Tree Genetics & Genomes (2016) 12: 8
DOI 10.1007/s11295-015-0967-6

@ CrossMark

ORIGINAL ARTICLE

Association studies reveal the effect of genetic variation in IncRNA
UGTRL and its putative target PtoUGT88A41 on wood formation

in Populus tomentosa

Mingyang Quan' - Jiaxing Tian' - Xiaohui Yang ' - Qingzhang Du'? .
Yuepeng Song ' « Qingshi Wang ' - Jinhui Chen'? - Deqiang Zhang '

Received: 22 August 2015 /Revised: 9 December 2015 /Accepted: 22 December 2015 /Published online: 12 January 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract Long noncoding RNAs (IncRNAs) play significant
roles in the growth and development of herbaceous plants
by regulating target genes; however, the significance of
IncRNA-messenger RNA (mRNA) interactions needs to
be investigated in perennial trees. Here, we combined transcript
profiling and multi-single-nucleotide polymorphism (SNP) as-
sociation mapping to analyze the genetic variation and putative
interactions of the IncRNA UDP-glucosyltransferase-related
IncRNA (UGTRL) and its predicted target PtoUGT88A1
in a natural population of 435 unrelated Populus tomentosa
individuals. We detected 41 and 67 common SNPs (minor
allele frequency >0.05) in UGTRL and PtoUGT88A1, respec-
tively, in the association population. Using additive and domi-
nant association models, we identified 86 associations with 12
traits measuring tree growth, wood properties, and photosyn-
thetic parameters. These associations represent 36 significant
SNPs (P<0.01) from UGTRL and its putative target and
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explained 0.06 to 7.28 % of the phenotypic variance, indicating
that UGTRL and its putative target affect wood formation. An
epistasis model uncovered 84 SNP-SNP association pairs
representing 38.89 % of the significant SNPs in UGTRL and
PtoUGTS88A41 with information gain of —8.01 to 5.57 %, re-
vealing the strong interactions between UGTRL and its puta-
tive target. Tissue-specific expression analysis in eight tissues,
including xylem and cambium, showed that UGTRL and
PtoUGT88A41 displayed similar expression patterns (#=0.77),
which implied the putative IncRNA-mRNA interaction and the
potential roles of the IncRNA and its target in wood formation.
Our study provides a novel method integrating association
studies and expression profiling for functional annotation of
IncRNAs and dissection of IncRNA-mRNA interactions in
trees.

Keywords Long noncoding RNAs - IncRNA-mRNA
interaction - Multi-SNP association -
UDP-glucosyltransferases - Wood formation - Epistasis

Introduction

Unlike most herbaceous species, trees have long growth
cycles, large growth sizes, and highly lignified tissues
(Barbazuk et al. 2008). Trees can adapt to complex and
changeable environmental conditions, provide renewable
materials for biofuels, and also perform various ecological
services, such as preventing erosion (Neale and Kremer
2011). Hence, many tree research programs aim to en-
hance wood quality and quantity and improve utilization
of elite germplasm. Wood formation and tree growth are
regulated by elaborate, coordinated networks and involve
various dynamic processes and diverse metabolic pathways
that include cell division, secondary cell wall deposition,
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cell expansion, and programmed cell death (Samuels et al.
2006). Dissection of the polygenic genetic regulatory
mechanism that affects wood properties may enable breed-
ing programs to harness the genetic variation in natural
tree populations.

In Populus, several key genes involved in wood formation
have been identified, such as cellulose synthase A (CesA)
(Suzuki et al. 2006), which catalyzes the biosynthesis of cel-
lulose, a major component of secondary cell walls, UDP-
glucuronate decarboxylase (UXS) (Du et al. 2013), which
affects fiber formation, growth and development, and wood
quality of Populus tomentosa, and UDP-glucosyltransferases
(UGT5), which participate in the metabolism of cell wall poly-
saccharides in poplar (Aspeborg et al. 2005). UGTs are indis-
pensable for ensuring conjugation of sugar moieties to sec-
ondary metabolites. UGTs have been identified in many plants
as involved in various pathways, such as stress resistance and
carbohydrate metabolism (Sun et al. 2013), with many func-
tions in biosynthesis and modification of natural products,
such as flavonoids and cytokinins (Jones and Vogt 2001). In
addition, some putative UGT genes were also predicted to
function under high nitrogen availability in cell wall polysac-
charide synthesis in poplar (Plavcova et al. 2013). Even
though UGTs have pivotal roles in the pathway for long-
distance transport of photosynthetic products and the accumu-
lation of fixed carbon in secondary xylem, no studies have yet
reported the roles of UGTs in photosynthesis and wood for-
mation in plants.

Long noncoding RNAs (IncRNAs), whose length varies
from 200 nt to dozens of kilobases with little or no protein-
coding capacity, are essential noncoding RNAs (ncRNAs) that
function at all biological regulatory levels (Quan et al. 2015).
The numerous IncRNAs identified in animals participate in
many biological processes (Ponting et al. 2009), such as Xist
IncRNA in X-chromosome inactivation (Lee and Bartolomei
2013; Zhao et al. 2008). In addition, IncRNAs regulate the
expression of their target genes by various modes (Quan et
al. 2015). For example, in Saccharomyces cerevisiae, the
IncRNA SER regulatory gene 1 (SRG1) lies in the promoter
region and depresses the transcription of SER3, which partic-
ipates in biosynthesis of serine (Martens et al. 2004). In plants,
transcriptome sequencing identified numerous IncRNAs in
maize (Li et al. 2014b), Arabidopsis (Liu et al. 2012) and
Populus (Chen et al. 2015; Shuai et al. 2014), and increasing
numbers of IncRNAs have been shown to regulate the
development of plants. For example, many classes of
IncRNAs influence flowering time of Arabidopsis in multiple
pathways; these IncRNAs include COOLAIR, COLDAIR, and
ASL (Heo and Sung 2011; Shin and Chekanova 2014;
Swiezewski et al. 2009). Previous studies have demonstrated
that ncRNAs interact with their target genes to regulate the
growth and development of plants (Yang et al. 2015), and trans-
genic and reverse genetics methods have been used to uncover
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many IncRNA-messenger RNA (mRNA) interactions in plants,
such as IncRNA HIDDEN TREASURE 1 (HID1), which neg-
atively regulates PHYTOCHROME-INTERACTING FACTOR
3 (PIF3) in modulating red-light-mediated photomorphogene-
sis in Arabidopsis seedlings (Wang et al. 2014a). Nevertheless,
no reports have clarified the roles of IncRNAs in wood forma-
tion in trees.

Given the experimental limitations of trees, with their long
generation times and complex biological characteristics, asso-
ciation genetics approaches, also called linkage disequilibrium
(LD) mapping, can be used to identify the interactions of
IncRNAs and their target genes. In particular, application of
association-based molecular marker-assisted selection (MAS)
in several agricultural crops demonstrated that MAS can
greatly shorten the breeding cycles and increase the efficiency
of selection (Neale and Kremer 2011). In addition, MAS can
also explain a large proportion of the variation in breeding
populations and dissect the complex associations of markers
and traits (Guerra et al. 2013). Also, single-nucleotide poly-
morphism (SNP)-based association mapping for forest trees
can detect the link between natural allelic variation and a spe-
cific phenotype, thus enabling MAS for that phenotype
(Sexton et al. 2012). For example, previous studies identified
polymorphisms in cinnamoyl CoA reductase (CCR), a key
gene for lignin biosynthesis, which were associated with mi-
crofibril angle in Eucalyptus nitens (Thumma et al. 2005).
Similarly, research concentrating on candidate gene-based as-
sociation studies clarified several major SNPs within candi-
date genes associated with tree growth and wood property
traits (Tian et al. 2012). Recently, SNP-based association has
also been applied to evaluate microRNA (miRNA)-mRNA
interactions in specific traits and examine the multi-gene net-
works affecting tree growth and wood properties (Du et al.
2015; Yang et al. 2015), which takes association genetics a
step further than single-gene association studies. However, to
date, no studies have examined IncRNA-mRNA interactions
by SNP-based association methods in trees.

P, tomentosa, with its widely distributed natural population,
adaptive evolution to complex environments, and abundant
allelic variation, is an important plantation wood species and
commercial trees for pulp and timber production in northern
China (Zhang et al. 2007). Therefore, a better understanding
of the molecular genetic mechanisms underlying wood forma-
tion in P. fomentosa will assist modern tree breeding pro-
grams. Here, we decipher the genetic variations and putative
interactions of IncRNA UGT-related IncRNA (UGTRL) and
its target PtoUGT88A41 in a population of 435 unrelated
individuals from P. tomentosa. Specially, combined with
examination of the expression patterns of UGTRL and
PtoUGT88A41, we used joint genetic effects, including ad-
ditive, dominant, and epistatic models, to dissect multiple
SNP-based associations within UGTRL and PtoUGT88A41 for
growth, wood properties, and photosynthetic traits. Thus, we
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elucidated the putative roles of the IncRNA UGTRL in wood
formation and provided an alternative method to address the
interactions of IncRNAs and mRNAs associated with multiple
traits in trees.

Materials and methods
Association population and phenotypic data

Association population The association population (natural
population) consisted of 435 unrelated individuals of P,
tomentosa, which were randomly sampled from the collection
of 1047 individuals, which collected from 100 provenances of
P tomentosa with each individual within one provenance was
collected at least 1 km apart, representing the entire natural
distribution of P. tomentosa, which covers three climate re-
gions (southern, northeastern, and northwestern China) and
an area of 1 million km? along the Yellow River (30-40° N,
105-125° E) (Zhang et al. 2010b). A clonal arboretum of this
collection was grown in Guan Xian County, Shandong
Province, China (36° 23’ N, 115° 47" E), in a randomized
complete block design approach with three clonal replications
(Duetal. 2012). Additionally, a set of 43 unrelated individuals
randomly selected from the association population were used
for SNP discovery.

Phenotypic data According to the potential functions of the
predicted target PtoUGT88A1, such as the transfer and accu-
mulation photosynthesis products, it is indicated that UGTRL
and PtoUGT88A1 may contribute to phenotypic variation of
growth, wood property, and photosynthesis traits of trees.
Thus, three growth traits, seven wood property traits, and four
photosynthetic traits, which were measured in the 435 indi-
viduals of P. tomentosa with at least three replications per
parameter, were used for further analysis. The growth traits
were as follows: diameter at breast height (DBH, cm), tree
height (H, m), and stem volume (¥, m), and the sampling
and measurement were conducted as previously described
(Zhang et al 2006). The wood property traits were follows:
fiber length (FL, mm), fiber width (FW, pm), and microfibril
angle (MFA, °), holocellulose content (HC, %), x-cellulose
content (CC, %), lignin content (LC, %), and hemicellulose
content (HEC, %), and the measurement of these traits
was conducted as previously described (Tian et al 2014).
In addition, the photosynthetic traits were as follows: pho-
tosynthetic rate (Pn, umol m 2 s '), conductance to H,O
(Cond, mol m? s, intercellular CO, (Ci, pumol mol ?),
and transpiration rate (Trmmol, g m > h™"), and the mea-
surements were conducted as previously described (Wang
et al. 2014b). Analysis of correlations for these phenotypic
data in the association population has been reported previously
(Wang et al. 2014a).

Identification of UGTRL and its target gene PtoUGT88A1

Identification and sequence analysis of UGTRL Total RNA
was extracted from the stem cambium, developing xylem, and
mature xylem of a 1-year-old P. fomentosa clone “LM50”
planted in Guan Xian County, using the Plant Qiagen
RNeasy kit as described in the manufacturer’s instructions.
To remove DNA contamination, additional on-column
DNase digestions were performed three times during RNA
purification using the RNase-Free DNase Set (Qiagen).
Library construction and Illumina sequencing for three RNA
samples were conducted by Shanghai Biotechnology
Corporation (Shanghai, China), using Illumina HiSeq 2500.
High-quality reads, filtered by FASTX-Toolkit version 0.0.13
(http://hannonlab.cshl.edu/fastx_toolkit/index.html), were
mapped to the Populus trichocarpa genome (Tuskan et al.
2006), using Tophat v2.0.9 (Trapnell et al. 2012), and
Cufflinks v2.1.1 (Trapnell et al. 2012) was used to assemble
the transcripts and calculated the expression levels using
fragments per kilobase of transcript per million fragments
(FPKM) for normalized (SRA accession number: SRP060593)
(data unpublished). The prediction of IncRNAs from RNA-seq
was conducted as previously described (Chen et al. 2015). The
differentially expressed IncRNAs were filtered by fold change
(FC) 22 or <0.5 (P<0.01, FC=FPKM of A/FPKM of B,
where A and B represent any two tissues of cambium, devel-
oping xylem, and mature xylem). We selected UGTRL as a
candidate IncRNA, as it detected in the three tissues and
showed different expression levels among cambium, develop-
ing xylem, and mature xylem (P<0.01), indicating that it may
be involved in wood formation. To evaluate the conservation
of UGTRL, we conducted BLAST in National Center for
Biotechnology Information (NCBI, www.ncbi.nih.gov) to
obtain sequences homologous to UGTRL in P. fomentosa, P.
trichocarpa, Populus euphratica, Populus deltoides, Ricinus
communis, Eucalyptus grandis, Fragaria vesca subsp. vesca,
Prunus mume, and Vitis vinifera, and the alignment and
phylogenetic tree were constructed with MEGA 5.0 (Tamura
et al. 2011) following the description of Du et al (2013).

Prediction of the UGTRL target gene PtoUGT88A1 To
ensure the reliability and correctness of target prediction, we
applied two methods to predict the frans-regulatory target
genes of IncRNAs. The first option was based on sequence
complementarity (Fig. S1) and the prediction of RNA duplex
energy (Han et al. 2012). We used sequence complementarity
of UGTRL for first-round screening with a BLAST cutoff E-
value <1E—5; then, RNAplex (Tafer and Hofacker 2008) was
used for the second-round screening considering the RNA
duplex energy with parameters of E-value <—30. The other
tool used to predict the putative target was LncTar (Li et al.
2014a), which identified the potential interaction of IncRNAs
and mRNAs by finding the minimum free energy of the joint
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structure with a highest cutoff of normalized delta free energy
(ndG) <—0.2. After filtering by the two methods, we predicted
four target genes in the complementary DNA (cDNA) library
of P. tomentosa; however, only one of these genes showed
differential expression in cambium, developing xylem, and
mature xylem and showed strong expression in mature xylem.
Thus, this gene was selected as the candidate target gene,
and its full-length ¢cDNA was isolated from the mature
xylem of P. fomentosa by reverse transcription (RT)-PCR
(accession number: KR492613). Then, we identified the
cDNA with high sequence similarity to Potri.017G150000.
BLAST searches showed that Potri.017G150000 is a homolog
of At-UGT88A1 (AT3G16520.3); thus, we named this puta-
tive target PloUGTS88A1.

Analysis of expression of UGTRL and PtoUGT88A1

To measure the expression of UGTRL and PtoUGT88A41, RT
quantitative PCR (RT-qPCR) was performed on RNA isolated
from eight tissues: root, young leaves, old leaves, and stem,
which included shoot apex, cambium, developing xylem, ma-
ture xylem, and phloem, on the 7500 Fast Real-Time PCR
System with SYBR Premix EX Taq (TaKaRa, Dalian,
China). RNA was isolated from fresh tissues with at least three
individual samples from 1-year-old LM50, using the Plant
Qiagen RNeasy kit, and RNA integrity was confirmed on an
agarose gel. The cDNA templates for the eight tissues were
reverse transcribed with the Plant Qiagen RNeasy kit from the
total RNA. We used gene-specific and poplar internal control
(Actin, accession number EF145577) primers designed by
Primer Express 3.0 software (Applied Biosystems) (Table S1).
The PCR program contained an initial denaturation at 94 °C for
5 min; 40 cycles of 94 °C for 30 s, 58 °C for 30 s, and 72 °C for
30 s; and a final with the melting curve of 70-95 °C. All the
reactions were conducted with triplicate technical and biological
repetitions, and the melting curves were used to confirm the
specificity of the amplifications. Also, the results for all tissues
were standardized to an internal control. Opticon Monitor
Software 3.1 was used for data analysis following the protocol
described in the manual.

SNP discovery and genotyping

Total genomic DNA was extracted from fresh leaves using the
DNeasy Plant Mini Kit (Qiagen China, Shanghai). PCR am-
plification was conducted as described by Zhang et al (2010a).
The genomic DNAs of UGTRL and PtoUGT88A1 were se-
quenced using the BigDye Terminator Cycle Sequencing kit
(version 3.1, Applied Biosystems, Beijing, China) and the
4300 DNA Analyzer (Li-Cor Biosciences, Lincoln, NE,
USA). The full-length genomic DNAs of UGTRL and
PtoUGT88A41 were sequenced and analyzed in 43 unrelated
individuals randomly selected from the association population
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of P. tomentosa to identify SNPs, not including Indels (inser-
tions/deletions). A total of 86 full-length sequences of
UGTRL and PtoUGT88A41 were deposited in NCBI with ac-
cession numbers KR492527-KR492569 and KR492570—
KR492612, respectively. MEGA 5.0 was used for manually
removing primer sequences and sequence alignment, and 7t
(Nei 1987) and 6,, (Watterson 1975), calculated by DnaSP
5.10 (Librado and Rozas 2009), were used to evaluate the
nucleotide diversity. All the common SNPs (minor allele fre-
quency >0.05) identified were genotyped in 435 individuals of
the association population using the Beckman Coulter
(Franklin Lakes, NJ, USA) sequencing system.

Data analysis

LD analysis The squared correlation of allele frequencies (R?)
between every pair of common SNPs (minor allele frequency
>0.05) (Hill and Robertson 1968) within IncRNA UGTRL
and PtoUGTS88A1 was used to measure LD using TASSEL
v.2.0.1 (http://www.maizegenetics.net/) (Bradbury et al.
2007). To evaluate the extent of LD within the sequenced
regions of UGTRL and PtoUGTS88A1, the decay of LD with
physical distance (base pairs) of each pair of common SNP
sites within a gene was calculated with 10° permutations by
nonlinear regression (Remington et al. 2001). Singletons were
excluded in LD analyses. This analysis was done for both
UGTRL and PtoUGT88A1.

Single-SNP-based associations We used a mixed linear mod-
el (MLM) with 10° permutations in TASSEL v.2.0.1
(Bradbury et al. 2007) for single-SNP associations between
108 common SNPs from UGTRL and its putative target and
14 traits. The MLM can be described as follows: y=p+ Qv+
Zu+ e, in which y is a vector of phenotypic trait values, y is the
intercept vector, v is a vector for population effects, u represents
the vector of random polygenic background effects, e repre-
sents random experimental errors, and the O and Z matrixes
denote population structure and relate y to u, respectively. In
addition, for Var(u)=G= %K, o°, is defined as unknown ad-
ditive genetic variance and K represents the relative kinship
matrix (Yu et al. 2006). In this O+ K model, based on 20
species-specific SSR markers described previously (Du et al.
2012), K was evaluated by SPAGeDi 1.3 (Hardy and
Vekemans 2002), and the association population structure (Q)
was obtained based on significant subpopulations (k=3) with
the statistical model described by Evanno et al (2005), using
STRUCTURE 2.3.4 (Hubisz et al. 2009). The positive false
discovery rate (FDR) was calculated to correct for errors related
to multiple testing, using QVALUE software (Storey and
Tibshirani 2003).

Haplotype-based associations Haplotype frequencies from
genotype data were estimated and haplotype-based association
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with growth, wood properties, and photosynthetic traits of P,
tomentosa were tested by the haplotype trend regression
(HTR) software (Zaykin et al. 2002). An overlapping three-
marker sliding window was used to estimate possibilities of the
haplotypes for associations with traits, and the significance of
haplotype associations was based on 1000 permutation tests.

Multiple SNP-based associations under additive and dom-
inance models The fGWAS 2.0 (http://statgen.psu.edu/
software/fgwas-soft.html) running in R (http://www.r-project.
org/) was used to identify the significantly associated SNPs
(P<0.01) for each trait and estimate the possible additive and
dominant effects of these SNPs on the associated traits (Li et al.
2011). The phenotypic and genotypic data in this model were
analyzed through a two-stage procedure, by first conducting a
preconditioning step using principal component analysis
and then formulating a Bayesian Lasso model, which is
implemented with a hierarchical model processing by the
Markov chain Monte Carlo algorithm. The details of this
model were described by Li et al (2011). In addition, the
phenotypic variance explained by each SNP was also esti-
mated in this model.

Multi-SNP epistasis models We used epistasis models to
characterize the genetic architecture and dissect the nonlinear
SNP-SNP interactions with associated traits. To detect and
characterize the interactions among multiple factors, a multi-
factor dimensionality reduction method was developed for
processing high-dimensionality genetic data into a single di-
mension, thus permitting the interactions to be detected in a
relatively small set (Ritchie et al. 2001). Here, MDR 3.0.2 was
applied to assess the SNP-SNP interactions with associated
traits and investigate the epistatic interactions of these SNP
combinations for the associated traits (Hahn et al. 2003). The
Relief F algorithm in the MDR software filtered all unlinked
SNPs (R*<0.1 or different gene) and provided the five most-
significant SNP loci for each trait after improving the reliabil-
ity of probability approximation. The information gain (IG)
calculated by an entropy-based model was used to assess the
epistatic effect of significant SNP-SNP combinations with as-
sociated traits (Moore et al. 2000).

Transcript analysis of SNP genotypes

The SNP genotypes affect the transcript levels, which, in turn,
affect the phenotypes. For the three significant SNP-SNP pairs
(0<0.1) with highest epistatic effect in three categories of
phenotypic traits identified by MDR, RT-qPCR was per-
formed on 36 trees (9 trees for each pair of genotypes) for
each SNP-SNP pair to detect the different transcript levels
produced by different genotypic pairs, and then, the effects
of SNP-SNP pairs on associated traits were tested. The RT-
gPCR with gene-specific primers was performed as described

above (Table S1). Additionally, total RNA isolated from
the mature xylem of 36 individuals and RT were per-
formed as described above. ANOVA was used to test the
differential expression across different genotypic combina-
tions of SNPs in IncRNA UGTRL and PtoUGTS88AI as
described by Tian et al (2014).

Results

Identification of UGTRL and prediction of its target gene
PtoUGT88A1

Transcriptome sequencing in three tissues showed that the
IncRNA UGTRL is most abundant in mature xylem, followed
by developing xylem and cambium, indicating the potential
role of UGTRL in regulatory networks associated with wood
formation (Fig. 1a). Sequencing yielded the 574-nt sequence
of UGTRL (accession number: KR492527); we conducted
BLAST searches of known miRNA sequence databases,
which did not show any miRNA derived from UGTRL, sug-
gesting that UGTRL likely does not function as a precursor of
miRNAs. To elucidate the evolutionary conservation of
UGTRL, alignment results revealed homologous sequences
mostly in woody plants, like P. trichocarpa and E. grandis,
and a few in liana and herbaceous plants, like V. vinifera and F.
vesca. The phylogenetic tree revealed that UGTRL in P.
tomentosa has close similarity to UGTRL in P. trichocarpa, P.
euphratica, and P, deltoides (Fig. 1b), indicating that UGTRL is
highly conserved in Populus, and has weak conservation in
distantly related species.

To further explore the roles of UGTRL in plant development,
we predicted ProUGTS88A1, a differentially expressed gene in
mature xylem, developing xylem, and cambium of P. tomentosa,
as its putative trans-regulatory target genes. We used two
methods, one based on the sequence complementary of overlap-
ping regions (identity="71.73 %; E-value=7.00E—82) and the
RNA duplex energy (£-value=—70) predicted by RNAplex and
the other based on ndG (—0.32) calculated by LncTar. With these
pipelines, we identified that PloUGT88A1 had a complementary
region with UGTRL at 580-1156 nt of PloUGTS88A1 (Figs. 1c
and S1). We isolated the cDNA sequence of PtoUGTS88A41 by
RT-PCR from a cDNA library prepared from mature xylem
from P. tomentosa stem and sequenced the full-length genomic
sequence of PtoUGT88A1, which identified PtoUGTS88AI as
2290 bp in length, lacking introns, and having an ORF
(1434 bp) encoding a polypeptide of 477 amino acids with
an estimated molecular weight of 52.8 kD and theoretical pl
of 5.96, flanked by a 571 bp 5'-untranslated region (UTR)
and a 285 bp 3-UTR (Fig. lc). Sequence analysis of
PtoUGTSE8A1 revealed that it contains the essential domain
of UDPGT, which is a conserved feature of the Arabidopsis
homolog UGT88A1 (AT3G16520.3).
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Fig. 1 Expression levels of UGTRL and PtoUGTS88A41, phylogenetic
tree of UGTRL, and gene structure of UGTRL and PtoUGT88A1. a The
expression levels of UGTRL and PtoUGT88A41 in three tissues were
detected via RNA-seq revealed by FPKM (/eff). The relative expression
levels were measured by RT-qPCR in eight tissues with Actin as the internal
control (right). b The phylogenetic tree of homologs of P. tomentosa

High correlation of IncRNA UGTRL and PtoUGT88A1
revealed by expression patterns

To provide insights into the functions and interactions of
UGTRL and PtoUGT88A1, RT-qPCR was conducted to mea-
sure transcript abundances of UGTRL and PtoUGT88A1 in var-
ious organs and tissues of P. tomentosa, with Actin as the internal
control. As shown in Fig. la, in roots and leaves, UGTRL tran-
script levels peaked in old leaves (12.04 +0.35) and were low in
young leaves (3.63+£0.05). In stem, UGTRL showed the highest
abundance in mature xylem (5.99 £0.25) and developing xylem
(5.74+0.12), followed by phloem (4.73+0.07), with the lowest
expression in cambium (1.07+0.05) and moderate abundance in
the shoot apex (2.79+0.08). For PoUGT88A1, the highest tran-
script level was observed in old leaves (51.98 +0.47), root (41.45

+0.18), mature xylem (40.69 +0.19), and phloem (29.43 £0.07).
The developing xylem (11.16+0.04), shoot apex (9.00+0.16),
and cambium (8.13+0.07) had moderate abundance, with the
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UGTRL, including P. tomentosa, P. trichocarpa, P. euphratica, P. deltoides,
Ricinus communis, Eucalyptus grandis, Fragaria vesca subsp. vesca, Pru-
nus mume, and Vitis vinifera. ¢ Gene structure and SNP diversity of
UGTRL and PtoUGTS88A1. The white dots in UGTRL and its putative
target PtoUGT88A1 represent their common SNPs

lowest abundance in young leaves (2.67+0.13). Comparison
analysis showed that UGTRL and its target had similar expres-
sion trends in mature xylem, developing xylem, and cambium,
which was observed by both RT-qPCR and RNA-seq. Generally,
UGTRL showed lower transcript abundance compared with
PtoUGTS88A41, and UGTRL and PtoUGT88A1 showed nearly
consistent expression patterns with a Pearson’s product-
moment correlation of 0.77 (P<0.05) revealed by RT-qPCR in
eight tissues, indicating strong correlation of transcript levels
between UGTRL and PtoUGTS8A1.

Single-nucleotide diversity and LD in UGTRL and its
target PtoUGTS88A1

To characterize the polymorphisms for association mapping, we
obtained the full-length genomic sequences for UGTRL and
PtoUGTS88A1 from 43 unrelated individuals of the association
population in P. tomentosa. We detected 54 SNPs in UGTRL
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and 102 SNPs in PtoUGT88A1, with a high density of 1/11 and
1/22 bp, respectively. The nucleotide diversity (excluding
indels) in UGTRL (t=0.02607 and 6,,=0.02174) was about
twofold higher than in PtoUGT8841 (t=0.01200 and
0,=0.01029). The most-conserved region was in the exon of
PtoUGTE8A1, and the IncRNA UGTRL had the highest density
of nucleotide polymorphisms, indicating that the coding region
shows more conservation than the noncoding regions under
selection pressure (Table 1). Within the coding region of
PtoUGT88A1, the average nucleotide diversity of synonymous
polymorphisms (dg, m=0.01051) was higher than
nonsynonymous polymorphisms (dy, 7t1=0.00783). The ratio
of dy/ds (0.745) was <1 for exon of PtoUGT88A1, indicating
purifying selection for nonsynonymous sites in the exon.

To perform LD analysis, 41 and 67 common SNPs (minor
allele frequency >0.05) from UGTRL and PtoUGT88A41, re-
spectively, were successfully genotyped in 435 unrelated indi-
viduals of the natural population of P. tomentosa (Fig. 1c). The
R? values, combined with physical distances, were merged to
evaluate the overall patterns of LD (Fig. 2). LD declined rapidly
within ~50 bp in UGTRL (R*<0.1, P<0.001) (Fig. 2a) and
within ~500 bp in PtoUGT88A41 (R*<0.1, P<0.001) (Fig. 2b),
indicating that the LDs of UGTRL and PtoUGT88A41 do not
extend to the entire genes. In addition, the degree of LD for both
UGTRL and PtoUGTS88A1 was low, as a large portion of SNPs
were in linkage equilibrium (R*<0.1) across the whole region.
Thus, UGTRL and PtoUGT88A1 are appropriate for associa-
tion analysis of candidate genes.

IncRNA UGTRL and its target gene share the pathway
for phenotypic variation revealed by association studies

Single-SNP- and haplotype-based association
To explore the effect of IncRNA UGTRL and its putative

target PtoUGT88A41 on growth and development of P.
tomentosa, we used MLM in TASSEL, a method that

considers population structure and kinship, to evaluate the
genetic association between 108 SNPs of UGTRL and
PtoUGT88A1 and 14 quantitative traits. This identified nine
significant (P<0.01, 0<0.1) associations of nine SNPs in
UGTRL and PtoUGT88A41 (Table S2) with five traits, and
the phenotype variation explained (R?) by each association
ranged from 0.25 to 11.02 %. Four SNPs in UGTRL associated
with four growth, wood property, and photosynthetic traits of P
tomentosa, with an average R* of 5.16 %. For the significant
associations detected in PrtoUGT88A41, five SNPs associated
with four traits of three categories with the R* from 4.94 to
11.02 %, of which, SNP46 in the exon of PtoUGTS88AI asso-
ciated with DBH with R* of 6.83 %. In general, single-SNP-
based associations of IncRNA UGTRL and its target indicate
their potential role in tree growth and wood properties.

Next, we conducted haplotype-based association to identify
significant haplotypes associated with growth, wood proper-
ties, and photosynthetic traits by using HTR. We found nine
common haplotypes (frequency >0.05) within UGTRL and
PtoUGTS88A1 that associated with five traits (DBH, V, FW,
Pn, and Cond), explaining 1.58-9.03 % of the phenotypic var-
iance (Table S3). Only one haplotype (A-T) from SNP28-30
within UGTRL was associated with FW. Among the haplo-
types identified in PtoUGTS88A1, one haplotype (C-G) from
SNP1-2, two haplotypes (G-T and T-G) from SNP21-22,
and two haplotypes (C-C and T-G) from SNP46-47 were
associated with Cond, Pn, and DBH, respectively, which
were strongly supported by three single-SNP-based associ-
ations (SNP2, SNP22, and SNP46) for the same traits
(Tables S2 and S3).

Multi-SNP association under additive and dominant effects

To further decipher the roles and interactions of UGTRL and
PtoUGT88A1 in tree growth and wood formation, 108 com-
mon SNPs were used to conduct multi-SNP association anal-
ysis with 14 quantitative traits in the association population,

Table 1 Single-nucleotide

polymorphisms of UGTRL and Gene Region Length (bp)  Number of Percentage Nucleotide diversity
PtoUGT8841 polymorphic ~ polymorphism ————
sites s Oy

UGTRL UGTRL 574 54 11 0.02607  0.02174

PtoUGT8841  5'-UTR 571 41 14 0.01658  0.01660

Exon 1434 46 31 0.00839  0.00741

3-UTR 286 15 19 0.01845  0.01212

Total silent” 1192.80 71 17 0.01584  0.01376

Synonymous 333.80 13 26 0.01051  0.00900

Nonsynonymous ~ 1097.20 31 35 0.00783  0.00653

Total® 2290 102 22 0.01200  0.01029

? Total silent: synonymous sites plus polymorphic sites in noncoding regions of PloUGT88A41

® Total: silent sites plus nonsynonymous sites of ProUGTS88A1
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Fig. 2 Linkage disequilibrium
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using a Bayesian Lasso model, which reveals multi-SNP ad-
ditive and dominant genetic effects and uncovers some minor
effects of SNPs on quantitative traits. In total, we detected 115
significant associations (P<0.01) between 37 unique SNPs
from UGTRL and its target and 12 quantitative traits of P,
tomentosa with average R* of 4.33 % (Fig. 3a, b), indicating
the common role of UGTRL and its putative target in the

@ Springer
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phenotypic variation. Of these, 16 and 21 SNPs were from
UGTRL and PtoUGT88A1, respectively, and 57.14 % of the
21 associated loci in PtoUGTS88A1 were in the coding region.

Additive effects We detected 101 significant associations
with additive effects involving 12 traits and 36 unique SNPs
within UGTRL and PtoUGT88A1. The additive values for
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Fig. 3 The SNP-trait associations with additive and dominant effects in
the association population of P. tomentosa. a The associations with
additive effect between 36 SNPs from UGTRL and its target and 12
traits. The pale and deep blue circles indicate the SNPs from UGTRL
and PtoUGT88A1, respectively, and green circles indicate the associated
traits. b The associations with dominant effect between 39 SNPs from
UGTRL and its target and 12 traits. The jacinth and pink circles indicate
the SNPs from UGTRL and PtoUGT884 1, respectively, and red circles in
the central indicate the associated traits. For a, b, the solid lines indicate
the associations detected in both additive and dominant models, and

these associations ranged from 0.30 to 29.89 % (Fig. 3a,
Tables 2 and S4). Forty-three associations were with SNPs
in UGTRL and 58 associations with SNPs in PtoUGTS88A1,
65.52 % of the associations in PloUGT88A1 were in the cod-
ing region. The numbers of identified associations varied for
the 12 traits, with the most SNP-trait associations affecting
wood property traits, including 11 for wood physical proper-
ties and 40 for wood chemical composition, of which 43.14 %
associations were with SNPs in UGTRL. In particular, SNP2

() DBH
L - UGTRL

v = PtoUGT88A1
MFA

HEC
HC
LC
CC

Traits

Cond
Pn
Ci
0 4 8 12 16
Number of associated SNPs

dotted lines in a, b indicate the associations only identified in the
additive and dominant models, respectively. In addition, the circles with
L markers (such as L7) and T markers (such as T10) in the outer lane
indicate the associated SNPs from UGTRL and PtoUGTS88AI,
respectively. ¢ Each number of associated trait corresponding to the
numbers of SNP from UGTRL and PtoUGT88A1. For example, a total
of 11 SNPs, five in UGTRL and seven in PtoUGT88A1, associated with
two traits. d The number of associated SNPs in UGTRL and
PtoUGT88A1 with joint additive and dominant effects for each trait

and SNP7 in UGTRL associated with HEC had the largest
(27.18 %) and smallest (0.49 %) effect, respectively.

Dominant effects Under the dominant model, we identified
100 SNP-trait associations among 12 traits and 37 unique
SNPs from UGTRL and PtoUGTS88A1 (Fig. 3b). The domi-
nant effect of these associations ranged from —27.80 to
28.19 %, and 52 % were positive dominant values (Tables 3
and S5). Each trait had 2—17 associations with different SNPs
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Table 2 Summary of additive
effect of all significant SNPs
associated with each trait in
association population of Populus
tomentosa

of UGTRL and PtoUGT88A1, and the trait for wood chemical
composition had the most associations, with 17 associated
SNPs in UGTRL. Both IncRNA UGTRL and PtoUGT88A1

Table 3 Summary of dominant
effect of all significant SNPs
associated with each trait in
association population of Populus
tomentosa

@ Springer

Associated traits Number of SNPs Range of additive effect (%)
UGTRL PtoUGT88A1
Growth traits
DBH (cm) 3 1 1.47-17.30
H (m) 4 2 1.07-24.21
¥ (m®) 2 8 2.44-22.11
Wood physical properties
MFA (°) 5 4 1.34-29.95
FW (um) 1 1 15.90-17.69
Wood chemical compositions
HEC (%) 4 6 0.49-27.18
HC (%) 4 7 11.46-29.89
LC (%) 5 4 2.31-28.20
CC (%) 3 7 0.30-29.92
Photosynthetic traits
Ci (umol mol ) 6 10 1.05-24.31
Cond (mol m > s 1) 5 7 2.36-591
Pn (umol m 2 s™") 1 1 2.80-16.17

DBH diameter at breast height, H tree height, V' stem volume, MFA microfibril angle, FW fiber width, HEC
hemicellulose content, HC holocellulose content, LC lignin content, CC x-cellulose content, Ci intercellular

CO,, Cond conductance to H,O, Pn photosynthetic rate

associated with 12 traits of three categories, and the majority
of SNPs within UGTRL and its target were associated with
more than one trait, exhibiting opposite and different dominant

Associated traits Number of SNPs Number of positive Range of dominant
or negative effects effect (%)
UGTRL PtoUGT88A1 Positive Negative
Growth traits
DBH (cm) 3 3 1 —27.08~2.00
H (m) 4 4 2 —24.75~24.94
¥ (m®) 4 5 —24.49~28.19
Wood physical properties
MFA (°) 5 5 4 6 —24.30~24.64
FW (um) 1 1 1 1 —12.76~18.62
Wood chemical compositions
HEC (%) 4 4 4 4 —27.80~25.38
HC (%) 4 7 6 5 —22.07~28.02
LC (%) 5 4 5 4 —13.61~24.48
CC (%) 4 6 7 3 —25.93~23.92
Photosynthetic traits
Ci (umol mol?) 6 11 8 9 —23.52~24.94
Cond (mol m 2 s 5 7 5 7 —3.79~5.71
Pn (umol m 2 s7") 1 1 1 —0.94~18.03

DBH diameter at breast height, / tree height, /" stem volume, MFA microfibril angle, FW fiber width, HEC
hemicellulose content, HC holocellulose content, LC lignin content, CC «-cellulose content, Ci intercellular

CO,, Cond conductance to H,O, Pn photosynthetic rate
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values for different traits, like SNP7 in UGTRL, which asso-
ciated with eight traits with different dominant effects from
—22.59 to 24.94 %, of which 62.5 % were negative values.

Among the 115 associations, 86 had a joint additive and
dominant effect between 12 traits and 36 significant SNPs
from UGTRL and PtoUGT88A41 with R* of 0.06 to 7.28 %
(Tables 4 and S6), which is revealing the strong effects led by
the common role of the IncRNA UGTRL and its putative
target for the phenotype and uncovering their potential role
in regulating growth and development of trees. Of these asso-
ciated SNPs, 66.67 % were associated with more than one trait
with disparate contributions to each trait (Fig. 3c). In addition,
each trait associated with 2—15 significant SNPs in both
UGTRL and PtoUGT88A1 and contributed differently to each
trait (Fig. 3d), indicating that IncRNA UGTRL and its target
may act in the same pathway in affecting the phenotypic
variation.

Epistatic modeling demonstrated the strong genetic
interactions of IncRNA UGTRL and its target

The additive and dominant effects uncovered the joint effect
of unique SNPs from UGTRL and PtoUGT88A41 in pheno-
typic variation. Epistasis effects between SNP pairs from
different genes revealed the strong correlation of different
genes to phenotypic variation. We used a novel algorithm
to detect the epistasis of SNP-SNP pairs between UGTRL

Table 4 Summary of R* of associated SNPs with both additive and
dominant effects from UGTRL and PtoUGTS88A1 across all the traits in
association population of Populus tomentosa

Associated traits Number of SNPs Range of R? (%)
Growth traits
DBH (cm) 3 3.78-4.54
H (m) 0.84-6.00
¥ (m®) 0.06-6.26
Wood physical properties
MFA (°) 8 0.45-5.51
FW (um) 2 4.91-5.86
Wood chemical compositions
HEC (%) 7 1.30-4.74
HC (%) 9 0.21-4.63
LC (%) 7 0.56-5.60
CC (%) 8 0.30-4.77
Photosynthetic traits
Cond (mol m 2 s 12 1.43-7.28
Pn (umol m 2 s 2 2.23-548
Ci (umolmol?) 15 0.08-6.79

DBH diameter at breast height, H tree height, V' stem volume, MFA mi-
crofibril angle, FW fiber width, HEC hemicellulose content, HC
holocellulose content, LC lignin content, CC «-cellulose content, Cond
conductance to H,O, Pn photosynthetic rate, Ci intercellular CO,

and PtoUGT88A1, in pairs associated with 14 traits across
different categories. After correcting for multiple testing, 84
significant pairwise associations (Q<0.1) were identified
involving 13 traits and 42 unique SNPs from UGTRL
(18) and ProUGT8E841 (24) with main effects from 0 to
10.04 % and pairwise effect from 0 to 20.20 % (Tables 5
and S7). Of these associated SNPs identified in MDR,
21.43 % of unique SNPs discovered in the epistasis model
were also significant in the additive and dominant models.
The epistasis network consisting of SNPs from UGTRL
and its putative target provided powerful evidence for the
interactions of IncRNA-mRNA and the potential role of
this gene pair in wood formation and tree growth (Fig. 4a).
In the epistasis model, we used IG to evaluate the epistatic

effect of SNP-SNP pairs and IG ranged from —8.01 to 5.57 %
(Tables 5 and S7). Of the IGs for these associated SNP-SNP
pairs, 73.81 % showed negative effects. By contrast, 21 SNP-
SNP pairs showed positive effects across 11 traits and 25
unique SNPs (11 from UGTRL and 14 from PtoUGTS88A41)
with IGs of 0.04 to 5.57 %; of these, the SNP pairs of SNP41
in UGTRL (L41) and SNP43 in PtoUGT88A1 (T43) showed
the highest IG for DBH (5.57 %) (Table S6). Interestingly,
nine SNPs in UGTRL and nine in PtoUGT88A41 associated
with more than one trait, such as SNP24 in UGTRL, which
had 17 associations with 13 unique SNPs from its target for six
traits (H, ¥, CC, FL, MFA, and Ci) harboring different main
effects (0.11-3.44 %) to each trait. Notably, five SNP-SNP
pairs, including L.3-T34, L.24-T13, L24-T21, L24-T67, and
L24-T8, were associated with two traits with different 1Gs,
representing the crucial roles of the SNP pairs in tree growth
and development.

The effects of genotypic combinations on phenotypic
variation

To further investigate the effects of genotypic combinations of
different SNPs in UGTRL and its putative target on variation
in phenotype, we measured the transcript levels of L41-T43,
L9-T59, and L32-T45. These pairs possessed the highest pos-
itive IGs for three categories of traits, indicating that the inter-
actions of these SNP pairs explained more genetic variation
than the sum of the individual effects of the two SNPs
(Fig. 4b—d). Taking the L.41-T43 pair as an example, the plants
where L41 had the genotype GT had higher UGTRL tran-
script levels than plants with the TT genotype; plants with
GT had transcript levels of 6.03 (arbitrary units normalized
to control) compared with 5.10 for TT plants. Similarly, plants
where T43 had the AA genotype had higher PtoUGTSE8A1
transcript levels than plants with the AG genotype (42.44
compared with 39.88) (Fig. 4b). Then, we calculated the av-
erage values of DBH for the four genotypic combinations of
L41-T43 (GT-AA, GT-AG, TT-AA, and TT-AG) in the asso-
ciation population. Interestingly, we found that in plants with
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Table 5 Summary of all

significant SNP-SNP pairs Associated traits Number of associations Number of SNPs Range of IG (%)

associated with each trait under

epistasis model in association UGTRL Target Min Max

population of Populus tomentosa
DBH (cm) 6 3 2 —8.01 5.57
H (m) 8 2 4 —4.74 5.02
¥ (m%) 9 3 3 -335 442
CC (%) 8 4 2 —0.54 1.69
HEC (%) 4 2 2 —-1.51 1.61
LC (%) 9 3 3 -3.82 —-1.04
FL (mm) 3 3 1 5.62 —0.86
FW (um) 4 2 2 —2.38 2.78
MFA (°) 6 3 2 —6.62 232
Pn (umol m 2 s 8 2 4 -1.46 0.64
Trmmol (g m > h™") 8 2 4 -1.24 1.11
Ci (umol mol ?) 8 2 4 -191 0.94
Cond (mol m 2 s™1) 3 1 3 -16 3.23

DBH diameter at breast height, H tree height, V' stem volume, CC o-cellulose content, HEC hemicellulose
content, LC lignin content, L fiber length, FIW fiber width, MFA4 microfibril angle, Pn photosynthetic rate,
Trmmol transpiration rate, Ci intercellular CO,, Cond conductance to H,O

the GT genotype of L41, the average DBH varied depending
on the genotype of T43; the average DBH was 27.09 cm for
GT-AA and 22.02 cm for GT-AT. We detected no significant
differences in the average values of DBH when the genotype
of L41 was TT (Fig. 4b), for the genotypic pairs of TT-AA
(20.74 cm) and TT-AG (20.31 cm). The SNP-SNP pair of L9-
T59 exhibited similar genotypic effects for the FW trait and
L.32-T45 similarly affected Cond (Fig. 4c, d).

Discussion

Extensive studies on IncRNAs in animals and plants in recent
years have produced some remarkable achievements, such as in
the treatment of cancer (Wapinski and Chang 2011). Also, a
variety of approaches have demonstrated the vital roles of
IncRNAs in plants. For example, the IncRNA long-day-
specific male-fertility-associated RNA (LDMAR) in rice af-
fects photoperiod-sensitive male sterility and provides a practi-
cal tool for generating hybrid rice (Ding et al. 2012). IncRNAs
perform their various roles through all kinds of mechanisms,
such as interacting with RNAs and proteins (Quan et al. 2015),
and IncRNA-mRNA interaction based on base pairing is a
common, significant mechanism. For example, the IncRNA
BACEI-AS, which is a biomarker for Alzheimer’s disease,
binds its target BACE! mRNA, increases the stability of
BACEI mRNA, and thus regulates the expression of BACEI
(Faghihi et al. 2008). The HID1 IncRNA associates with the
promoter region of PIF3 and represses the expression of PIF’3
to positively regulate red-light-mediated seeding photomorpho-
genesis in Arabidopsis (Wang et al. 2014a). Thus, to identify

@ Springer

the putative roles of the UGTRL IncRNA in tree growth and
development, we used methods based on sequence comple-
mentarity and thermodynamic parameters, feasible and effi-
cient bioinformatics methods for predicting the target of
IncRNAs. However, the putative functions of IncRNA
UGTRL revealed by its putative target need to be further ana-
lyzed, as it seems insufficient to certify the effect of the
IncRNA-mRNA interaction on phenotypic variation in trees,
based only on the bioinformatics prediction.

The characteristics of perennial trees, such as their long
generation times and the lack of characterized mutants, make
transgenic and reverse genetic strategies difficult for studying
gene function. Association genetics conquers these deficien-
cies and provides an efficient, feasible method for detecting
significant SNP markers in natural populations of trees
(Thumma et al. 2005). Single-SNP-based associations have
been widely used in studies for identifying the causal SNPs
within gene attribute to quantitative traits (Tian et al. 2012;
Wegrzyn et al. 2010). In our study, four SNPs in UGTRL and
five SNPs in PtoUGT88A1 associated with DBH, HC, FW,
Pn, and Cond and five haplotype-based associations identified
in this study were strongly supported by three single-marker
associations (Tables S2 and S3), suggesting that UGTRL and
its target may have roles in tree growth and wood formation.
In addition, four haplotypes simultaneously associated with
more than one trait, such as C-G haplotype in SNP1-2 of
PtoUGT88A1 associated with three traits (DBH, V, and
Cond), which indicated the pleiotropic effects and signifi-
cance of the loci (Du et al. 2015) (Table S3).

Multi-SNP association with additive and dominant effects,
which covers the effects of multiple, weaker SNPs, was used
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Fig. 4 The epistatic network within the SNPs from UGTRL and
PtoUGT8841 and phenotypic variation produced by the genotypic
combinations of different SNP pairs. a A structural network reveals the
epistatic interactions of different loci in UGTRL and ProUGT88A1. The
gray lines represent the SNP pairs of UGTRL and its putative target
identified with epistatic effects on different traits, which are showed in
the gray lines. The blue and red circles represent the SNPs from UGTRL
and its target, respectively. The yellow dotted lines indicate the SNPs from
UGTRL or PtoUGT88A1. The numbers with L and T markers represent

to decipher the effects of an IncRNA-mRNA pair on phe-
notypic variation underlying growth, wood properties, and
photosynthetic traits. Here, 86 associations with joint ad-
ditive and dominant effects were detected to associate with
12 traits, representing 36 significant SNPs from UGTRL
and PtoUGT88A41 (Fig. 3), indicating a common effect of
the IncRNA-mRNA pair on a certain trait, and supporting
the putative roles of UGTRL in affecting phenotypic var-
iation in P. tomentosa, likely through the same pathway as
its target. For example, seven SNPs from UGTRL and
PtoUGT88A41 were found to associate with LC under ad-
ditive and dominant effects with R*> from 0.56 to 5.60 %,
indicating that IncRNA UGTRL and its target may affect
LCs through a shared pathway. In addition, the phenotypic
variance explained by SNPs in UGTRL (11.88 %) was higher
than that explained by SNPs in PtoUGT88A1 (9.42 %), indicat-
ing that UGTRL may have a major effect on variation in LC.
Previous studies showed that UGT72E2 in Arabidopsis
thaliana was responsible for accumulation of coniferyl and
sinapyl alcohol 4-O-glucosides, the basic monolignols for lignin

L9-T59 for FW

(d)
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the SNPs from UGTRL and PtoUGTS88A1, respectively. b—d The
phenotypic variation of DBH (cm), FW (pum), and Cond (mol m 2 sfl)
produced by different genotypic combinations for SNP pairs of L41-T43
(b), L9-T59 (¢), and L32-T45 (d), respectively. The blue bars represent
the transcript levels of UGTRL with different genotypes in three SNP
pairs, and the red bars represent the transcripts levels of PtoUGT88A41
with different genotypes of three SNP pairs. The green nodes connected
by green lines in each class represent the mean values of DBH (b), FW
(¢), and Cond (d) for four genotypic combinations

biosynthesis in the phenylpropanoid pathway (Boerjan et al.
2003; Lanot et al. 2006). Based on the associations under addi-
tive and dominant effects, our findings indicate that UGTRL
and PtoUGT88A41 may co-regulate LCs through affecting the
biosynthesis of the precursors of lignin and UGTRL may have a
similar role as its target. Furthermore, a majority of SNPs
associated with multiple traits under additive and dominant
models with different contributions, such as SNP7 in
UGTRL associated with six traits with varied R* from 1.31
to 5.97 %, suggesting the pleiotropy of specific SNPs, con-
sistent with results of previous studies (Yang et al. 2015).
Furthermore, a high correlation in expression of UGTRL
and its target (»=0.77) was also observed, together with asso-
ciation studies with additive and dominance effects, which
provide strong evidence that UGTRL and its target may affect
phenotypic variation in the same pathway. In our study, com-
paring the expression levels of mRNAs revealed that UGTRL
expressed at a relative low level (Chen et al. 2015). UGTRL
and PtoUGT88A1 showed higher expression in secondary tis-
sues (xylem) than in primary tissues (cambium) except leaves,

@ Springer



8 Page 14 of 16

Tree Genetics & Genomes (2016) 12: 8

indicating their potential effect on accumulation of secondary
metabolites. In addition, UGTs participate in secondary me-
tabolism in poplar, such as metabolism of cell wall polysac-
charides (Aspeborg et al. 2005), thus suggesting that UGTRL
and its target may function in secondary cell wall biosynthesis.
UGTs are encoded by a multi-gene family and catalyze the
transfer of glycosyl from UDP-glucose (activated nucleotide
sugars) to aglycones (acceptor molecules) (Ross et al. 2001),
and the high abundance of the two transcripts in old leaves and
29 associations with photosynthetic traits detected under
multi-SNP associations indicate that both UGTRL and
PtoUGT88A41 may commonly function in transferring the glu-
cose synthetized by photosynthesis to acceptor molecules in
all tree organs, such as xylem. The results of multi-SNP asso-
ciations and transcriptome profiling demonstrate that IncRNA
UGTRL and its putative target, PloUGT884 1, may have com-
mon roles in wood formation through transferring sugar moi-
eties synthetized by photosynthesis to organs of trees, second-
ary cell wall biosynthesis, and lignin biosynthesis.

Epistasis, which profoundly influences evolution, can be
described as nonadditive interactions among separate muta-
tions (Huang et al. 2012). Previous studies on disease suscep-
tibility showed that complex gene interactions have a much
stronger effect than single genes (Chou et al. 2011). Also,
epistasis analysis addresses the limitation of examining only
a single gene and provides an additional and reasonable path-
way for further investigating IncRNA-mRNA interactions and
their effects on quantitative traits. Our study characterized 84
significant SNP-SNP epistatic associations involved in 13
traits and 42 unique SNPs from UGTRL and PtoUGT88A1
(Fig. 4a), which provides necessary genetic evidence for dis-
secting the interactions of IncRNA-mRNA pairs for pheno-
typic variation. Of the SNPs identified in the epistasis model,
21.43 % were also significant in the additive and dominant
models, mainly because the SNPs detected in epistasis have
minor effects; thus, some of these SNPs could not be detected
under additive and dominant models (Xu and Jia 2007).
Interestingly, 18 SNPs from UGTRL and PtoUGT88A1 asso-
ciated with more than one trait, which improved our under-
standing of pleiotropy for certain genes. In addition, SNP24 in
UGTRL formed four SNP pairs with SNP8, SNP13, SNP21,
and SNP67 in PtoUGT88A41 under the epistasis model, and
each pair associated with two traits with different IGs. The
observation further demonstrated the vital roles of SNP24 in
UGTRL and clearly showed the significance of these SNP
pairs detected under the epistasis model for phenotypic varia-
tion, thus indicating the putative regulatory roles of interac-
tions of UGTRL and PtoUGTS88A1 in wood formation. In
addition, 73.81 % of these SNP-SNP pairs showed negative
epistatic effects, indicating the redundant information carried
by the pairs for each specific trait (Collins et al. 2013), and
indicate that UGTRL and its target may contribute to the phe-
notypic variation through the same pathway with similar roles.
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Twenty-one SNP-SNP pairs showed positive epistatic effects
on 11 traits, indicating that the SNP pairs showed a greater
contribution to phenotypic variation than the sum of the indi-
vidual effects of the two SNPs. Both negative and positive IGs
revealed the close interactions of the IncRNA-mRNA pairs.

The relationship between epistatic effects produced by dif-
ferent genotypic combinations and phenotypic traits also re-
quires further discussion. For example, the SNP pair L41-T43
had high IG and associated with DBH (Fig. 4b). The DBH
was controlled by the genotype of T43 when the genotype of
L41 is GT, but the effect of T43 on DBH is masked when the
genotype of L41 is TT. More broadly, the different genotypes
of L41 and T43 represented different expression levels of
UGTRL and PtoUGT88A1, and the mean DBH depends on
the transcript levels of PtoUGT8841 when IncRNA UGTRL
had a high abundance. However, the low abundance of
UGTRL transcript decreased the effect of PtoUGT88A1 on
DBH. A similar phenomenon was also identified in L9-T59
for FW and L.32-T45 for Cond. In other words, the genotype
of one SNP or genotype combination of several SNPs may
affect the expression of genes, and epistasis among the geno-
type combinations of different genes in the same pathway
could affect phenotypic variation. Epistasis provides an addi-
tional and effective path for application of MAS, which is
needed in future studies to understand the functional roles of
genes in the networks for a specific trait or pathway.

Conclusions

Here, we first predicted PtoUGT88A1 as the putative target of
IncRNA UGTRL using bioinformatics methods and clarified
the genetic variations and putative interactions of UGTRL and
PtoUGT88A1 in wood formation with a combined approach
using multiple SNP-based association analysis and examina-
tion of the expression patterns of them. Multiple SNP-based
association under additive and dominant models and expres-
sion pattern analysis provided the genetic evidence that both
UGTRL and PtoUGT88A41 commonly act on the phenotypic
variation of P. fomentosa, indicating the potential joint roles of
UGTRL and its target in wood formation. Furthermore, the
epistasis model provided a feasible approach and uncovered
the interactions of UGTRL and PtoUGT88A41 for each trait,
indicating that the epistatic interactions of IncRNA UGTRL
and its putative target affected certain traits. Thus, this genetic
analysis annotated the putative function of UGTRL and re-
vealed the potential roles of interactions of UGTRL and its
target PtoUGT88A1 in wood formation by affecting the trans-
fer of sugar moieties synthetized by photosynthesis to organs
of trees, secondary cell wall biosynthesis, and lignin biosyn-
thesis. Overall, the strategy of integrating expression analysis
and multi-SNP-based association analysis with additive, dom-
inant, and epistasis models can be used in population studies
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for dissecting the interactions of candidate genes and the effect
of their genetic variation on certain phenotypes. Importantly,
some SNPs detected in our study have significant associations
with phenotypic characteristics with joint genetic effects, a
crucial clue for MAS breeding to screen key traits.
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