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Abstract
SCR-LIKE-6 (SCL6), a member of theGRAS transcription factor family, plays important roles in many aspects of plant growth and
development. In a previous study, we showed that the post-transcriptional regulation of Larix (La)SCL6 by the microRNAmiR171
functions in regulating the mode of cell division and the maintenance of embryogenic potential during somatic embryogenesis in
larch. To investigate its expression pattern during tree aging, which has been studied by comparative transcriptomic analysis, we re-
examined the annotation and expression of every transcript and found one that was longer; we annotated it as SCL6, indicating that it
might be a variant of LaSCL6. To verify this, we cloned the DNA and cDNA sequences of this transcript and found that alternative
splicing indeed occurred in its expression. Moreover, both variants were detectable in embryogenic cultures and several organs.
Notably, the DNA sequence of LaSCL6 contained simple sequence repeats and a single-nucleotide polymorphism which might
result in the expression of two variants with a change in their tertiary structures. Regulation of LaSCL6 by miR171 was also found.
Taken together, the expression of LaSCL6 is controlled at several levels, and this study not only provides further information about
the expression of LaSCL6 but also offers a means to study the regulation of gene expression.
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Introduction

The microRNA171 (miR171) family is highly conserved, and
its target genes are members of the GRAS (GAI-RGA-SCR)
family, which are crucial for plant growth and development
(Huang et al. 2015; Pysh et al. 1999). The miR171-SCR-LIKE
6 (SCL6, also known asHAM or LOSTMERISTEMS) module
is involved in shoot branching (Llave et al. 2002; Wang et al.
2010), phase transition (Curaba et al. 2013), meristem main-
tenance (Fan et al. 2015), root growth and leaf formation (Hai
et al. 2017), and somatic embryogenesis (Li et al. 2017a). In
Larix kaempferi, the regulation of LaSCL6 by miR171

participates in the control of the mode of cell division and
the maintenance of embryogenic potential (Li et al. 2014).
Furthermore, in the transcriptome of the stems of
L. kaempferi at different ages (Li et al. 2017b), there is a
longer transcript (3295 bp) also annotated as SCL6, indicating
that it might be a variant of LaSCL6 and that alternative splic-
ing (AS) may occur after its transcription.

After the transcription of a gene, a single precursor mRNA is
produced, while only mature mRNA is translated into protein.
During the production of mature mRNA from the precursor
mRNA, AS plays important roles, by which exons or portions
of exons or non-coding regions within a precursor mRNA are
differentially joined or skipped via the selection of variable donor
and acceptor sites (Reddy 2007; Baralle and Giudice 2017).
Therefore, AS results in a suite of divergent mRNAs produced
from a single gene and expands the diversity of protein and
function (Graveley 2001; Reddy 2007). In plant species, 33–
60% of mRNAs are alternatively spliced (Shen et al. 2014;
Zhang et al. 2010), indicating that AS plays important regulatory
roles in gene expression at the post-transcriptional level. In this
study, we cloned the DNA and cDNA sequences of LaSCL6 to
verify AS in its expression. Meanwhile, the regulation of its
expression by genomic structure was also discussed.
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Materials and methods

Plant materials

Mature and immature seeds of L. kaempferi were collected
from a Dagujia seed orchard (42° 22′ N, 124° 51′ E),
Liaoning Province, in Northeast China. The mature seeds
were grown in a pot for three months; then, roots, stems,
needles, and hypocotyls were collected from several seedlings
and pooled, frozen in liquid nitrogen, and stored at −80 °C
until DNA and RNA extraction. The endosperm was exfoli-
ated individually from ten mature seeds for DNA extraction
after immersion in water for one day. The embryonal-
suspensor mass (ESM) was generated from immature seeds,
and cell cultures were used for total RNA extraction and gene
expression analysis. The ESMs were cultured on differentia-
tion medium, and cultures were collected at different stages of
somatic embryogenesis (0, 7, 14, 21, 28, 35, and 42 days)
according to Zhang et al. (2012).

Cloning of genomic DNA and full-length cDNA

In our published transcriptome (Li et al. 2017b), a transcript
was annotated as SCL6 and longer than LaSCL6 (GenBank
accession no. JX280920). After alignment analysis, the
primers 5′-TCAAGCCAACGCCAAAGC-3′ and 5′-AAGA
AGCGAAGAAGCAGACG-3′ were used to clone the geno-
mic DNA and full-length cDNA (Fig. 1) (Li et al. 2014).

The RNA and genomic DNA were isolated with the
RNAiso Plus reagent kit (TaKaRa, Japan) and the CTAB plant
genome DNA rapid extraction kit (Aidlab Biotech, China)
according to the manufacturers’ protocols, respectively. The
quality and quantity of the DNA and RNA were measured
using 1% agarose gel electrophoresis. The RNA was reverse
transcribed into cDNA with the TransScript® II one-step
gDNA removal and cDNA Synthesis SuperMix kit

(TransGen, China). The genomic DNA and full-length
cDNAwere amplified with Platinum® Taq DNA polymerase
(Invitrogen, USA). The PCR products were purified with the
gel extraction kit (Tiangen, China), ligated into the pEASY®-
T1 simple cloning vector (TransGen, China), and sequenced.

Sequence analysis

The structure was analyzed using Gene Structure Display
Server 2.0 (Hu et al. 2015). Multiple sequence alignments
were performed with ClustalX (Thompson et al. 1997). The
tertiary structure was predicted by SWISS-MODEL (https://
swissmodel.expasy.org/).

Simple sequence repeat analysis

The simple sequence repeat (SSR) analysis was conducted
using SSRIT (Simple Sequence Repeat Identification Tool)
(https://www. gramene.org/db/markers/ssrtool) with the maxi-
mum motif length group being a pentamer. To measure the
frequency of SSRs, the primers 5′-AGCGAGGTCAAGAA
AGAAGAGC-3′ and 5′-CAGATCCACCGCTAGTAT-3′ were
used to amplify the DNA extracted from endosperms with the
TIANcombi DNA Lyse & Det PCR kit (Tiangen, China).

Semi-quantitative reverse transcription polymerase
chain reaction

Semi-quantitative reverse transcription polymerase chain re-
action (RT-PCR) was used to assess the expression of different
variants. L. kaempferi translation elongation factor-1 alpha 1
(LaEF1A1) (GenBank accession no. JX157845) served as the
internal control (Li et al. 2014). The primers 5′-GCAC
AGTTGAAGCACCAGATT- 3 ′ a n d 5 ′ - CGCA
TAACAAACCACCAGAAA-3′ were designed to amplify
t he l ong t r an sc r i p t , and the p r ime r s 5 ′ -TCTG

Fig. 1 Identification and
characterization of two splice
variants of LaSCL6. a Schematic
representation of the genomic
structure of LaSCL6. b Schematic
representation of cDNA sequence
of the variants LaSCL6-var1 and
LaSCL6-var2.White indicates
exon; black indicates open
reading frame (ORF); gray indi-
cates the untranslated region
(UTR); arrows indicate the posi-
tion of the same primers used to
amplify the genomic DNA and
full-length cDNA sequences of
LaSCL6; arrowheads indicate the
binding site for miR171
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GTGGTAATGGAAGA-3′ and 5′-CAGATCCACCGCTA
GTAT-3′ were designed to amplify the short transcript
(Fig. 4a). The PCR for LaEF1A1 was limited to 28 cycles in
order to stay within the linear range of amplification and ob-
tain a more accurate picture of the relative levels of gene
expression. The short transcript was amplified with 40 cycles,
and the long transcript with 35 cycles, to be sure of their
relative expression levels.

Quantitative reverse transcription polymerase chain
reaction

RNAs extracted from roots, stems, needles, hypocotyls, and
cell cultures were reverse transcribed and used to assay the
expression patterns of LaSCL6 with the same primers as pre-
viously described (Li et al. 2014). The quantitative reverse
transcription polymerase chain reaction (qRT-PCR) was per-
formedwith three biological replicates, and the data are shown
as mean ± SD. Statistical analysis was performed with SPSS
19.0 using analysis of variance.

Results and discussion

Identification and characterization of splice variants
of LaSCL6

Only one DNA sequence with 3073 bp in length was ampli-
fied (Fig. 1a), indicating that the two transcripts were derived
from the same gene and AS indeed occurred during the ex-
pression of LaSCL6. Here, the longer transcript (3073 bp) was
named LaSCL6-variant1 (LaSCL6-var1), and the shorter one
(2200 bp), which was cloned in our previous work (Li et al.
2014), was named LaSCL6-variant2 (LaSCL6-var2) (Fig.
1b). Genetic structural analysis showed that LaSCL6 had
one exon and no intron, which might be transcribed into
LaSCL6-var1 without splicing (Fig. 1a). Compared with
LaSCL6-var1, 285 bp of the 5′ untranslated region and
588 bp of the open reading frame were spliced in LaSCL6-
var2 (Fig. 1b). Thus, LaSCL6-var1 encoded a polypeptide of
835 amino acids (aa), while LaSCL6-var2 encoded 639 aa,
196 aa shorter than LaSCL6-var1. The results showed that in
the DNA sequence of LaSCL6, there was a single exon that
was fully conserved in LaSCL6-var1, while due to the exis-
tence of LaSCL6-var2, we concluded that AS occurred in the
regulation of LaSCL6 expression. Various mechanisms are
involved in AS (Graveley 2001; Keren et al. 2010); in the
DNA sequence of LaSCL6, there existed an alternative exon
(Graveley 2001), which was spliced after its transcription to
produce the LaSCL6-var2 transcript.

GRAS proteins contain a less conserved, variable N-
terminal region, a conserved C-terminal region, and five char-
acteristic domains located in the C-terminal region: LHRI,

VHIID, LHRII, PFYRE, and SAW (Hakoshima 2018; Pysh
et al. 1999). All these conserved domains were found in
LaSCL6-var1 and LaSCL6-var2; the shortened 196 aa were
in the N-terminal region and did not affect these five GRAS
domains (Fig. 2). Three-dimensional structural analysis

Fig. 2 Alignment of LaSCL6-var1, LaSCL6-var2, and PtHAM1 amino
acid sequences. Identical residues are indicated by asterisks. The
GenBank accession numbers are MK501379 for LaSCL6-var1,
JX280920 for LaSCL6-var2, and KJ711054 for PtHAM1
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showed that the same aa sequence displayed different struc-
tures (Fig. 3), demonstrating that the 196 amino acids change
the three-dimensional structure of the protein, and this might
result in diversification of the function of the LaSCL6 variants.
Further work is needed to test this hypothesis.

The occurrence of AS in a gene makes its function diverse,
and variants are expressed differentially depending on devel-
opmental stages and environmental conditions (Airoldi et al.
2015). Here, semi-quantitative RT-PCR analysis showed that
the two variants of LaSCL6 were detectable in many samples
(Fig. 4b, c). LaSCL6-var1 was readily detectable, and almost
no differences in its transcript level were found, while
LaSCL6-var2 was detectable in some samples (Fig. 4b, c),
indicating that the two variants are differentially expressed
during the growth and development of Larix.

Effects of SSRs and a single-nucleotide polymorphism
on LaSCL6 expression

During DNA cloning and sequence analysis, SSRs were
found in the genomic sequence of LaSCL6. So we analyzed

Fig. 3 Prediction of tertiary
structures of LaSCL6-var1 and
LaSCL6-var2. Differences in the
tertiary structure of LaSCL6-var1
and LaSCL6-var2 are indicated
by the black and gray arrows

Fig. 4 Expression profiles of LaSCL6-var1 and LaSCL6-var2 in different
samples assayed by semi-quantitative RT-PCR. L. kaempferi translation
elongation factor-1 alpha 1 (LaEF1A1) was used as the internal control. a
Schematic of primer design. Primers indicated by black arrows, which are
located in the spliced part, were used to measure the expression of
LaSCL6-var1; primers indicated by gray arrows, one of which spans
the splice site, were used to measure the expression of LaSCL6-var2.
Arrowheads indicate the binding site for miR171. b Expression profiles
of LaSCL6-var1 and LaSCL6-var2 during somatic embryogenesis. c
Expression profiles of LaSCL6-var1 and LaSCL6-var2 in roots, stems,
needles, hypocotyls, and cell cultures Fig. 5 Simple sequence repeats in the sequence of LaSCL6
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the SSRs in this DNA sequence (3073 bp). We found four
repeat types of SSRs when the minimum number of tandem
repeats was set at two, and trinucleotide repeats were the most
numerous (Fig. 5); when it was set at five, only two SSRs were
identified: GCA and CCA, and the location of GCA repeats
was in the spliced 588-bp open reading frame (Fig. 6a). To
avoid heterozygosity and further verify the occurrence of the
GCA repeats, 10 haploid endosperms were used to amplify
the GCA repeat region. The results showed that seven GCA
repeats occurred in six endosperms and nine GCA repeats
occurred in four endosperms (Fig. 6b), indicating that there
was polymorphism in this locus.

Exonic single-nucleotide polymorphisms (SNPs) have di-
rect effects on the properties of proteins, while SNPs within
introns and untranslated regions affect the expression and
splicing of mRNA (Wang et al. 2014). When the needles from
one seedling were used for DNA cloning, an SNP (C-T) was
detected in the region of GCA repeats, and four sequences had
C and two had T in this locus (Fig. 6c). Notably, due to this
SNP, the CAG codon was changed to TAG, resulting in the
termination of translation, and this might be another reason for
the production of LaSCL6-var2 that is 639 aa in length.

SSRs and SNPs are routinely used in molecular genetics
studies to reflect genetic diversity (García et al. 2018; Lind

and Gailing 2013). Our results not only provide markers for
molecular genetics studies but also provide an example of
how the markers affect the structure and expression of a gene.

Fig. 6 DNA sequence analysis of LaSCL6. a The nucleotides in bold
were spliced in the LaSCL6-var2 transcript; the initiation codon ATG of
LaSCL6-var1 was located at 344 bp, and that of LaSCL6-var2 at 932 bp.
b Frequencies of GCA repeats in 10 endosperms. cOccurrence of an SNP
(C-T) in the region of GCA repeats. Identical residues are indicated by
asterisks

Fig. 7 Expression patterns of LaSCL6 assayed by qRT-PCR using
LaEF1A1 as the internal control. a Schematic of the primer design.
Primers indicated by black arrows, which span themiR171 cleavage sites,
were used to measure the non-cleaved mRNAs (non-cleaved), and
primers indicated by gray arrows were used to measure both non-
cleaved and cleaved mRNAs (3′ end) (Li et al. 2014). The arrowhead
indicates the binding site for miR171. b, c Expression patterns of LaSCL6
during somatic embryogenesis. d, e Expression patterns of LaSCL6 in
roots, stems, needles, hypocotyls, and cell cultures
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Regulation of LaSCL6 by microRNA171 at
the post-transcriptional level

The binding site for miR171 was not spliced in the two
variants of LaSCL6 (Fig. 7a), which meant that they
might still be regulated by miR171. But it was difficult
to determine which variant was regulated by miR171. The
regulation of LaSCL6 by miR171 could occur before or
after AS and be independent of AS. With the method used
in our previous study (Li et al. 2014), we also detected the
expression patterns of the initial (both non-cleaved and
cleaved transcripts) and the full-length LaSCL6 transcripts
(non-cleaved transcripts) to determine the activity of
miR171 in other materials.

During somatic embryogenesis, the level of initial tran-
scripts in cotyledon embryos was 2–6 times higher than
that in single embryos (Fig. 7b), indicating that the ex-
pression of LaSCL6 is regulated at the transcriptional lev-
el, while the level of full-length transcripts in cotyledon
embryos was 6–18 times higher than that in single embry-
os (Fig. 7c), indicating that more full-length transcripts
are cleaved in the development of single embryos, and
the regulation of LaSCL6 by miR171 at the post-
transcriptional level occurs during somatic embryogene-
sis. In other materials, both kinds of the LaSCL6 tran-
script were detected; notably, the level of initial tran-
scripts in stems and needles showed almost no difference
(Fig. 7d), but the level of full-length transcripts in stems
was higher than that in needles (Fig. 7e), suggesting that
in needles, more full-length transcripts are cleaved and the
activity of miR171 is stronger.

Gene expression in eukaryotes is complex and regulated at
many levels, including genomic structure, transcription, post-
transcription, translation, and post-translation. In the case of
LaSCL6, we concluded that at the genomic level, the occurrence
of SSRs and an SNP in the exon affects its expression and protein
structure, and AS and miRNA regulate its expression at the post-
transcriptional level. These results not only provide more infor-
mation about the expression of LaSCL6 and its possible func-
tions in plant growth and development but also offer a means to
study the regulation of gene expression.
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