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Abstract

Plant growth and development is usually characterized by chronological age over the plants’ lifetimes. Age-related changes
actually originate with meristems because they control if, where, when, and how new tissues are formed along the axis of the
shoot. The “time-keeping” of plant meristem development is a complex process. To uncover the post-transcriptional regula-
tion underlying the chronological development of Larix kaempferi (Japanese larch) meristems, we investigated the miRNA-
mediated regulatory network in the defoliated, uppermost main stems of 1-, 2-, 5-, 10-, 25-, and 50-year-old L. kaempferi
using RNA-seq methods. We identified 29 high-confidence miRNAs, three of which were defined, age-related miRNAs
whose expression changed depending on L. kaempferi age, and 17 showed coordinated expression patterns with three age-
related miRNAs based on hierarchical correlations. All hierarchically coordinated miRNAs and their targets constituted a
miRNA-mediated regulatory network. The developmental timing pathway lka-miR-1-5p-156-SBP/SPL (Squamosa Promoter
Binding Protein-Like), the lignin biosynthesis pathway lka-miR-7,13-5p-397-LAC (Laccase), and an unknown pathway lka-
miR-3-5p-CMSS1 (Cmsl Ribosomal Small Subunit Homolog) were age-driven, and information from auxin and light could
be integrated by the lka-miR-9-5p-390-TAS/ARF (Trans-Acting siRNA3/Auxin Response Factor) and lka-miR-8-5p-IRL4
(Plant Intracellular Ras-Group-Related LRR Protein 4) pathways, respectively. Age-driven regulatory network will lead the
way to understand which and how genes mutually cross-regulate their activity orchestrating development of meristems of L.
kaempferi with age. We also discussed and contributed to miRNA annotation and nomenclature.
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Introduction

Plant growth and development is usually characterized by
chronological age at various scales over the plants’ lifetimes
(Gatsuk et al. 1980). Age-related changes actually originate
with meristems because they control if, where, when, and
how new tissues are formed along the axis of the shoot (Poet-
hig 1990). Pioneering studies of vegetative phase change and
floral transition, as well as root development, have demon-
strated that meristems will change position, identity, and
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activity to match the dynamic growth and development of
plants at different life stages (Greenwood 1995; Telfer et al.
1997; Willmann and Poethig 2005; Zotz et al. 2011; Zhao
et al. 2015; Xu et al. 2016; Gorham et al. 2018).

Meristem activity is a highly dynamic process which
must be coordinately controlled by both extrinsic and
intrinsic regulatory networks responding to environmental
and organismal cues, such as temperature, light, hormones,
carbohydrates, and age (Poethig 1990, 2013; Adrian et al.
2009; Amasino 2010; Srikanth and Schmid 2011; Huijser
and Schmid 2011; Nieminen et al. 2015; Ye and Zhong
2015). Several pathways governing meristems have been
postulated in Arabidopsis thaliana. For example, WUS-
CLV and miR156-SPL pathways play critical roles in the
control of shoot apical meristem (SAM) (Lenhard and Laux
1999; Schoof et al. 2000; Fouracre and Poethig 2019). At
the genetic level, thousands of genes which constitute a
complex molecular regulatory network are involved in mer-
istematic activity (Mouradov et al. 2002; Teotia and Tang
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2015; Brunoni et al. 2019). As regulatory network connec-
tivity increases, it has become quite clear that the crosstalk
among some meristem-associated pathways can integrate
information from light, temperature, hormones, and age to
ensure the rhythmic growth (Pajoro et al. 2014; Nieminen
et al. 2015; Bustamante et al. 2016).

MiRNAs are key players in controlling the establish-
ment, patterning, and function of meristems. For example,
miR165/6-mediated post-transcriptional regulation of home-
odomain-leucine zipper transcription factors orchestrate
shoot and root development (Muraro et al. 2014; Couzigou
and Combier 2016), vascular differentiation, and patterning
(Byrne 2006; Carlsbecker et al. 2010; Miyashima et al. 2011;
Zhu and Helliwell 2011; Jouannet et al. 2015; Nieminen
et al. 2015; Ramachandran et al. 2016). The differentiation
of vascular tissue is closely associated with wood formation
and properties (Coté et al. 2010). In addition, the miR156-
SPL module controls vegetative phase change and floral
transition (Wu and Poethig 2006; Wu et al. 2009), post-
germinative change, tillering and branching (Chuck et al.
2007; Riese et al. 2007; Miura et al. 2010), plastochrons
(Schwarz et al. 2008; Wang et al. 2008), root development
(Aung et al. 2015; Yu et al. 2015; Hobecker et al. 2017),
and shoot regenerative capacity (Zhang et al. 2015). A third
small RNA, miR390, regulates the auxin responsive factors
ARF2, ARF3, and ARF4 by controlling TAS3-derived trans-
acting short interfering RNAs (tasiRNAs). The miR390/
tasiRNA/ARF regulatory module influences the timing of
leaf development (Fahlgren et al. 2006; Hunter et al. 2006),
organ polarity (Garcia et al. 2006), and lateral root and gall
development in A. thaliana (Marin et al. 2010; Cabrera et al.
2016; Hobecker et al. 2017). Taken together, numerous miR-
NAs are involved in meristem activities and direct various
developmental processes (Poethig 2009; Teotia and Tang
2015; Hobecker et al. 2017).

So far most of knowledge on the molecular mechanisms
of meristem activity is obtained from studies on model
plants such as annual and herbaceous plant A. thaliana,
which cannot fully explain the complex regulatory networks
orchestrating the meristem activity of perennial woody
plants. In particular, gymnosperms often follow different
developmental and physiological rules from angiosperms
(Johnson et al. 2012), suggesting that the molecular mecha-
nism of meristem activity might also be different from that
of angiosperms. Larix kaempferi is typical for gymnosperms
and noted for its wood properties and wide adaptation (Lai
et al. 2014). In the present study, we explored the miRNA-
mediated regulatory networks orchestrating the chronologi-
cal development of its meristems by identifying coordinated
miRNAs and their targets from L. kaempferi. This genome-
wide analysis provides clues for further molecular research
on phase change, cambial activity/dormancy, and wood
formation.
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Fig. 1 Length distributions and percentages of 5’-terminal nucleotide
of Larix kaempferi miRNAs

Results

Identification and Characterization of miRNAs
from the Stems of L. kaempferi with Different Ages

To identify with high-confidence miRNAs within the
complex sRNAome, 5,945,922 unique SRNA sequences
were aligned to the L. kaempferi transcriptome database
(Li et al. 2017), and the read patterns that were predicted
using the MIREAP algorithm were checked manually.
Only those sequences that met the criteria described by
Kozomara et al. (2019) and Axtell and Meyers (2018) were
considered as high-confidence miRNAs. As a result, a total
of 15 hairpin loci were identified and then 29 L. kaempferi
miRNAs were generated from the 15 hairpin precursors
because the same mature miRNAs were produced from
the 5° arms of both the 7th and 13th precursors (Table 1).
The hairpin structures were predicted by MFOLD (Sup-
plementary Fig. S1) and the mature miRNAs are shown
in Table 1. Since both arms of a precursor are productive
(Marco et al. 2012), we named the mature miRNAs using
our recommended nomenclature and analyzed them as
unique miRNA.

Throughout our work, we modified the miRNA nomen-
clature recommended by Griffiths-Jones et al. (2006) and
Kozomara and Griffiths-Jones (2013). We adopted the
forms lka-miR-n-5p and lka-miR-n-3p for miRNA names.
The letter “n” in these miRNA identifiers is a natural num-
ber and designates distinct hairpin loci that give rise to
successive miRNAs. If a mature miRNA was derived from
multiple precursors, it was necessary to list the number,
separated by commas, to designate specific hairpin loci
in numerical order. For example, lka-miR-7,13-5p-397
was assigned to lka-miR-7-5p and lka-miR-13-5p, which
were respectively derived from the 7th and 13th precursors
with the same mature miRNA sequences. The numbered
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Table 1 miRNAs identified in current-year uppermost stems from Larix kaempferi at different ages

Precursor name  LP (nt) MFE (kcal/mol)  miRNA name miRNA sequences (5°-3’) miRNA miRNA family
length (nt)
lka-miR-1 100 —51.97 lka-miR-1-3p GTGAGCTCTCTCTTTGTCACC 21 Novel
lka-miR-1-5p-156 TGACAAAGAGAGAGAGCACGC 21 miR156
lka-miR-2 79 —24.56 lka-miR-2-3p CTGGTGGAGAGTCCGGTGTCA 21 Novel
lka-miR-2-5p TTGTGACGCGGTACTCCCACA 21 Novel
lka-miR-3 90 —41.58 lka-miR-3-3p-162 TCGATAAACCTCTGCATCCAG 21 miR162
lka-miR-3-5p GGATGCAAAGGGTTTACCGACC 22 Novel
lka-miR-4 78 —41.59 lka-miR-4-3p TCAGAGTTTTGCCGGTTCCACC 22 Novel
lka-miR-4-5p CGGACTGGCATAACTCTGACC 21 Novel
lka-miR-5 89 —36.03 lka-miR-5-3p-11425  TTTTACTGCTATATCTTTTCC 21 miR 11425
lka-miR-5-5p AGAAGGAAAAGATATAGCAGT 21 Novel
lka-miR-6 96 —50.12 lka-miR-6-3p ATGAACTGGCGTGGTTGAGCT 21 Novel
lka-miR-6-5p CTCAACCACGCCAGTTCATTC 21 Novel
lka-miR-7 95 —-31.51 lka-miR-7-3p ATGCTGTACACAATGATAAGC 21 Novel
lka-miR-7-5p-397 TCATCATTGAGAGCAGCATTG 21 miR397
lka-miR-8 90 —38.92 lka-miR-8-3p TACAGCTATATCTTTTCCATC 21 Novel
lka-miR-8-5p AAAAGATATAGCGGTAAGAGT 21 Novel
lka-miR-9 91 -50.97 lka-miR-9-3p CGCTATCCATCCTGGGCTTCA 21 Novel
lka-miR-9-5p-390 AAGCTCAGGAGGGATAGCGCC 21 miR390
lka-miR-10 96 —49.08 lka-miR-10-3p-166 TCGGACCAGGCTTCATTCCCC 21 miR166
lka-miR-10-5p GGAATGTTGTCTGGCTCGACT 21 Novel
lka-miR-11 76 —46.52 lka-miR-11-3p CATACGGTACGATCGACGTC 20 Novel
lka-miR-11-5p CCGTCGGTCGTACTGTATGGT 21 Novel
lka-miR-12 76 —58.78 lka-miR-12-3p TTCAAAGCAGCATCTCGTTTCT 22 Novel
lka-miR-12-5p AAAGAGATGCTGCTTTGAATG 21 Novel
lka-miR-13 95 —39.95 lka-miR-13-3p ATGCTGCATTCAACGATAAGC 21 Novel
lka-miR-13-5p-397 TCATCATTGAGAGCAGCATTG 21 miR397
lka-miR-14 81 —30.53 lka-miR-14-3p AGTGGGAGCATAGGATAAGGCT 22 Novel
lka-miR-14-5p-482 TCTTTCCTACTCCTCCCATTCC 22 miR482
lka-miR-15 90 —45.6 lka-miR-15-3p-396 GCTCAAGAAAGCTGTGGGAAA 21 miR396
lka-miR-15-5p-396 TTCCACAGCTTTCTTGAACTA 21 miR396

LP length of precursor; MFE minimal folding energy

suffixes were assigned the same number as their homolo-
gous miRNAs to show mutual homology. After annotation,
we obtained nine conserved and twenty novel miRNAs
(Table 1).

The lengths of all annotated miRNA varied from 20 to
22 nt, and 21-nt miRNAs predominated (82.76%), followed
by 22-nt (17.24%). The tendency of 5’-terminal nucleotides
of all annotated miRNAs was analyzed, and uridine pre-
dominated, a total of 11 miRNAs (37.93%) started with a
5’-uridine (Fig. 1).

Age-Related Changes of miRNA Expression
Expression levels of the miRNAs were determined using

normalized transcripts (Supplementary Table S1). To
explore the essential relationships between age and miRNA

expression levels, regression analysis was performed using
linear-to-cubic models for each miRNA with base-2, log-
transformed age as predictor, and its expression level as
response (Supplementary Table S2). The results of regres-
sion analysis showed that cubic polynomial repression
models can easily explain the changes of three miRNAs’
expressions with age: lka-miR-1-5p-156, lka-miR-3-5p, and
lka-miR-7,13-5p-397 (Table 2). The functions for describing
the relationship between miRNA expression and age were Y
=— 0.466x +5.094x% — 17.276x+22.022, Y=0.196x" — 0
804x% — 1.994x +20.160, and Y=— 0.012x*+0.119x* — 0.
305x+0.207 for lka-miR-1-5p-156; lIka-miR-3-5p; and lka-
miR-7,13-5p-397, respectively (Table 2). Therefore, these
three miRNAs were defined age-related miRNAs.
Interestingly, these three miRNAs were expressed
strongly in the 1-year-old trees, although the patterns were
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Table 2 Regression models for

. > MiRNA Name Regression model R R square Adjusted R F Sig
three age-related miRNAs in
; : square
Larix kaempferi
lka-miR-1-5p-156 Cubic 0.98 0.97 0.91 18.66 0.05
lka-miR-3-5p Cubic 0.99 0.99 0.96 45.81 0.02
lka-miR-7,13-5p-397 Cubic 0.99 0.98 0.94 27.55 0.04
. Ika-miR-1-5p-156
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Fig.2 Expression changes of three age-related miRNAs with age

different. Lka-miR-1-5p-156 was strongly expressed in the
1-year-old trees and then its level declined (Fig. 2a). The
level of lka-miR-3-5p became undetectable in the 2-year-
old and 5-year-old trees, and then its expression increased
gradually, reaching a peak in the 25-year-old tree (Fig. 2b).
Lka-miR-7,13-5p-397 were expressed strongly in the 1- and
50-year-old trees (Fig. 2c¢).

Statistical Evidence of Coordinated miRNAs

Based on hierarchical correlations of expression patterns
of miRNAs, a total of 17 miRNAs appeared to be coordi-
nated with three age-related miRNAs. Expression pattern
of one miRNA was often correlated with those of sev-
eral others either positively or negatively. Many miRNA
expressions changed together in the same direction,
yielding positive correlations; whereas a few of miRNA
expressions moved in opposite directions representing
negative correlations. For instance, expression pattern
of lIka-miR-1-5p-156 was positively correlated with that
of lka-miR-1-3p, lka-miR-5-3p-11425, lka-miR-14-3p,
and lka-miR-14-5p-482, but it was inversely correlated
with that of lka-miR-8-5p (Fig. 3). Negative correla-
tions between expression patterns of miRNAs were also
observed, including lka-miR-3-3p-162 vs. lka-miR-6-5p
and lka-miR-15-3p-396 and lka-miR-15-3p-396 vs. lka-
miR-10-3p-166 and lka-miR-12-5p (Fig. 3). Furthermore,
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several miRNAs, such as lka-miR-1-3p, lka-miR-9-5p-390,
lka-miR-14-3p, and lka-miR-14-5p-482, appeared associ-
ated with seven or more miRNAs, denoting their associa-
tion with multiple miRNA pathways as hubs (Fig. 3).

MiRNA390-TAS3-ARF Pathway in L. kaempferi

We identified one TAS3 transcript containing two miR390
complementary sites in the L. kaempferi transcriptome,
in which the 5’ site was mismatched at the 10th position,
while the 3’ site had a perfect match at the corresponding
position (Fig. 4). According to the two-hit model (Allen
et al. 2005), 17 tasiRNA pairs were precisely phased
from the 357-nucleotide region between two argonaute
7 cleavage sites in 21-nucleotide intervals. The phased
positions were coded as described by Allen et al. (2005),
with mature tasiRNAs named with the ‘tasiR’ prefix, fol-
lowed by their successive directions and positions [e.g.,
tasiR5’D1(+), 5’D2(+), and so on or, on the opposite
strand, 5’D1(-), 5’ D2(-), and so on]. Three tasiRNAs
[tasiR5’D10(+), tasiRS’D11(+), and tasiR5’D11(-)]
derived from TAS3 were predicted, using miRNA/mRNA
interaction rules, to target L. kaempferi ARF transcripts.
Both tasiR5’D10(+) and tasiR5’D11(+) target the same
ARF?2 and ARF4 transcript sites because of their highly
similar sequences (Supplementary Table S3).
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Fig.3 Correlations between expression patterns of coordinated miRNAs

Target Genes of L. kaempferi miRNAs

Since individual miRNA works by targeting mRNAs, block-
ing translation, or causing mRNA degradation, identifica-
tion of miRNA target genes is crucial for understanding the
function of miRNA. We predicted the target genes of all
29 miRNAs using a computerized approach. A total of 73
transcripts were identified as putative target genes, of which
42 were annotated and named after homologous sequences
in UniProtKB (Supplementary Table S4). According to GO
(www.geneontology.org) annotations, they covered a broad
range of molecular functions in many biological processes
(Supplementary Table S5).

MiRNA-Mediated Regulatory Network

The hierarchical correlations between the expression patterns
of miRNAs and the interaction of miRNAs and their targets
constituted a regulatory network to orchestrate L. kaempferi
meristem development chronologically. This miRNA-medi-
ated regulatory network consists of multiple interconnected

- 04

- 0.2

miRNA pathways. Both the lka-miR156-SPL and the lka-miR-
9-5p-390-TAS3-ARF pathways were interconnected by lka-
miR-1-3p-unkown and lka-miR-14-5p-482-unkown pathways
(Fig. 5). Lka-miR-7,13-5p-LAC pathway was also connected
with lka-miR-14-5p-482-unknown pathway (Fig. 5). The Ika-
miR-8-5p-IRL4 pathway is associated with lka-miR156-SPL
pathway via strong negative correlation between expression
patterns of miRNAs (Fig. 5).

Although we were unable to find out and annotate the tar-
gets of many of our miRNAs, the functions of the annotated
targets demonstrated that multiple biological processes were
involved in the chronological development of meristems in L.
kaempferi, including cone development, lignin biosynthetic
and catabolic processes, RNA processing and modification,
protein phosphorylation, and signal transduction (Fig. 5; Sup-
plementary Table S5).
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5°D17(+)
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3’CGCTACTATT ATATTTCAAA CCGCGATAGG GAGGACTCGA AAAAAATGGG TTTTGGAAAG
5DI17(-)

5°D16(+) 5°D15(+) 5°D14(+)
+ AACCCTCTCC CAAACCCATA TCATTCACTC ATGCAAATAT TGGATCTGAA ATCGCCATCT

- TTGGGAGAGG GTTTGGGTAT AGTAAGTGAG TACGTTTATA ACCTAGACTT TAGCGGTAGA
5DI6() 5DI5() D14()

5'DI3(+) 5'D12(+) 5D11(+)
—
+ GCATGGGTTT CAAGTCCCAT AAAACCCTTA CGCAGATCGA AGTTCCTCAT GACTGATCCG

- CGTACCCAAA GTTCAGGGTA TTTTGGGAAT GCGTCTAGCT TCAAGGAGTA CTGACTAGGC
5’DI3() 5’D12() 5’DI1()

5DI10(+) 5°D9(+) 5°D8(+)
+ TAGCCTTGTG TTCGTTTGCC ATCACCCCCA AACTAAGCCT TTCTTGACCT TGTAAGACCT
- ATCGGAACAC AAGCAAACGG TAGTGGGGGT TTGATTCGGA AAGAACTGGA ACATTCTGGA
5°D10(-) 5'D9(-) 5’D8(-)

5D7(+) 5°D6(+) 5°D5(+)
L ) 1 1
+ TTTCTTGACC TTGTAAGACC AGCCATCGAA TCCTGAGAAC AGCGGCACAT TTCGACTCCT

- AAAGAACTGG AACATTCTGG TCGGTAGCTT AGGACTCTTG TCGCCGTGTA AAGCTGAGGA
5D7(-) 5°D6(-) 5D5(-)

5'D4(+) 5D3(+) 5D2(+)
+ CGCCCAATTC TACTATAAGT TACTGGCCAT AGGACTGGCA ATGAGGTCGC TCAACTCTCA

- GGGGGTTAAG ATGATATTCA ATGACCGGTA TCCTGACCGT TACTCCAGCG AGTTGAGAGT
5 DA(-) 5°D3(-) 5D2(-)

5'DI(+)
+ AACAATCTTC TTCTAACTAG TCTATCCCTC CTGAGCTATT ACAGTTGAGT TTCAAGTTCT3’
- TTGTTAGAAG AAGATTGCCG Cé;li?ilééb;lb GACTCGAAAA TGTCAACTCA AAGTTCAAGA 5’
5DI()

Fig.4 LkTAS3 EST contained dual miR390 complementary sites. so on, or 5’D1(-), 5’D2(-), and so on, on the opposite strand. Two
Seventeen tasiRNA pairs are predicted between two miR390 cleavage miR390 complementary sites are highlighted by italic fonts
sites in 21-nucleotide intervals and coded as 5’D1(+), 5’D2(+), and
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Discussion

Annotation of miRNAs Based on Deep Sequencing
Data

To thoroughly investigate the biogenesis, function, and evo-
lution of miRNA in the complex context of inconstant RNA
populations, miRNA annotation is critical. Revised criteria
for plant miRNA annotation that minimizes false positives
have been proposed (Axtell and Meyers 2018; Kozomara
et al. 2019), and there are slight differences in the keynotes
of the two criteria. Kozomara et al. (2019) highlighted the
importance of the pattern of reads mapped to a hairpin locus
for discriminating robustly bona fide miRNA from other
transcribed fragments. Axtell and Meyers (2018) empha-
sized replication, contending that homology-based annota-
tions should be treated as miRNA only when all criteria
are presented by sSRNA-seq. Actually, both criteria should
be addressed when high-confidence miRNAs are identified
from high-throughput sSRNA datasets.

In the present study, only the sequences that met both pro-
posed criteria were considered as high-confidence canonical
miRNAs. Homology-based inference was used for homology
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cyan, and miRNAs indirectly correlated with age-related miRNAs are
marked in orange. Solid lines represent miRNA pairs, of which nega-
tive correlations are marked in blue, whereas positive correlations are
marked in black. Separate arrows represent miRNA-mRNA pairs and
marquee dash dot represents mRNA-annotation pairs

detection to supplement annotation, so if sequence homol-
ogy existed between putative miRNA and a known miRNA,
and their targets also showed significantly higher levels of
sequence homology between each other, we considered them
homologous. Our pioneering efforts in identifying miRNA
from high-throughput SRNA datasets provide an efficient
way to reduce the number of bad miRNA sequences.

miRNA Nomenclature

Although the miRNA nomenclature as recommended by
miRBase (Griffiths-Jones et al. 2006; Kozomara and Grif-
fiths-Jones 2010) has been widely accepted and used, the
criteria for naming miRNA should be redefined over time
due to ongoing refinement in the understanding of its ori-
gins, biosynthesis, and sequence variabilities as proposed by
some leading scientists (Desvignes et al. 2015; Budak et al.
2016). Herein, we attempted to give some nomenclature
guidelines in Larix to discriminate the same mature miR-
NAs derived from different precursors or different mature
miRNAs produced from the same precursor, thus providing
a better understanding of the context.
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As critical signs of communication, the names of miR-
NAs should at least incorporate their origins to avoid being
confused with one another. The form of miRNA gene names
(e.g., dme-miR-100/100* or dme-miR-100-5p/3p) currently
in use sequentially assigns the number 100 to refer to the
homologous relationships of miRNA gene loci in differ-
ent species (Kozomara and Griffiths-Jones 2010, 2013).
However, since different functional miRNAs produced by
the same precursor may occur in different tissues at dif-
ferent developmental times or in different species, homol-
ogy annotation is no longer suitable (Griffiths-Jones et al.
2011). Also, assigning the same number to miRNAs arising
from the same precursor is not advisable because sequences
derived from the opposite arms of the hairpin precursor
often function differently and belong to different families.

Given that the hairpin precursor is a pivotal bridge con-
necting mature miRNAs and their gene loci, if a miRNA
name contains the information of its precursor to denote
its origin and numbered suffixes to show its homology,
we would be free from interference of the same miRNAs
derived from different precursors and different miRNAs pro-
duced from the same precursor. This system better enables
comparative analyses of different tissues, developmental
times, and evolutionary processes across species.

Therefore, names for miRNAs derived from the 5’ and 3’
arms of the precursor would take the form lka-miR-n-5p and
lka-miR-n-3p, respectively, where n designates distinct hair-
pin loci that give rise to mature miRNAs, while sequentially
chronicling its identity, and 5p and 3p indicate the original
arms of the precursors. If mature miRNA is derived from
multiple precursors, then their numbers, separated by com-
mas, designate specific hairpin loci in numerical order. For
example, lka-miR-7,13-5p-397 is assigned to lka-miR-7-5p
and lka-miR-13-5p, which were respectively derived from
the 7th and 13th precursors with the same mature sequences.
Complementary numbered suffixes are assigned numbers
matching their homologous miRNAs to show homology to
each other. In the future, if a specific hairpin locus owns its
code when there is sufficient genetic information, the “n” in
the middle of its miRNA identifier may be easily replaced
by the hairpin locus code.

miRNA Regulation of Meristem Identity During L.
kaempferi Tree Aging

Meristems can fine-tune themselves to match dynamic
growth and development, accompanied by age-related
changes at various scales, throughout their life stages. This
process is strictly controlled by a complex genetic network
in which each component works in concert with the others.
For example, both the miR156-SPL and the miR172-AP2
pathways antagonistically control the transition from juve-
nile to adult stage (Wu et al. 2009; Huijser and Schmid 2011;
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Yamaguchi and Abe 2012; Tripathi et al. 2018). Moreover,
miR172 targets AP2-like proteins, directly repressing ARF3
expression, which in turn diminishes SPL3 levels (Rubio-
Somoza and Weigel 2011). ARF2, ARF3, and ARF4 tran-
scription factors are regulated by tasiRNAs from TAS3, and
miR390 targets TAS3 to trigger the production of tasiRNAs
(Allen et al. 2005). Herein, miRNA-mediated regulatory net-
work showed that both lka-miR156-SPL and lka-miR-9-5p-
390-TAS3-ARF pathways were interconnected by lka-miR-
1-3p and lka-miR-14-5p-482 (Fig. 4), suggesting that they
drive L. kaempferi meristem development in concert. Fur-
thermore, the lka-miR-1-156 expression was nearly down-
regulated with age, showing a pattern consistent with those
of A. thaliana, maize, and several woody species, including
Acacia confusa, Acacia colei, Eucalyptus globulus, Hedera
helix, and Quercus acutissima (Lauter et al. 2005; Wu and
Poethig 2006; Wu et al. 2009; Huijser and Schmid 2011;
Wang et al. 2011; Tripathi et al. 2018). Actually, it can
scarcely be a coincidence that L. kaempferi miR156-SPL
features match perfectly with those in these species, suggest-
ing that miR156-SPL defines a conserved molecular con-
nection between the development of meristem and its age.

Based on current understanding of molecular functions
in meristems, miR156-SPL and miR172-AP2 cooperate in
developmental timing. However, miR172 family members
were not identified in our study. It was likely due to the lim-
ited number of transcripts. In addition, the current miRBase
Release 22 (http://www.mirbase.org) does not contain any
miR172 from gymnosperms, even though miR172 has been
identified in some conifers (Zhang et al. 2012; Qiu et al.
2015). Therefore, it is still unknown whether the APETALA
2-like genes are progressively downregulated with age by
miR172 in Larix or even in other gymnosperms.

miRNA Regulation of Vascular Cambium During L.
kaempferiTree Aging

Laccases are basically involved in lignin biosynthesis that is
closely associated with the formation of the secondary cell
wall of tracheary elements, sclereids, and many fiber types
in vascular plants (Freudenberg 1959; Bao et al. 1993; Zhao
etal. 2013, 2015; Lu et al. 2013; Yi Chou et al. 2018). To our
knowledge, LAC4, LAC11, and LAC17 are involved in mon-
olignol polymerization and lignification of vascular bundles
and interfascicular fibers in A. thaliana stems (Berthet et al.
2011; Yi Chou et al. 2018). IRX12, encoding a laccase, is
associated with secondary thickening of cell wall (Yang et al.
2007). The miR397-LAC pathway regulates lignin content
and, consequently, affects the secondary cell wall of vessel
elements, fibers, and sclereids (Berthet et al. 2011; Lu et al.
2013; Wang et al. 2014). Our results showed that age-related
lka-miR-7,13-5p-397 mainly targeted laccase genes in Larix,
indicating that the lka-miR-7,13-5p-397-LAC pathway may
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regulate the secondary cell wall formation of tracheids in
the xylem and sclereids in the bark during L. kaempferi tree
aging, and these data provide further information about the
effects of age on wood formation (Li et al 2017).

miR165/166-HD-ZIP I1I regulon is highly conserved and
often interacts with other factors to control a broad range
of developmental processes, such as apical development,
inflorescence architecture, vascular specification, pattern-
ing, and differentiation (Turchi et al. 2015; Ramachandran
et al. 2016; Alvarez Buylla et al. 2019). For example, ATHBS
contributes to the preprocambial cells against auxin pertur-
bations to promote xylem formation (Baima et al. 2001;
Donner et al. 2009; Smetana et al. 2019) and regulates
the formation of lateral shoots and floral meristems with
ATHB-15 (Prigge et al. 2005; Chano et al. 2021). We also
identified lka-miR-10-3p-166, targeting three homologues
of HD-ZIP 11l genes HOX32, ATHBS, and ATHB-15, sug-
gesting that the roles of HD-ZIP Ills in L. kaempferi are
similar to angiosperms’ throughout vascular development.
However, the xylem tissues of L. kaempferi contain only
tracheids without vessels and fibers. We need to further learn
how miR165/166-HD-ZIP I1I regulates xylem formation in
gymnosperms.

miRNA Regulation of Meristem by Integrating Light
and Mobile Signal

IRLA4 is involved in developmental signaling and response to
light stimulus in A. thaliana (Forsthoefel et al. 2005, 2013).
In Larix, an orthologous IRL4 gene targeted by lka-miR-8-5p
(Fig. 5), was also identified, suggesting that the lka-miR-8-
S5p-IRL4 pathway may play a critical role in light signaling
during L. kaempferi meristem development. Interestingly,
the expression pattern of lka-miR-8-5p is significantly neg-
atively correlated with that of lka-miR-1-5p-156 (Fig. 5),
indicating that they antagonistically operate together to regu-
late the development of L. kaempferi meristems.

CRN can perceive the mobile signal CLV3 (CLAVATA3)
to modulate meristem maintenance and floral organ develop-
ment (Miiller et al. 2008). Notably the homologue of CRN
gene targeted by lka-miR-6-5p is also identified in the age-
related regulatory network of L. kaempferi stems (Fig. 5),
implying that CRN might correspond to a signal from CLV,
a highly conserved regulator of coordinated stem cell pro-
liferation and differentiation (Somssich et al. 2016; Fletcher
2018).

To our knowledge, miR162 targets endoribonuclease
dicer homolog 1 (DCLI) to maintain the proper level of
DCLI1 in Arabidopsis (Rajagopalan et al. 2006). However,
the types of predicted lka-miR-3-3p-162 targets are varied
(Fig. 5), including retrovirus-related pol polyprotein from
transposon TNT 1-94 (RRPPTTNT1-94), B3 domain-
containing protein (Os06g0194400), and pentatricopeptide

repeat (PPR)-containing protein (At3g13150). To date, the
function of retrovirus-related polyproteins in plants remains
unknown. The plant-specific B3 domain-containing protein
belongs to a large transcription factor superfamily, includ-
ing the LAV (LEC2 [Leafy Cotyledon 2]/ABI3 [Abscisic
Acid Insensitive 3]-VAL [VP1/ABI3-like]), RAV (Related
to ABI3/VP1), ARF, and REM (reproductive meristem)
families (Wang et al. 2012). They are all closely associated
with mobile signal hormones and reproductive growth. PPR
proteins are a large family of modular RNA-binding pro-
teins and their PPR motifs are involved in RNA processing,
splicing, editing, stability, and translation (Small and Peeters
2000; Schmitz-Linneweber and Small 2008; Manna 2015).
Given that the expression lka-miR-3-3p-162 correlated with
the expression of several other miRNAs and targeted mul-
tiple transcripts (Fig. 5), it appears to be a key node in the
regulatory network as it has versatile functions.

PAP14 (Probable Plastid-Lipid-Associated Protein 14)
directly regulated by DOF3.6/OBP3 (Dof zinc finger pro-
tein DOF3.6), can phosphorylate proteins to regulate gene
expression and the mitotic cell cycle. OBP3 modulates phy-
tochrome and cryptochrome signaling in response to light
changes in A. thaliana (Ward et al. 2005). In the age-related
miRNA regulatory network of Larix meristems, lka-miR-
12-5p targets the PAP14 gene (Fig. 5), indicating that the
lka-miR-12-5p-PAP14 pathway might play an important role
in light control of the activity of L. kaempferi meristems.

Cms|1 ribosomal small subunit homolog (CMSS1) can
bind to RNA and modify amino acids (Xie et al. 2021), thus
suggesting it may take part in RNA or protein biosynthe-
sis and modification. Although knowledge about CMSS1 is
very limited, it is targeted by the age-related lka-miR-3-5p
in Larix (Fig. 5), indicating that aging involves the change
of protein biosynthesis mediated by this pathway.

Conclusion

The molecular mechanisms governing the activity and
identity of meristems are complicated, integrating SRNAs,
transcription factors, small peptides, enzymes, hormones,
age-related signaling, and environmental cues. Herein,
we identified three miRNAs whose expressions changed
depending on L. Kaempferi tree age, and 17 showed coor-
dinated expression patterns with three age-related miRNAs
in current-year stems of L. kaempferi with different age. All
miRNAs and their targets constituted a miRNA-mediated
regulatory network underlying chronological development
of meristems in L. kaempferi. Although there are many
unknown components, the age-related miRNA regulatory
network identified here contributes to a deeper understand-
ing of meristem development in L. kaempferi, a perennial,
gymnosperm, woody tree, which is different in many aspects
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from angiosperms. We also expect the future revisions of the
age-related L. kaempferi miRNA regulatory network as more
individuals of different ages, genotypes, and various growth
conditions are surveyed, and more miRNAs and their targets
are annotated, which will contribute to the development of
functional genomics in the post-genomic era.

Materials and Methods
Plant Materials

L. kaempferi samples were collected in July 2011 in Dagujia
seed orchard (42°22' N, 124°51' E), in the Liaoning Prov-
ince, Northeast China, as the same as those described previ-
ously (Li et al. 2014, 2017). To cover the major development
phases of L. kaempferi, the current-year-defoliated upper-
most main stems were harvested from three 2-, 5-, 10-, 25-,
and 50-year-old L. kaempferi trees and from ten 1-year-old
trees, and they all were grown from seeds in nursery garden
of Dagujia seed orchard. The stems of trees at the same age
were pooled, frozen in liquid nitrogen, and stored at — 80 °C
for RNA extraction.

sRNA Library Construction and Sequencing

Total RNAs was extracted from tree stems of the same age
using TRIzol® Reagent according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). Genomic
DNA was removed using DNase I RNase-free (TaKara).
After total RNA integrity was assessed using an Agilent
Technologies 2100 Bioanalyzer (Santa Clara, CA, USA),
we isolated small RNAs (sSRNA) (16 to 30 nt long) from
the total RNA using size fractionation in a 15% TBE-urea
polyacrylamide gel (Invitrogen). Those SRNAs were used
to create RNA sequencing libraries using TruSeqTM Small
RNA Sample Prep Kits (Illumina, USA) according to the
manufacturer’s instructions. The purified and validated
cDNA constructs were then used for sequencing on an
Illumina HiSeq 2000 platform. All sequencing reads were
deposited in the NCBI SRA database with the accession
number PRINA234461.

Identification and Annotation of L. kaempferi
miRNAs

Raw sequence reads were filtered using Cutadapt 1.8.1
(Martin 2011). During this procedure, all low-quality reads
(Q <20), adapter sequences from reads, and 5’-adapter con-
taminants were removed. Subsequently, sequences between
18 and 30 nt from the filtered reads were extracted and sub-
jected to further analysis. Briefly, the extracted sequences
were analyzed by BLAST against the Rfam database (ftp.
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sanger.ac.uk/pub/databases/Rfam) to annotate rRNA, tRNA,
small nuclear RNA, and other non-coding RNA sequences.
Then, the sSRNA sequences were used to predict potential
miRNAs using MIREAP (http://sourceforge.net/projects/
mireap/) to compare them with transcriptome sequences of
L. kaempferi (Li et al. 2017). Only those sRNAs that satis-
fied the essential criteria described by Axtell and Meyers
(2018) and Kozomara et al. (2019) were considered high-
confidence miRNAs. The secondary structures of the puta-
tive miRNA precursors were then predicted on the Mfold
web server (http://unafold.rna.albany.edu/?q=mfold/downl
oad-mfold) (Zuker 2003) with default parameters.

To infer homology, we used BlastN to compare the set of
29 high-confidence miRNAs to the miRBase v22 database
(http://www.mirbase.org/) and used ClustalX to compare
their target sites to those of corresponding homologous miR-
NAs. If a miRNA sequence was homologous to known miR-
NAs in the miRBase and its target site was also homologous
to those of corresponding known miRNAs, it was identified
as a conserved miRNA and annotated by homology, or it was
considered to be a novel miRNA.

Expression Analysis of miRNAs

Expression levels of the miRNAs were determined using
normalized transcripts, and each miRNA expression was
measured in reads per million reads. The normalized expres-
sion equals the actual miRNA count per total count of clean
reads times 1,000,000.

Analysis of Age Effects on miRNA Expression

We estimated the effect of age on miRNA expression
using linear-to-cubic models for each miRNA with base-
2, log-transformed age as predictor, and expression level
as response. The best regression model was selected from
all possible linear-to-cubic models using adjusted R? and F
tests. MiRNAs that had adjusted R>> 0.8 and F test P <0.05
were defined age-related miRNAs.

Prediction of the miR390-TAS3-ARF Pathway

We predicted miR390 targets using the psRNATarget web
server (http://plantgrn.noble.org/psRNATarget/) (Dai et al.
2018) with the following default parameters: expectation
is 3 and HSP size is the same as the miRNA length. Only
the sequences with two miR390 complementary sites and
at least one tasiARF were considered as TAS3 candidates
(Axtell et al. 2006; Xia et al. 2017). Larix ARF homologous
sequences were identified in the L. kaempferi transcriptome
using TBlastN with A. thaliana ARF genes retrieved from
PlantTFDB (planttfdb.cbi.pku.edu.cn) (Jin et al. 2017)
as query sequences. We predicted tasiRNA-targeted ARF
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genes from Larix ARF transcripts using the psRNATarget
web server (http://plantgrn.noble.org/psRNATarget/) (Dai
et al. 2018).

Prediction and Annotation of the Target Genes of L.
kaempferi miRNAs

We predicted potential miRNA target genes from the assem-
bled L. kaempferi mRNA transcriptome (Li et al. 2017)
using the psRNATarget web server with default parameters.
The target genes were annotated by searching homologous
sequences using BlastX against the UniProtKB with an e
value of 1e>. We selected the top hits to the annotated tran-
scripts and assigned the Gene Ontology (GO) terms (Sup-
plementary Table S3).

Construction of miRNA-Mediated Regulatory
Network

To investigate thoroughly miRNAs underlying meristem
development chronologically, the coordinated miRNAs with
age-related miRNA at different correlation levels were iden-
tified by the Pearson correlation coefficient (PCC) between
the expression patterns of the age-related miRNAs and other
miRNAs. MiRNAs with IPCCI> 0.8 between their expres-
sion patterns were considered to be coordinated. The coor-
dinated miRNAs were organized hierarchically by PCCs of
their expression patterns. Age-related miRNAs were defined
as the first rank of hierarchy, then miRNAs directly corre-
lated with age-related miRNAs were defined the second rank
of hierarchy, and so on. After that, miRNA targets and their
annotations were added to establish the miRNA-mediated
regulatory network. The statistical analyses were performed
with the Statistical Product and Service Solutions program
(SPSS Statistics 26, IBM Corp. New York, USA). Cytoscape
(https://cytoscape.org/) (Shannon 2003) was used to create
the regulatory network.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00344-021-10436-w.
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