instance, SAUR15 was found to act as 
a negative effector in maize EC induction from immature 
embryos (Wang et al. 2022). Similarly, in the present data, 
SAUR50 was found upregulated in S. betaceum NEC. Also, 
although no significant differences were found for IAA14 
between S. betaceum EC and NEC in previous qPCR analy‑
sis (Caeiro et al. 2022), here this gene was found upregu‑
lated in NEC and predicted as a target gene of two lncRNAs 
(TCONS_00000058 and 158).

Other ARFs were found among the identified transcripts, 
corroborating their involvement in SE (Wójcikowska and 
Gaj 2017). Although ARF6 and ARF8 were found upregu‑
lated in embryogenic cultures in Arabidopsis (Gliwicka et 

in embryogenesis and widely reported for several species 
(Wójcik et al. 2020), the results here obtained prove the reli‑
ability of this approach and, although further validation is 
needed, corroborate the involvement of WOX2 and AGL15 
in the embryogenic potential acquisition. Moreover, as both 
lncRNAs and targets are upregulated in EC and LTC, these 
findings suggest that the TCONS_00000218, 483 and 511 
lncRNAs are also positively involved in embryogenesis 
achievement by somatic cells.

LncRNAs targeting carbohydrate metabolism and 
cell wall-related genes

NEC has a higher proliferation rate when compared to 
EC (Alves et al. 2017), and therefore requires a rapid and 
enhanced energy supply, obtained through glycolysis. 
Accordingly, a large part of the predicted target genes of 
the lncRNAs found upregulated in these cells was related 
to carbohydrate metabolism. One example was the FRK2 
transcript. Involved in starch synthesis, the enzyme encoded 
by this gene was also previously found significantly more 
expressed in NEC than EC in a comparative proteomic 
analysis in S. betaceum (Correia et al. 2012b). This is also 
consistent with the number of starch grains usually found in 
S. betaceum NEC (Correia et al. 2012b).

Indeed, carbohydrate metabolism-related effects are one 
of the most important factors in SE induction (Lipavská 
and Konrádová 2004; Navarro et al. 2017). For instance, 
in S. betaceum, 9% (w/v) sucrose is required to stimulate 
EC formation, and embryo development only occurs when 
EC is transferred to culture conditions with an accentuated 
decrease (to 3–4% (w/v) in sucrose (Correia et al. 2012a). 
In this study, G6PD transcripts were found upregulated in S. 
betaceum NEC and targeted by NEC-upregulated lncRNAs, 
sustaining the high energy requirements of such cells in 
active proliferation. Nevertheless, these observations are 
not in line with previous reports in which G6PD has been 
described as an indispensable regulator in embryonic devel‑
opment in animal and plant models (Wu et al. 2018; Ruan 
et al. 2022). In Arabidopsis seed development, it regulates 
the transcription of early embryo developmental genes and 
the accumulation of storage materials (Ruan et al. 2022). 
Since those analyses refer to embryo development, further 
analysis should be made to address the role of this enzyme 
in S. betaceum somatic embryo development stages. Nev‑
ertheless, the results here obtained suggest the involve‑
ment of some of the identified lncRNAs in the embryogenic 
potential acquisition by positively targeting carbohydrate 
metabolism-related genes, which have important roles in 
SE regulation.

XTH5 and XTH16 were also identified as upregulated in 
NEC and targeted by NEC-upregulated lncRNAs. These 
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Conclusion

Using long-read sequencing, 60 lncRNAs were identified 
in cell lines, induced by SE and with different embryogenic 
competencies, of the non-sequenced species S. betaceum. 
Despite the competence loss observed in LTC, lncRNAs 
maintain their expression patterns in these cell lines similar 
to the EC. In turn, differences were found between these two 
lines and NEC, in which a significantly higher expression of 
lncRNAs was revealed. From target prediction and function 
annotation, the lncRNAs identified in this study revealed 
to putatively target described embryogenesis-related genes 
and genes related to carbohydrate and cell wall metabolism, 
auxin and ethylene signalling pathways. Further functional 
characterization of these putative lncRNAs and their pre‑
dicted targets is required, so such knowledge can be effec‑
tively used in breeding programs, to modulate and optimize 
plant regeneration processes in different species. Neverthe‑
less, the present work represents the first analysis of the 
lncRNA-mediated regulation of the embryogenic compe‑
tence acquisition, expression and maintenance in plant cells 
from a woody non-sequenced species. Thus, altogether, 
these results are a step further in understanding plant cell 
reprogramming toward totipotency achievement.
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al. 2013), these genes were found upregulated in S. beta-
ceum NEC. This apparently not concordant result may be 
related to the extreme diversity of ARFs and a possible func‑
tional non-correspondence between different species.

Despite the lack of references related to the identifica‑
tion of lncRNAs targeting auxin-related genes in plant 
regeneration processes, some evidence begins to be raised. 
For instance, AUXIN-REGULATED PROMOTER LOOP 
(APOLO), one of the first lncRNAs identified in Arabi‑
dopsis, has functions in the control of auxin homeostasis 
(Mammarella et al. 2023), targeting auxin-responsive genes 
involved in lateral root development (Ma et al. 2022b).

Regulation of ethylene-related genes by lncRNAs

Another crucial plant growth regulator of in vitro regenera‑
tion processes, such as organogenesis and SE, is ethylene. 
These processes are influenced by ethylene modulation 
through stress-response signalling and ERFs expression 
regulation (reviewed in Neves et al. 2021). Recently, stud‑
ies in tomato and apple suggest that lncRNAs could also 
potentially be involved in the regulation of ethylene (Wang 
et al. 2018; Yu et al. 2022). While ethylene has been shown 
to promote SE in several plant species, including soybean 
(Zheng et al. 2013), in others it has negative effects, such 
as in olive tree (Bashir et al. 2022). In preliminary studies 
with S. betaceum, ethylene was reported to play a funda‑
mental role in the acquisition of embryogenic competence, 
potentiating somatic embryo formation (Neves 2018), and 
in more recent studies, ethylene inhibition led to reduced 
de novo shoot organogenesis and subsequent plant develop‑
ment (Neves et al. 2023). As the AP2/ERF (APETALA2/
Ethylene Responsive Factor) represents one of the largest 
transcription factor families in plants, with indispensable 
roles in plant growth, development, hormone regulation, 
and especially in responses to various stresses, their func‑
tional characterization is still far from complete (Xie et al. 
2019; Wu et al. 2022). Specifically, ERF8 and ERF13 were 
suggested as SE markers in EC and in Coffea arabica L. 
embryogenic cell suspension cultures (Daude et al. 2021), 
as in the present study different ERFs were found upregu‑
lated in S. betaceum NEC. As some ERFs respond to ethyl‑
ene, promoting the activation of some genes, these findings 
corroborate that cell fate transitions, involving embryogenic 
competence acquisition, require ethylene levels to promote 
ERFs differential expression (or possible regulators, such as 
lncRNAs) and hence activate ethylene-related responses. As 
in the present work, ERFs were putatively found as posi‑
tively regulated by some lncRNAs upregulated in NEC, it 
can be assumed that these potential lncRNAs participate 
in the negative regulation of embryogenesis through ERFs 
activation.
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