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MicroRNAs (miRNAS) regulate gene expression in many biolegl processes, but the
signi cance of the interaction between a miRNA and its targes in perennial trees
remains largely unknown. Here, we employed transcript prding and association
studies in Populus tomentosa (Pto) to decipher the effect of genetic variation and
interactions between Pto-miR156¢ and its potential targets Pto-SPL15, Pto-SPL20,

and Pto-SPL25) in 435 unrelated individuals from a natural population ¢ tomentosa.

Single-SNP (single-nucleotide polymorphism) based assdation studies with analysis
of the underlying additive and dominant effects identi ed © signi cant associations

(P < 0.01), representing 51 common SNPs (minor allele frequency 0.05) from

Pto-MIR156c and its three potential targets, with six wood and growth trds, revealing
their common roles in wood formation. Epistasis analysis wovered 129 signi cant

SNP-SNP associations with ten traits, indicating the potetial genetic interactions of
Pto-MIR156¢ and its three putative targets. Interestingly, expressiomnalysis in stem
(phloem, cambium, and xylem) revealed thaPto-miR156¢ expression showed strong
negative correlations withPto-SPL20 (r D  0.90, P < 0.01) andPto-SPL25( D 0.65,

P < 0.01), and a positive correlation withPto-SPL15 (r D 0.40, P < 0.01), which also
indicated the putative interactions ofPto-miR156¢ and its potential targets and their
common roles in wood formation. Thus, our study provided an kernative approach to
decipher the interaction between miRNAs and their targetsrad to dissect the genetic

architecture of complex traits in trees.

Keywords: association genetics, Pto-miR156¢ , miRNA-mRNA, interaction, epistasis, wood formation

INTRODUCTION

MicroRNAs (miRNAs)are small non-coding RNAs (20-24 nt) that étion in gene regulation
as sequence-speci ¢ regulators, via post-transcriptional WRidavage or inhibition of gene
expression in eukaryotes'¢innet, 2009. In plants, miRNAs have in uential roles in development
(Rubio-Somoza and Weigel, 20Q%nd resistance to stresses such as drought and saliwifyzier
et al.,, 2011; Kruszka et al., 201Thus, studying miRNAs can provide important information
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on the mechanisms of morphological and physiological changegiR397 to show that miR397a negatively regulal@scase
in response to the changeable environment in plants and for than lignin biosynthesis. However, trees have long genenatio
genetic improvement of crops and forest treésuszka et al., times and lack characterized mutants, which hinders trangge
2012; Zhou and Luo, 20).3 approaches aiming to clarify the functions of miRNA-mRNA
With the development of high-throughput sequencinginteractions. However, single nucleotide polymorphism (SNP)
technologies, many miRNAs have been identi ed in a range obased association mapping provides an alternative, feasible
plant species{ozomara and Griths-Jones, 20)4 Of these, strategy for deciphering the natural allelic variation ofnge
microRNA-156 (miR156) has been well characterized in aesponsible for speci c traits in treeséxton et al., 20)2For
number of plants, such asrabidopsis thalian§//u and Poethig, example, candidate gene-based association studies hatieside
2009 and maize Zea may}s(Mica et al., 2006 In Arabidopsis several major SNPs within candidate genes associated ngih t
and maize, miR156 functions in shoot maturation during thegrowth and wood property traits iEucalyptus niterendPopulus
juvenile to adult transition, and is highly expressed in ealgot  (Thumma et al., 2005; Tian et al., 2)1Moreover, SNP-based
development but decreases after this stage. Also, the jevenassociation studies in humans identi ed SNPs in miRNA genes
to adult phase was delayed when miR156 was overexpressesociated with diseases; also, SNPs in miRNA genes could alter
(Wu and Poethig, 2006; Chuck et al., 2D0The prolonged miRNA secondary structure and in uence miRNA expression
vegetative phase caused by overexpression of miR156 maifdyels Duan et al., 2007; Rawlings-Goss et al., 2014
depends on negative regulation of the expressidBQUAMOSA Recently, SNP-based association mapping has emerged as a
PROMOTER-BINDING PROTEIN-LIKgenes $PLs TheSPLs feasible way to exploring the genetic e ect of mMiRNA-mRNA
encode a plant-speci c transcription factor family that playsinteractions on phenotypic variation. For instancé&gng et al.
pivotal roles throughout di erent stages of plant development(2015)identi ed SNPs in thePto-MIR530agene and its target
(Birkenbihl et al., 2005 for example, AtSPL2 AtSPL10 and and evaluated their interactions and e ects on tree growtld an
AtSPL1Ifunction in morphological regulation of cauline leaveswood properties irP. tomentosdn addition, epistasis modeling
and owers during theArabidopsigeproductive phaseShikata can detect the mutual e ects of SNPs in multiple genes, providing
etal., 2009 the evidence to evaluate the complex relationships amongsgene
In addition to the regulation of phase transition, th&R156- (Roguev etal., 2008; Du et al., 2)1hus identifying the miRNA-
SPLnetwork also functions in root development, nodulation, mRNA interaction network that a ects phenotypic variation.
and stress tolerance in plant&i¢ et al., 2012; Cui et al., 2014; In P. trichocarpathe miR156 family consists of 12 members,
Aung et al., 2016 For example, iMrabidopsisand rice Oryza andPtc-MIR156@xhibited high abundance in xyleri¢zomara
sativgd, miR156 was highly expressed under salt and droughind Griths-Jones, 201) indicating that miR156¢c might
treatment, which reduced the expressiorS8#fL9thus increasing function in wood formation in trees. Here, ifP. tomentosa
the expression o0DFR (DIHYDROFLAVONOL-4-REDUCTASE) (Pto), a genetically close species Ro trichocarpa(Ptg, we
andPAP1 (PRODUCTION OF ANTHOCYANIN PIGMENTt@) rst measured the expression levels of 12 membersPio-
reinforce the accumulation of anthocyanin, leading to emted ~ MIR156family, which showed thaPto-MIR156@xpressed high
stress tolerance of plant<(i et al., 201} Over-expressing in vascular tissue (developing xylem, mature xylem, cambium
miR156 in Populus canadensi@so prolonged the vegetative and phloem), suggesting that this miRNA might play vital
phase of trees by down-regulating the miR156 target gées3 roles in the regulation of wood formation in trees. We furthe
and SPL9 causing phenotypic changes in leaf morphology analoned thePto-MIR156cgene and identi edPto-SPL15Pto-
internode length(Vang et al., 2001 SPL20 and Pto-SPL2%s the potential targets d?to-miR156c¢
Perennial trees have large sizes and long growth cycles; thaa bioinformatics prediction and degradome sequencing. We
need to adapt to changeable environmental conditions ovaeryma test the expression levels Bfo-MIR156cand maturemiR156
years. Trees also provide timber resources and many ecosystevhich revealed a signi cant positive correlation. Then, we
servicesl{leale and Kremer, 20).1The dissection of the genetic deciphered the genetic variations and interactions Rtb-
regulatory networks for traits with complex genetic architee, miR156cand its putative targets associated with tree growth
such as tree growth and wood properties, may inform e ortsand wood property traits, using SNP-based association mapping
to improve economically and ecologically important propertieswith underlying additive, dominant, and epistasis e ects in a
However, the interactions of the components of this systermatural population of 435 unrelated individuals Bf tomentosa
and the e ect of genetic variation of thmiR156-SPlegulatory  Single-SNP-based association mapping identi ed SNPs within
system on tree growth and wood properties remain uncleaPto-MIR156@nd its putative targets signi cantly associated with
P. trichocarpahas 28SPLgenes that show diverse expressiortree growth and wood properties. Combined with expression
patterns in di erent tissues and organs, indicating that thegty ~ pattern analysis oPto-MIR156cand its potential targets, this
function in di erent biological processes in treesi(and Lu, reveals their common roles in wood formation. We also detcte
2019. The regulatory mechanisms and expression patterns of thtae SNPs in the pre-miRNA (precursor miRNA) region Bfo-
miR156-SPImodule in tree growth and wood formation remain MIR156cthat a ected the stability of its secondary structure.
unknown. In addition, epistasis modeling provided evidence for the
In perennial woody plants, a few studies have used transgeniiateraction of Pto-miR156@nd its potential targets. Thus, our
methods to examine the roles of miRNAs. For example, study provided a better understandingmfR156-SPkegulatory
et al. (2013pused transgeniP. trichocarpdines over-expressing network in tree growth and wood formation and raised an
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alternative method for dissecting the genetic variationdan Degradome Sequencing

interactions of miRNAs and mRNAs in population genetics ofTotal RNA of six tissues (leaf, shoot apex, phloem, cambium,

trees. developing xylem, and mature xylem) was extracted using the
Plant Qiagen RNeasy kit (Qiagen China, Shanghai) following
the manufacturer's instructions. Additional, on-column Ds&

MATERIALS AND METHODS digestions were applied using RNase-Free DNase Set (Qiagen)

Population and Phenotypic Data during the RNA purication and the RNA integrity was
The association population was composed of 435 unrelate n rf”e‘?' on an agaroselz SEL Thﬁ tqtal RN'?‘ samples frc;fmh
individuals, selected from 1047 individuals of tRe tomentosa the six tissues were pooled toget er in equa amou_nts, whic
collection established in Guan Xian Country (Shandond’vere used to c_:onstruct _degradome libraries according tq the
province, China, 363N, 115 47%) in 1982, using a randomized methods described previouslysiiamimuzzaman and Vodkin,

complete block design approach with three clonal replicationg,Ola' E”e%{ a g Rr:\l,%\aadapter, which g){;)soslessehs alfr@-e 5
covering almost all the natural distribution d?. tomentosa monophosphate at the"derminus, was added to the cleavage

i.e., the southern, northwestern, and northeastern regiof products using T4 RNA ligase (Ambion). Then the ligated
Chi'na (30-40N 165—125E) (Ou :et al., 201 In addition, 43 products were puri ed and reverse transcribed using an oligo
unrelated individuals, representing almost the entire rargj dT primer by SuperScript Il RT (Invitrogen). The resulting

native P. tomentosaselected from the association populationCDNA was ampli ed fpr 6 cycles (9€ for 30s, 60C for
were used to identify SNPs within candidate genes. 20s, and 72 for 3 min), and then the PCR products were

Three growth traits and seven wood property traits Weredigested with Mmel and ligated to & 8ouble adapter. Finally,

measured with at least three replications per genotype andathe%hoe ligation products were ampli ed, gel-puried, and used

data were used for association analysis. The three growits tr Clr seqtjenging-b3|/_-syntc:1c(iesis with the Il:umzigaQI:IiSquO?jﬂe
were: tree height (H, m), diameter at breast height (DBH, cm)C/€@veland pipelineAddo-Quaye et al., 209was used to

and stem volume (V, ). The seven wood properties Were:analyze the miRNA cleavage sites based onRhé&ichocarpa

holocellulose content (HC, %)-cellulose content (CC, %), genome transcripts (V3.0) (SRX1447192).
lignin content (LC, %), hemicellulose content (HEC, %), ber

width (FW, mm), ber length (FL, mm), and micro bril angle 'ssue-Speci c Expression Analysis

(MFA, ). The detailed measurement methods and correlation : fresh ti includi leaf. old leaf
of these phenotypic data for 435 genotypes were describ Ven ires tlgsues, Inciuding young leal, old leal, shpex,a
phloem, cambium, developing xylem, and mature xylem, were

previously pu etal., 201 sampled from 1-year-oldP. tomentosaclone “LM50.” Total
. . RNAs from these fresh tissues were extracted using the methods

Identi cation of  Pto-MIR156¢ and Three described above. Then, cDNAs for the seven tissues were
Potential Targets of Pto-miR156¢ synthesized with the Plant Qiagen RNasey Kit, and these cDNAs
The primary sequence dPto-MIR156cwas cloned based on were used for testing the tissue-specic expressionPod-
the sequence oPtc-MIR156cfrom P. trichocarpa(Kozomara MIR156cand the three potential targets oghiR156¢ Small
and Gri ths-Jones, 201), containing the pre-miRNA sequence RNAs 200 nt) were isolated via the mirVana miRNA Isolation
and 300 bp anking regions on each side of the pre-miRNAKit (Ambion, USA) following the manufacturer's instructions,
region, using gene-speci c primers. Two screening methodsyhich were used for testing the expression levels of mature
psRNATarget prediction and degradome sequencing, were usedRNA. Then, poly(A) tails were added td 8nd of the small
to determine the target genes &fto-miR156¢ psRNATarget RNAs via poly(A) polymerase (Ambion), and the polyadenylated
(http://plantgrn.noble.org/psRNATarget/) was used to predictsmall RNAs were revised transcribed with oligo(dT) adapter
the targets ofPto-miR156cusing 3000 complementary DNA (Ambion).
(cDNA) sequences from a mature xylem cDNA library of Reverse transcription quantitative PCR (RT-gPCR) was
P. tomentosaThis cDNA library was constructed with the performed on a 7500 Fast Real-Time PCR System using the
Superscript System (Life Technology, Carlsbad, CA, USA)SYBR Premix Ex Taq (TaKaRa, Dalian, China). The gene-speci ¢
with the manufacturer's instructions and consisted of 5.0primers (Table S} designed by Primer Express 3.0 software

1P pfu with an insert size of 1.0-4.0 kbLi( et al., (Applied Biosystems) were used to determine the expression
2009. Then, random end-sequencing of 3000 cDNA clonedevels of 12 members (a-l) iRto-MIR156gene family, mature
from this cDNA library were used for further analysis. In miR156 and its putative targets. All reactions were performed
addition, we employedP. tomentosadegradome sequencing with triplicate technical and triplicate biological repetitis, with
(described below), a high-throughput sequencing methodcWwhi Actin (EF145577) as the internal control. The data were analyzed
is widely used for verifying the regulatory relationship ofwith the Opincon Monitor Analysis software 3.1 tool and the
miRNAs and mRNAs, to identify the miRNA cleavage sitesmelting curve was used to check the speci city of the ampli ed
After ltering by these two screening approaches, the targefragments. The conditions for PCR were: @4for 5 min; 40
genes ofPto-miR156cwere determined and the full-length cycles of 94C for 30s, 58C for 30s, and 72 for 30 s; and a
cDNAs of target genes were isolated from the 3000 cDNAnal with 70-95 C for the melting curves, which were used to
clones. con rm the speci city of the ampli cation.
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SNP Discovery and Genotyping (FDR) was used for correcting multiple tests, using QVALUE
To identify SNPs, not including Indels (insertions/det®is), runningin R (Storey and Tibshirani, 2003

in Pto-MIR156cand its three potential targets (i.&2to-SPL15

Pto-SPL20 and Pto-SPL2§ the full-length genomic regions Haplotype-Based Association Analysis

of the four genes were sequenced, using gene-speci ¢ primergplotype trend regression (HTR) analysis was conducted to
designed based on the cDNA clones of the three genes, aggtimate the haplotype frequencies from the genotype data on
analyzed in 43 unrelated individuals randomly selectednfro a three-marker sliding window and test the haplotype-based
the P. tomentosassociation population. The clone and PCRassociations4aykin et al., 2002 The signi cance of haplotype-
ampli cation procedures were according #hang et al. (2011) based associations was based ofi pérmutation tests, and
The BigDye Terminator Cycle Sequencing kit (version 3.1Singleton alleles and haplotypes with frequencies less th&n 0.0
Applied Biosystems, Beijing, China) and the 4300 DNA Analyzewere discarded in this analysis.

(Li-Cor Biosciences, Lincoln, NE, USA) were used for segugnc . . . .

of candidate genes. Using the DNeasy Plant Mini Kit (Qiagef!ulti-SNP Based Epistasis Analysis _

China, Shanghai), genomic DNA was extracted from fresh ledt Multifactor dimensionality reduction (MDR) algorithmHahn
tissue of the 43P. tomentosandividuals and used as DNA €t al., 2008 which processed high-dimensionality genetic data
ampli cation templates. into a single dimension so that the interactions could be detc

Sequences ofPto-MIR156¢ Pto-SPL15 Pto-SPL20 and in a relatively small set, was used to dissect the epistatic®e ect
Pto-SPL25in the 43 individuals have been deposited(Non-additive interactions) among SNPs. In MDR 3.0.2, the
in GenBank under the accession numbers KX080106-ReliefF algorithm, which improves the reliability of probatyil
KX080148, KX079977—KX080019, KX080020—KX080062, aﬁgproximation, ltered all unlinked SNPs{ < 0.1 or di erent
KX080063—KX080105, respectively. MEGA Sa@n(ura et al., ge_nes), and_ produced the ve most-signi_cant SNPs for each
2017 was used for sequence alignment and SNP identi cationirait. In addition, the genetic e ects of signi cant SNP-SNP
and DnaSP 5.10L{brado and Rozas, 20pwas employed to Pairs were evaluated by information gain (IG), calculated by
evaluate the nucleotide diversity. Then, all the common SNpPENtropy-based measurglpore etal., 2006
minor allele frequency (MAF} 0.05) identi ed were genotyped . .

i(n the 435 indivi?]luals)flr(om th;:a assc?ciation populatign usi);pg th Transcript Analysis of SNP Genotypes

Beckman Coulter (Franklin Lakes, NJ, USA) sequencing systerft |-dPCR was conducted to test the e ect of di erent genotypes
of SNPs fromPto-MIR156@nd its potential targets on transcript

Data Analysis abundances in mature xylem. Ten individuals for each gepmty
Linkage Disequilibrium (LD) Analysis of every SNP were randomly selected from the association
The squared correlation of allele frequencied petween each populatlo_n, a”‘_" the RT-qPCR was. performed as de_scrlbed
pair of common SNPs (MAB 0.05) within Pto-MIR156¢Pto- above. Di erential expression across di erent genotypic paiesw
SPL15Pto-SPL20and Pto-SPL25was used to assess the extenfa\""llu""tecl by ANOVA.

of LD using TASSEL v. 5.@(adbury et al., 2007 The decay of

LD with distance in base pairs (bp) between SNPs was evaluatRESULTS

by non-linear regression with ®Opermutations of the data . .
(Remington et al., 200Q,Land singletons were excluded in LD Identi cation of ~ Pto-MIR156¢ and Three

analyses. Potential Targets of Pto-miR156¢
To examine the expression patternsRtb-MIR156gene family
Single SNP-Based Association Analysis in di erent tissues and organs, we rst measured the expression

The mixed linear model (MLM) in TASSEL v.5.@r@dbury abundance of 12 members Rto-MIR156family, which showed

et al., 200y was used for single SNP-based association in thinat Pto-MIR156cexhibited high abundance in vascular tissue
association population. The MLM wasDymC QvC Zu C e, (developing xylem, mature xylem, cambium, and phloem),
with y denoting a vector of phenotypic observationsjenoting  indicating thatPto-miR156enight function in wood formation

the intercepts vector, v denoting a vector for population e ectspf trees Figure S). Then, to identify SNPs irPto-MIR156¢

u denoting the vector of random polygenic background e ectswe cloned the primary sequence Bto-MIR156cgene based

e denoting random experimental error, Q matrixes de ning theon the sequence of the. trichocarpahomologPtc-MIR156dn
population structure, and Z being the matrixes relating y to umiRbase. The sequencing yielded the 700-bp genomic sequence
In addition, we used the estimated membership probability (Q of the Pto-MIR156¢cprimary transcript, including 100 bp of
and pairwise kinship (K) to evaluate the population structurepre-miRNA sequence, the 20-bp mature miRNA, and 300 bp
and relatedness, respectively, among individuals for matrieér  of anking sequence on each side of the pre-miRNA region.
associations. The K matrix was assessed by SPAGeDidr8y( Prediction of the secondary structure for thieto-MIR156¢
and Vekemans, 200based on 20 species-speci ¢ SSR markergre-miRNA sequence by RNAfold analysis revealed a typical
(Du et al., 201y, and the Q matrix was evaluated based orhairpin structure, conrming that Pto-miR156ds a miRNA.
signi cant subpopulations K D 3) according to the statistical Comparison of thePto-MIR156cpre-miRNA sequence with
model described bigvanno et al. (200%ia STRUCTURE V.2.3.4 homologous miRNAs irP. trichocarpaOryza sativaZea mays
(Patterson et al., 20Q6Finally, the positive false discovery rateand Arabidopsis thalianaevealed that the mature region of these

Frontiers in Plant Science | www.frontiersin.org 4 August 2016 | Volume 7 | Article 1159


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

Quan et al. MiR156-SPL Interactions in Wood Formation

miRNAs were completely conserved, despite the diverse degre®s SNPs with an average density of 1/27 ppQ 0.01139 and
of similarity (52.32—100%) in the pre-miRNA regidrigure 1A). ", D 0.00792). The mature region had no SNPs, indicating that
We further used the 20-nt mature sequence and psRNATargdhe mature region was the most conserved, and the pre-miRNA
to identify 56 potential target genes d?to-miR156¢ and region had two SNPs, a frequency of 1/50 p @ 0.01023
degradome sequencing to detect the most likely cleavagginit and",, D 0.00468). In addition, we identi ed 370 SNPsRto-
the three putative target geneBigures S2S4). After Itering  SPL15Pto-SPL20andPto-SPL2%vith frequencies of 1/37, 1/31,
with two screening methods, three full-length cDNABfo-  1/71, respectivelyTable 1 and Table S3. Within the coding
SPL15 Pto-SPL20 and Pto-SPL25 were identied as target regions of Pto-SPL15Pto-SPL20and Pto-SPL25the average
genes oPto-miR156¢The cDNA sequences &fto-SPL15Pto-  synonymous diversityds) was higher than the non-synonymous
SPL20Q and Pto-SPL25solated from a cDNA library fromP.  diversity dy) with the dy /dsratio of < 1 (0.97, 0.92, and 0.35,
tomentosanature xylem showed thd&to-SPL13Pto-SPL20and  respectively) for all exons, suggesting that the non-synauysn
Pto-SPL25vere 1850, 1061, and 1159 bp in length encodingites in the exon region experienced purifying selection.
proteins of 328, 196, and 242 amino acids, respectively, asdthe To perform association studies, a set of 283 common SNPs
proteins contain the conserved SBP (SQUAMOSA-PROMOTERMAF > 0.05) fromPto-MIR156@nd the three putative targets
BINDING PROTEIN) domain. The encoded proteins alsoof Pto-miR156avere genotyped in 435 unrelated individuals of
showed high amino acid sequence similarity to the proteinshe association populatioriTéble 1 and Table S3, of which 17
encoded by theilP. trichocarpehomologsPtc-SPL1%84.15%), common SNPs were found iRto-MIR156¢including 2 in the

Ptc-SPL2(®7%), andPtc-SPL2%74.26%) Figure 1B). pre-miRNA region and 15 in the anking region. Of the 263
common SNPs in three target genes, 80.52% were found in non-
Expression Pro les of  Pto-MIR156¢ and coding regions, including the promoter (41.20%%38 UTRs

the Three Potential Targets of Pto-miR156¢c (un-translated regions, 11.61%), intron (20.60%), and agki
; 0
To test the tissue-speci c expression and expression pattérns g9ion (500 bp downstream of the"MTR, 11.38%) of the

Pto-MIR56cand its three putative targets, we used RT—qPCFQ(_eneS Table S3. The remaining SNPs were in coding regions

0, - 0,
to measure transcript abundance in seven di erent tissues an\%:th 14.23% non-synonymous changes and 5.24% synonymous

organs ofP. tomentosaThe results revealed th&to-MIR156¢ changes. Thezjvalue.s of all pairwise combinations, integrated
is expressed in all examined tissues except the shoot ap&QFh their physical distances, were useq to evaIua_te the Bvera
and the transcripts ofPto-SPL15Pto-SPL20and Pto-SPL25 patterns of LD forPto-MIR156@nd the miRNA putative targets

were also present in the seven tissues and organs, with varigagure 2) We found that LD decayed rapidly W"ﬁ.’ de_chryng
abundanceRigure 10). ForPto-MIR156¢the expression peaked to 0.1 within about 100-1500 bp for each gene, indicating tha
in cambium, followed by young leaf, and the lowest abundanc D of Pto-MIR156@nd the potential targets did not extend to
was observed in mature xylem, except for shoot ap&:-SPL15 the whole genes.

Pto-SPL2(andPto-SPL2predominantly expressed in cambium,

young leaf, and shoot apex, respectively. By contRistSPL15 Genetic Effect of Allelic Variation in

had lower abundance in young leaf, afdo-SPL2Gand Pto- Pto-MIR156¢ and the Pto-miR156¢

SPL25were poorly expressed in cambium. Then, we measurepgtential Targets Revealed by Association
the expression levels of matun@R156in the seven tissues and Studies

organs, which showed a signi cant positive correlation witto- . .
MIR156c(r D 0.90,P < 0.05) Figure S§. Interestingly, the >indle SNP-Based Association

expression correlation analysis revealed that the exprekasiels 10 Investigate the genetic e ects of SNPsRp-MIR156and

of Pto-MIR156@nd the three putative target®1o-SPL15Pto- the three potgntlal targets d?to-leSGcon tree growth and
SPL20 and Pto-SPL2Bexhibited weak or no correlationr (D wood prgpertles, we used MLM in TASSEL 5.0 to conduct 2830
0.17, 0.04,and 0.42, respectivel.< 0.05)in the seven tissues aSSociation tests between 283 common SNPs #ooaMIR156¢
and organs. However, in stem, including phloem, (:ambiumferd the putative targets and 10 traits (H, DBH, V, H_C’ HEC’
developing xylem, and mature xylem, the transcript levelRtof CC, LC, FW, FL, and MFA). In total, we detected 69 signi cant

MIR156candPto-SPL1%& D 0.40P< 0.05) showed a signi cant associationsR < 0.01,Q < 0.1) representing 51 unique SNPs

positive correlation, an®to-MIR156@nd the two other targets " PtO'MlRl%C‘%nd the three putative ta_rgect;z and six traits
showed signi cant, strong negative correlationgFto-SPL2p ~ With 2.79-19.32% of the phenotype variané®)(explained

D 0.90,r(Pto-SPL26D 0.65]. These results indicated that by each SNP Higure 3A Table2 and Table Sj. For Pto-

the miR156¢SPLnetwork inP. tomentosanay participate in the MIR156¢three SNPs signi cantly associated with HC and HEC,
regulation of wood formation. indicating the pivotal role ofPto-miR156dn wood formation.

Pto-MIR156€SNP9 andPto-MIR156€SNP10, located in the pre-

. . . . miRNA region, associated with HEC with di erent phenotypic
Nucleotide Diversity and LD in . contributions and Pto-MIR156¢SNP4 in the anking region
Pto-MIR156¢ and the Three Potential associated with HC. In addition, 48 SNPs frd?to-SPL15Pto-
Targets of Pto-miR156¢ SPL20 and Pto-SPL25signi cantly associated with six traits
To identify polymorphisms for association studies, we segedn (DBH, V, FW, HEC, CC, and HC), and 16.67% of the SNPs
the genomic regions of the four genes in 43 unrelated indigld  showing associations were in coding regiorale 2. The
from the association population. Fé&to-MIR156¢cwe detected number of associations varied across trait categoriablé S4,
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FIGURE 1 | Characterization of Pto-miR156¢ and its three pote  ntial targets and expression analysis of ~ Pto-MIR156¢ , Pto-SPL15, Pto-SPL20, and
Pto-SPL25. (A) The alignment result for pre-miRNA region of MIR156¢ gene anmy the species of P. tomentosa (Pto), P. trichocarpa (Ptc), A. thaliana(Ath), O. sativa
(Osa), and Z. mays (Zma). The asterisks indicated the nucleotides in the ve specieare conserved.(B) The gene structures ofPto-SPL15, Pto-SPL20, and
Pto-SPL25, and the Pto-miR156c¢ target sites determined by degradome sequencing(C) The relative expression levels (arbitrary units normaliz¢éo control) of
Pto-MIR156¢ and its three potential targets in seven tissuesncluding mature xylem, developing xylem, cambium, phlae, old leaf, young leaf, and shoot apex,
conducted by RT-gPCR with Actin as the internal control.

with 51 for growth traits, 4 for wood composition, and 11 for Haplotype-Based Association
wood physical properties, suggesting the vital roleBtofSPL15 We also identi ed 65 common haplotypes (frequerey0.05)
Pto-SPL20andPto-SPL2 tree growth and wood formation.  from 32 high-LD blocks 12 > 0.7, P < 0.001) within Pto-

Of the 69 SNP-trait associations, 86.96% showed additivdIR156c and the target genesTgble 3 and Table S§. The
e ects, 57.97% showed dominant e ects, and 44.93% showedimber of LD blocks for each gene varied from 4 to 11, and
combined additive and dominant e ectd={gure 3A). In total, each block contained 2—3 common haplotypes with an average
60 signi cant associations were found to have an additivece e of two (Table 3. Haplotype-based association, performed by
of 0.06-32.60Table 2. Among thesePto-SPL255NP41 in the HTR, detected 72 signi cant associatio’s< 0.01) between 44
59 UTR associated with V and had the largest e ect. Also, 3Zommon haplotypes from 26 blocks withifto-MIR156@nd the
SNPs withinPto-MIR156cand its potential targets associatedputative targets genes, and seven traits (DBH, V, FW, FL, MFA,
with six traits with dominant e ects ranging from 38.07 to HEC, and CC) withR2 ranging from 0.14 to 29.47%4ble S35.
45.81, and positive and negative dominant values for halfieft = The number of associated haplotypes for each trait ranged
e ects. Of these associatior2o-SPL1ESNP64 in the promoter from 1 to 24; for example, 24 common haplotypes, including
region associated with V had the largest positive dominante e ve in Pto-MIR156¢ nine in Pto-SPL20three in Pto-SPL25
and Pto-SPL2BNP21, in an exon, caused a non-synonymousnd seven in Pto-SPL15 simultaneously associated with
mutation of Ala to Gly, associated with V, and had the largesEW, with R? ranging from 0.68 to 21.73%Tgble S9. In
negative dominant e ectTable S3. Interestingly, 17 signi cant addition, 50% of the signi cantly associated haplotypes were
SNPs fromPto-MIR156@nd the potential targets associated withshared among traits. For instance, one haplotype (C-G-C-C)
more than one trait with disparate additive and/or dominant from blockl in SNP3-6 ofPto-SPL20associated with DBH,
e ects and phenotypic contributions to each trafigure 3A). HEC, MFA, and V, explaining 1.30-4.79% of the phenotypic
In addition, each trait associated with 2-32 signi cant SNNFPbom  variance. Examination of haplotype association was also
Pto-MIR156@nd its putative targets with di erent contributions supported by single-SNP-based association. For example, two
to phenotypic variation, indicating thaPto-MIR156cand the haplotypes (A-A and G-G) fronPto-MIR1566SNP9-10 and two
three potential targets ¢fto-miR156may a ect tree growth and  haplotypes (G-C-C-C and T-A-T-T) fronfPto-SPL2(BNP86-89
wood properties in the same pathway. associated with HEC and FW, respectively, which were styongl
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FIGURE 2 | Linkage disequilibrium within ~ Pto-MIR156c (A), Pto-SPL15 (B), Pto-SPL20 (C), and Pto-SPL25 (D). Pairwise correlations between SNPs are
plotted against the physical distance between in base pairsThe curves indicate the non-linear regressions af onto the physical distance in base pairs.
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FIGURE 3 | The single SNP-based associations with additive a  nd dominant effects and the haplotype-based associations in t he association
population of P. tomentosa . (A) The single SNP-based associations between signi cant SNPsém Pto-MIR156¢ and its three potential targets and traits. The
dashed lines represent the signi cant associations with adidive effects, the dotted lines represent the signi cant assciations with dominant effects, and the solid lines
represent the associations with both additive and dominanéffects. In addition, the circles with M (red), T15 (blue), DXgreen), and T25 (orange) markers (e.g.,
T15-63) in the outer lane indicate the associated SNPs frorRto-MIR156¢, Pto-SPL15, Pto-SPL20, and Pto-SPL25, respectively. The inner lane represents the
associated traits. (B,C) The genotypic effect for the signi cant haplotypes ofPto-MIR156c-SNP9-10 and Pto-SPL20-SNP86-89, along with the genotypic effect for
the single locus ofPto-MIR156c-SNP10 and Pto-SPL20-SNP88, which is consistent with single SNP-based association.
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TABLE 1 | Summary of single nucleotide polymorphisms of Pto-MIR156c and the three potential targets of ~ Pto-miR156c.

Gene Region Length Number of Number of Percentage Nucleotide
(bp) polymorphic sites common SNPs polymorphisms (%) diversity
p "w
Pto-MIR156¢
Flanking region 600 22 15 3.67 0.01159 0.00847
Pre-miRNA region 100 2 2 2.00 0.01023 0.00462
Mature region 20 0 0 0.00 0 0
Total 700 24 17 3.43 0.01139 0.00792
Pto-SPL15
Synonymous 221.11 9 8 4.07 0.00941 0.00941
Non-synonymous 762.89 29 27 3.80 0.00916 0.00879
Total silent 5319.11 137 84 2.58 0.00565 0.00595
TotaP 6082 166 111 2.73 0.00612 0.00635
Pto-SPL20
Synonymous 127.88 4 2 3.13 0.00282 0.00723
Non-synonymous 460.12 8 4 1.74 0.00262 0.00402
Total silenf 3875.88 130 85 3.35 0.00667 0.00775
TotaP 4336 138 89 3.18 0.00624 0.00736
Pto-SPL25
Synonymous 163.06 4 4 2.45 0.01021 0.00567
Non-synonymous 562.94 7 7 1.24 0.00361 0.00287
Total silent 4106.06 59 59 1.44 0.00523 0.00332
TotaP 4669 66 66 1.41 0.00504 0.00327

aTotal silent: synonymous sites plus polymorphic sites in non-coding ggons of genes.
bTotal: silent sites plus non-synonymous sites of genes.

supported by single SNP-based associations for the same traBNPs from the three candidate targets, with pairwise e ects of
(Figures 3B,0. 0.33-5.81% on phenotypic traits.

To decipher the pairwise e ect for tree growth and wood
. . property traits, we constructed three interaction graphs for
The Interacthns of Pto-miR156c and Its FW and HEC, and found that each graph revealed two-way
Three Potential Targets Revealed by interactions between four SNPs iRto-MIR156¢ Pto-SPL15
Epistasis Modeling Pto-SPL20 and Pto-SPL25(Figure 4B). The nine SNPs had
To characterize the functional roles and interactionsRib-  single e ects for the associated traits of 0—7.45%. Among the
miR156cnd the three putative targets Bto-miR156dn wood 15 interactions, 13 had negative IGs, indicating redundant
formation, we used MDR 3.0.2 to perform a SNP-SNP associatianformation in these SNP pairs. Interestingli?to-MIR156¢€
study based on epistasis e ects betwddn-MIR156cand the SNP10 had no e ect on FW, while it did have pairwise e ects
three potential targets d?to-miR156cand the 10 traits. In total, on FW when in combination withPto-SPL1EBSNP75Pto-SPL20
we detected 129 signi cant pairwise associatiofs<(0.01,Q SNP47, andPto-SPL255NP55 Figure 4B). In addition, the SNP
< 0.1) representing 47 unique SNPs frétto-MIR156¢5), Pto-  pair of Pto-MIR156eSNP15 andPto-SPL2BNP5 had epistatic
SPL1518),Pto-SPL2Q17), andPto-SPL2%7) and 10 traits with  interactions on CC, and the higher and lower values of di gren
single e ects from 0 to 7.45% and pairwise e ects from O togenotypic combinations from two SNPs signi cantly di ered
8.7% Figure 4A, Table 4 and Table S§. The pairwise epistatic from the values of the single-locus genotyp&@res 4C-G. For
e ect was assessed by information gain (IG, ranging frotm87 example, epistasis values of the CG-CT combination (0.563%)
to 3.26%), of which 85.27% SNP-SNP associations behaved wiitithe SNP paiPto-MIR156¢SNP15 andPto-SPL2BNP5 were
negative IGs Table 4. Of the SNP-SNP interactions, 21.71signi cantly higher than any of the single-genotype values
and 49.61% represented miRNA-mRNA and mRNA-mRNA(0.063% for CG and 0.167% for CT). However, the genotypic
interactions, respectively, and the remaining (28.68%)istes combinations of Pto-MIR156eSNP15 andPto-SPL1ESBNP58
of SNPs within the same genes. In addition, one SNRPto-  displayed a di erent situation, in which only CG-AG genotype
MIR156ccould have epistatic interactions with more than onecombination produced epistasis values that di ered from the
SNP in the three potential targets Bto-miR156¢Figure 4B).  single-locus genotype. All these ndings can be used as evédenc
For example, SNP9 frofdto-MIR156¢ormed 12 SNP pairs with for dissecting gene-gene epistatic interactions.
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TABLE 2 | Summary of signi cant SNPs within ~ Pto-MIR156c and the three potential targets of ~ Pto-miR156¢ associated with growth and wood properties
in the association population of  P. tomentosa .

Gene Number of Number of Traits Range of Range of Range of
associated SNPs associations additive effect dominant effect R2 (%)
Pto-MIR156¢ 3 3 HC, HEC - 75t0 3.73 2.79-5.05
Pto-SPL15 14 21 DBH, V, FW, CC, HEC 0.06-31.44 24.76 to 45.81 4.23-19.32
Pto-SPL20 12 14 DBH, V, FW, HC, HEC 0.62-32.05 38.07 to 4.74 4.24-11.60
Pto-SPL25 21 31 DBH, V, FW 0.30-32.60 3.20to 3.85 4.46-16.28

TABLE 3 | Summary of haplotype-based association analysis wit hin Pto-MIR156¢ and the three potential targets of ~ Pto-miR156¢ for each trait in the
association population of  P. tomentosa.

Gene Number of Number of Length range Number of Associated Range of
LD blocks common haplotypes & of haplotypes b associated haplotypes © traits R2 (%)
Pto-MIR156¢ 4 8 2-5 7 DBH, FW, CC, HEC 0.15-4.35
Pto-SPL15 10 20 2-9 15 DBH, V, FW, FL, MFA, HEC 0.66-13.59
Pto-SPL20 11 23 2-6 15 DBH, V, FW, MFA,CC, HEC 1.21-7.67
Pto-SPL25 7 14 2-6 7 DBH, V, FW, CC, HEC 2.20-29.47

aCommon haplotype: frequency 0.05.
bLength range of haplotypes: one SNP as a unit.
¢Associated haplotypes: the signi cant level for association with R 0.01.

Transcript Analysis of Signi cant SNP 2019. Of these, miRNAs, a class of crucial ncRNAs, function as
Genotypes key regulators of gene expression. Moreover, SNPs in miRNA
To further investigate the roles of SNPs in pre-miRNA regiond€nes may act as functional markers by a ecting the pre-miRNA
of Pto-MIR156¢ we predicted four secondary structures bySecondary structure, altering miRNA abundance, and moudyi
RNAfold, based on the two SNPs in the pre-miRNA regionthe expression of the targets, thus a ecting phenotypic vaiati
of Pto-MIR156¢Pto-MIR1566SNP9 andPto-MIR156eSNP10)  (Ryan et al., 20)0For example, three SNPs in the pre-miRNA
(Figure 5A). The results showed that the two SNPs slightlyregion of Pto-MIR397astrongly a ected the stability of the
altered the minimum free energy (from 50.14 kcal/mol to secondary structure, and associate with tree growth anddwoo
49.86 kcal/mol) of the predicted secondary structurePed- — Properties inP. tomentosg@Chen et al., 20)5Here, we identi ed
MIR156¢ Then, we used RT-gPCR to measure the transcriptvo SNPs Pto-MIR156€SNP9 andPto-MIR156€SNP10) in the
abundance ofPto-MIR156cand the eect of SNPs within pre-miRNA region ofPto-MIR156¢that lead to slight changes of
the pre-miRNA region. The results showed theto-MIR156¢  the minimum free energy of its secondary structuFéglre 5A),
SNP9 produced signi cant di erences iRto-MIR156dranscript ~ which could aect the stability of this secondary structure.
abundance in the di erent genotypes, with the highest expogssi Furthermore, Pto-MIR156eSNP9 aected the transcript
levels in the AA group (0.056 0.003, arbitrary units normalized abundance oPto-MIR156¢Figure 5B). The altered stability of
to control), and the lowest levels in the AG group (0.032.002) the secondary structure could a ect the transcript accumuoiati
(Figure 5B). We also tested the transcript abundance of targeof Pto-MIR156¢ beyond that, the two SNPs could also alter
genes a ected by signi cant SNPs. For example, three genotypé&snscription factor binding sites or processing signalsjolvh
of Pto-SPL255NP12 caused di erent expression levelsPob-  might a ect the transcription of the miRNA. This needs to be
SPL25Figure 50), with the highest levels in the AA group (0.63 analyzed in future studies. In addition, the signi cant pogdi
0.03), followed by the GG (0.51 0.02) group, and the lowest expression correlation d*to-MIR156@ene and matureniR156

in the AG group (0.46 0.02). (Figure S§ revealed that the SNPs in pre-miRNA region may
a ect the abundance of mature miRNA. In addition to this,
DISCUSSION the processing e ciency could also be considered as a factor in
. a ecting the maturation of miRNA.
Characterization of Pto-MIR156¢ and Its In addition, single SNP-based and haplotype-based
Complex Regulatory Network with association analysis in the natural population found that
Pto-SPLs in P. tomentosa Pto-MIR156¢SNP9 and Pto-MIR156¢SNP10  signi cantly

In perennial trees, most biological processes, such as togetyr associated with CC and HEC. Taken together, our ndings
and wood formation, are regulated by coordinated and elateor support the idea that SNPs in the pre-miRNA could a ect the
networks, including non-coding RNA (ncRNA)-mRNA, transcript abundance of the miRNA gene and contribute to
mRNA-mRNA, and ncRNA-ncRNA interactionsL( et al., phenotypic variations. In the anking region dPto-MIR156¢
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FIGURE 4 | The epistatic network within the SNPs from Pto-MIR156¢ and the three potential targets of ~ Pto-miR156c¢ , and the phenotypic variations of
single-locus genotypes and pairwise genotypic combination s. (A) A structural network revealed the epistatic interactions fodifferent loci inPto-MIR156¢ and its
three potential targets. Lines with different colors repigent the different associated traits of the SNP pairs, withaors representing the different traits: yellow (height,
H), red (stem diameter, DBH), pink (stem volume, V), pale gre (holocellulose content, HC), orange (hemicellulose ctent, HEC), pale blue (lignin content, LC), black
(a-cellulose content, CC), blue ( ber length, FL), purple ( bewidth, FW), and deep green (micro ber angle, MFA). In additigrihe circles with M (red), T15 (blue), T20
(green), and T25 (orange) markers (e.g., T15-63) indicathe associated SNPs fromPto-MIR156¢, Pto-SPL15, Pto-SPL20, and Pto-SPL25, respectively.(B)
Interaction graph for FW and HEC among SNPs iffto-MIR156¢, Pto-SPL15, Pto-SPL20, and Pto-SPL25. The blue values in boxes represent the single-marker
effect, and the red values in lines indicate the pairwise egfiatic effect. (C—E) Box plots reveale the single-locus phenotypic variation dfifferent genotypes of three
SNPs. (F,G) Square boxes show the pairwise phenotypic variation of défent genotypic combinations from different SNP pairs.

TABLE 4 | Summary of all signi cant SNP pairs associated with ea ch trait under epistasis model in the association population of P. tomentosa.

Traits Number of associations Number of SNPs Range of interact ion effect (%) Range of IGs (%)

Pto-MIR156¢ Pto-SPL15 Pto-SPL20 Pto-SPL25

DBH (cm) 5 1 - 2 1 1.14-8.41 1.24 10 3.26
H (m) 9 - 3 3 - 0.28-4.03 3.8210 1.67
Vv (M) 9 - 3 3 - 0.11-3.48 2.47 10 1.05
FL(mm) 3 1 1 1 - 3.48-3.50 4.2910 0.46
FW (rm) 13 2 2 1 1 0.08-8.70 8.66 10 1.16
MFA () 11 - 3 1 2 0-2.38 747t0 056
HC (%) - 1 4 1 0.31-3.82 3.09 t0 2.46
CC (%) 1 4 1 - 0.01-4.84 4.39101.37
HEC (%) 13 1 1 2 2 1.13-5.81 523t0 0.07
LC (%) 11 1 3 2 - 0-2.50 4.23100.82

15 common SNPs (MAFE 0.05) were found with nucleotide O. sativaZ. mays andA. thalianawere completely conserved,
diversity ofp D 0.01159, which was higher than that found in thewhich strongly emphasized that the mature miRNAs are highly
pre-miRNA region ofPto-MIR156¢p D 0.01023), and no SNPs conservedReinhart et al., 2002Also, expression analysis failed
were detected in the mature region. Alignment results stibweto detect the expression #fto-MIR156an the shoot apex, and
the mature sequenceswiiR156dn P. tomentoséP. trichocarpa the expression levels of other tissues showed a varied pattern
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FIGURE 5 | Secondary structures with SNPs in the pre-miRNA reg  ion of Pto-MIR156¢c and transcript abundance of SNP genotypes for Pto-MIR156¢

and Pto-SPL25 . (A) The secondary structures ofPto-MIR156c pre-miRNA sequence affected by two SNPs in the pre-miRNA regn, and the minimum free energy of
the four secondary structures.(B,C) Transcript levels (arbitrary units normalized to contrabf Pto-MIR156c (B) and Pto-SPL25 (C) in different genotypic classes for
Pto-MIR156¢-SNP9 and Pto-SPL25-SNP12, respectively.

revealing thatPto-MIR156¢cis expressed in a tissue-speci ¢ prediction and degradome sequencirfgdure 1B). Expression
manner Puzey et al., 20)2We also found thaPto-MIR156¢ pattern analysis also showed thBto-MIR156cand its three
expression was higher in cambium, indicating that it may havepotential targets might participate in wood formation through
potential regulatory roles in primary cell wall formation. In a shared pathwayHFgure 10). Previous studies found that
addition,MIR156halso exhibited high expression levels in xylemmiRNAs negatively regulate the expression of their targetgewh
(Kozomara and Gri ths-Jones, 203 #igure SJ, suggesting that a few distinctive ndings were detected in our studies. For
miR156hmight be essential in regulating tree growth and woodexample, the expression #fto-MIR156cand Pto-SPL15Pto-
formation. HoweverMIR156his conserved in our association SPL20andPto-SPL28&xhibited weak or no correlatiom O 0.17,
population of P. tomentosawhich makes it inappropriate to  0.04, and 0.42, respectivelyp, < 0.05) in seven tested tissues
decipher the vital roles omiR156hin tree development by and organs. AlsoPto-SPL20and Pto-SPL25showed strong
association studies. We can analyze the regulatory roles pégative correlations witRto-miR156n stem tissues (phloem,
miR156hthrough other strategies in future. cambium, developing xylem, and mature xylem), suggesting

This study identi ed Pto-SPL15Pto-SPL20and Pto-SPL25 that the regulation oPto-SPL2@&nd Pto-SPL2%y Pto-miR156¢
as potential targets ofPto-miR156cthrough psRNATarget occurred in atissue-speci c manner.
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By contrast,Pto-miR156@nd Pto-SPL1%showed a positive FW, and HEC), suggesting that SNPs in anking regions could
correlation ¢ D 0.40,P< 0.05) in stem, inconsistent with former also cause phenotypic variation, consistent with the idea that
studies. Several reasons might explain this phenomenon. F8NPs within anking regions function in regulating the rel®f
example, thePto-SPL1gene might be regulated by more than miRNAs (Zeng and Cullen, 2005These association studies in
one MiRNA, or other members in the same miRNA family or Pto-MIR156dllustrate the crucial roles oPto-miR156¢n tree
other miRNA families might contribute more to the regulation growth and wood formation, and provide evidence for dissegti
of Pto-SPL1%expression Jens and Rajewsky, 2014t is the the functional SNPs ifPto-MIR156¢
possibility thatPto-miR156anight regulatePto-SPL15nainly Also, 48 common SNPs (MAB 0.05) in Pto-SPL15Pto-
via translational suppression; therefore, we cannot seea cleSPL20 and Pto-SPL2&ssociated with six traits related to tree
expression reduction d?to-SPL1n transcriptional level. There growth and wood properties with di erenR?, indicating the
is also a possibility that the transcript levelsRib-SPL1%vas possible roles o8PLgenes in tree growth and wood properties.
mainly a ected by its own transcriptional regulation. Due to Of the associated SNPs, six were in exons, which could a ect
the speci city of miRNA expression in di erent developmental phenotypic variation by causing non-synonymous mutations
stages and tissues, it is probable that the negative regulafi or in uencing expression levelsk{mchi-Sarfaty et al., 2007
Pto-miR156@nd Pto-SPL15night not be re ected in the tested For example, three genotypes Bfo-SPL2BNP12 in uenced
tissues and developmental stages. For example, RNA-bindinige expression level ¢fto-SPL2@QFigure 50). Also,Pto-SPL20
proteins, such as Argonaute and Dicer, regulate the acdiysib SNP21, caused a missense mutation of Ala to Gly, associated
of individual sites in a tissue- and stage-speci ¢ mannericlvh  with V.
could a ect the regulation of mMiIRNA and mRNAHausser and In general, 86.96% of the associations showed additive ¢ ects
Zavolan, 201y Another possibility is that feedback mechanismsand 57.97% displayed dominant e ects, which indicated that
could counteract the e ect of the miRNA-mRNA interaction additive e ects may play relatively major roles in genetic
(Hausser and Zavolan, 2014~or example, in humans, Dicer variation (Figure 3A). Both additive and dominant e ects o ered
is a key enzyme in miRNA biogenesis and is controlled bglues to the common roles éfto-miR156and its three putative
the miRNA let-7. Knockdown of let-7 strongly deregulated thetargets on tree growth and wood formation, and provided
production of Dicer, which in turn increased the abundance ofsigni cant resources for applications in marker-assisted Oireg
other miRNAs, and thus indirectly reduced the expression obf trees.
the corresponding mRNAsSelbach et al., 20p8In addition, Furthermore, at least one SNP of three target genes assdciat
competing NcRNAs, such as long non-coding RNAs (IncRNAs)with the same trait a®to-MIR156¢For instancePto-MIR156¢€
could a ect this phenomenon, possibly by speci cally competingSNP9Pto-MIR1566SNP10Pto-SPL1E&NP106, an&@to-SPL20
for miRNA binding (Hausser and Zavolan, 201#or example, in  SNP8 simultaneously associated with HEC with di erent anleit
animals, INcRNA H19 acts as a sponge for miRNA let-7, therebgnd dominant e ects andR2. Many haplotypes in the four
increasing the expression of let-7-regulated genes, pramgoti candidate genes associated with one trait. For example, ve
muscle di erentiation, and the mMiIRNA-mRNA regulatory system haplotypes fronPPto-MIR156¢seven haplotypes froRto-SPL15
was also regulated by the relative concentrations of miRNAjine haplotypes fromPto-SPL20and three haplotypes from
IncRNA, and mRNA Kallen et al., 2013 Taken together our Pto-SPL2Simultaneously associated with FW, explaining 0.68—
results indicate that, except for the direct regulation Rib- 21.73% of the phenotypic variance. These ndings indicaté¢ tha
miR156and Pto-SPL15there might be an alternative pathway, Pto-miR156@nd its three putative targets may co-regulate the
in which Pto-miR156could indirectly regulate the expression of phenotypic variation by sharing the same regulatory pathway.

Pto-SPL15We can examine this in future studies. In addition, one SNP or one haplotype associated with more
than one trait with di erent contributions; for exampleRto-
SNPs in Pto-MIR156¢ and the Three SPL25SNP30 associated with FW and DBH wi# of 13.33 and
. . 0 i i i
Potential Targets of Pto-miR156c ;iasglg,ogec;sgyeg?;/:;yééﬁ\éeal|ng the functional roles of tbeslo
Associated V_V'th Tree Growth and Wood In summary, the association studies, combined with the
Property Traits correlation of expression patterns in stem, illustrate thenowon

Our study detected 69 and 72 signi cant associatidhs (0.01)  roles ofmiR156@nd its three potential targets in tree growth and
via single-SNP-based and haplotype-based associationestudiwood formation, and enlarge our understanding of the potahti
respectively, which illustrated th&to-miR156cnd its three roles of the miR156&PLregulatory system in wood formation
putative targets might function in wood formation througheh in perennial woody plants.

same pathway Higure 3A). For Pto-MIR156¢ the haplotype

of A-A and G-G in Pto-MIR156¢6SNP9-10 associated with . .
HEC, which was supported by single-SNP-based associatic-)l;lhe Interaction of Pto-miR156¢ and Its

(Figure 3B), and the haplotype A-A also associated with ccPotential Targets on Wood Formation

revealing the pleiotropy of this gene and its roles in woodRevealed by Epistasis Effects

formation. In addition, one SNP from the anking region of Epistasis has been regarded as an essential eect for
Pto-MIR156cassociated with HC, and ve haplotypes from understanding molecular evolution and a feasible tool for
SNPs in the anking region associated with three traits (DBH identifying the e ects of genetic variation and interact®n
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among multiple genes on quantitative traits in breeditipCkay, and dominant e ects and haplotype-based association studies,

2019. Also, epistasis provides necessary and complementacpmbined with expression pattern analysis, provided genetic

information to that gained from single-locus analysis, ae@vf evidence of the potential common roles and correlation of

studies have used epistasis analysis to decipher the regulat®to-miR156@nd its three putative targets in wood formation.

networks of multiple genes in tree®( et al., 201p Here, we Epistasis analysis, which opened a feasible pathway to uncover

identi ed 129 signi cant pairwise associations, and 85.26%0 genetic variation and de ne the genetic regulatory netwsork

them showed negative IG, indicating the redundant inforroat  of MiIRNA-mRNA interactions in the population genetics of

carried in the two SNPs and their similar roles in the samedrees, deciphered the epistasis interactions Rtb-MIR156¢

traits (Figure 4A). The associations with positive 1Gs indicateand the three potential targets and dissected their potential

that pairwise interactions provide greater contributionsroles in wood formation. In addition, this study revealedeth

to phenotypic variation than the sum of the individual potential roles of thaniR156-SPIsystem in wood formation in

contributions of the two SNPs. Both the positive and negativérees. Overall, our studies contributed to studying the dgiene

IGs illustrate the close genetic interactions of the miRNAl&s  variations and functions of miRNA-mRNA interactions, and

targets. the functional SNPs in our studies could be used in future
We found that 21.71% of the SNP pairs were miRNA-mRNAstudies.

interactions, re ecting the possible genetic interactimfsPto-

miR156cand its putative targets on tree growth and wood AUTHOR CONTRIBUTIONS

formation, while 49.61% of the SNP-SNP interactions wewmfr

two target genes, revealing the interactions of targetgenald DZ designed the conception and experiment; MQ and QW

also contribute to wood formation. performed the experiments; SP helped to collect and analyze the
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(Figure 4B). The six SNP pairs acted on HEC with pairwise

eects of 0.08 to 8.70%, suggesting the complexity of thgyaTA ARCHIVING STATEMENT

interaction between Pto-miR156cand its three potential

targets for wood formation and the predominant rolesSequence data in this article have been deposited with
of Pto-MIR156cin the regulatory network for phenotypic the GenBank Data Library under the accession numbers
variation. KX079977 —-KX080148, and the degradome sequencing data

In the epistasis model, some loci possessed signi cant rolege available in SRA database under the accession number
only when they interacted with other SNPs, suchPas-SPL20 SRX1447192.

SNP1 andPto-MIR156€SNP10, illustrating the signi cance of

the complicated regulatory network. In addition, epistatieas ACKNOWLEDGMENTS

of di erent genotype combinations could also be treated as
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(Figures 4C,D,B, indicating that the genotype combinations had éUPPLEMENTARY MATERIAL
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masked when the genotypelfo-SPL1EBNP58 was AA and GG 01159

(Figures 4E,G, which indicated the epistasis of the SNP pairs
and their interactions for wood formation. However, the éidé¢d  Figure S1 | The expression patterns of ~ Pto-MIR156 gene family in different
regulatory mechanisms and the functional SNPs identi edissues and organs.

under epistasis models also need to be examined in future
studies Figure S2 | The most likely cleavage sites between ~ Pto-miR156c and

Pto-SPL15 identi ed by degradome sequencing.

Figure S3 | The most likely cleavage sites between  Pto-miR156¢c and
CONCLUSIONS Pto-SPL20 identi ed by degradome sequencing.

Figure S4 | The most likely cleavage sites between  Pto-miR156c and
Here, we conducted association studies and expression prp li Pto-SPL25 identi ed by degradome sequencing.
to examine the roles and interactions @&fto-miR156cand  Figure S5 | The expression correlation analysis of ~ Pto-MIR156¢ and
its potential targets in tree growth and wood formation. mature miR156.
Single SNP-based association studies with underlyingtiaddi Table S1 | The primers used for real-time PCR in this study.
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Table S2 | Single-nucleotide polymorphisms of
potential targets of Pto-miR156¢ .

Pto-MIR156¢ and the three

Table S3 | SNPs in Pto-MIR156¢c , Pto-SPL15, Pto-SPL20, and Pto-SPL25
identi ed in our studies.

Table S4 | Details of signi cant SNPs within Pto-MIR156c and the three
potential targets of Pto-miR156c associated with growth and wood
properties in an association population of P. tomentosa .
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