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Abstract

Plants have developed bark as a defense barrier to deal with environmental stresses, such as pathogen invasion,
drought, and UV radiation. Bark is composed of dead differentiated cells and is formed when radial expansion
pushes the cortex and epidermis outward creating secondary meristem. However, the genetic control of this complex
phenotype is generally unknown. Here, we use association mapping to define the genomic regions associated with
natural variation in bark texture (BT) in Populus trichocarpa. Clonally replicated provenance trials of P.
trichocarpa were studied for BT collected across three sites, multiple years, and (2—-3) biological replicates per
site. Forty-one genomic intervals containing SNPs significantly associated with BT were detected that were highly
reproducible across sites, years, and replicates. A list of candidate genes within these regions with related putative
function was identified. A total of 98 genes were considered candidate genes due to significance and putative
function with connection to the phenotype. Association mapping using low coverage sequencing allowed us to
detect narrow genomic intervals (1-20 kb) with high reproducibility and shared candidate genes. For example, a
membrane-associated apo- ptosis protein and a wall-associated receptor kinase (PR5K-like) protein, which both
are involved in radial growth and tissue differentiation, lie within significant trait-associated region. Two copies of
root hair defective3 genes, transmembrane protein in Populus differentiating xylem and phloem, were also
significantly associated with BTand co-located with major quantitative trait locus (QTL) for BT, bark thickness, and
diameter from our previous study suggesting an important role in radial growth.
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Introduction

Bark in trees is formed when radial growth pushes the cortex and epidermis outward creating secondary
meristem, i.e., the cork cambium (Carlquist 1996). The cork cambium then out- wardly produces cork (phellem)
cells; the bark’s outer layer which is composed of dead differentiated cells (Carlquist 1996). As an adaptation to
terrestrial life, the bark acts as a defense barrier, including suberins in the phellem layers, to deal with
environmental stresses such as pathogen invasion, drought, fire, and UV radiation (Pollard et al. 2008; Soler et al.
2007). Despite of its importance, tree bark development has been less extensively studied than wood
development.

Mature phellem development requires cell growth, differentiation, and death. There are common steps in
the differentiation of lignified secondary xylem, phloem, and phellem cells, including cell division, cell
expansion or elongation, secondary cell wall deposition, lignification, and programmed cell death (Mellerowicz et
al. 2001). Carpita et al. (2001) estimate that as many as 15% of the genes in a plant genome may play a role in
cell wall synthesis, remodeling, or turnover. Secondary cell wall formation is a complex process that requires
the coordinated regulation of diverse metabolic path- ways (Brown et al. 2005); however, the molecular mecha-
nisms and components that may be essential for cell wall formation in phellem are still unclear. Furthermore,
while some defects or variations in secondary cell walls have been characterized, such as irregular xylem
(Turner and Somerville 1997) or defects in lignin biosynthesis (Piquemal et al. 1998), the genetic basis of the
phenotypic diversity in bark texture remains completely undefined.

Bark texture varies among species, and even among genotypes within species, and has notable
phenotypic diversity ranging from smooth, peeling, fractured, fissured, and to plated (Whitmore 1962).
Differences in bark texture are of eco- logical importance and have been related to different levels of
susceptibility to fungal and insect diseases and to fire (Beaver et al. 1989; Gill and Ashton 1968; Lawes et al.
2011; Marshall et al. 2013). For example, tree species with smooth bark, e.g., beech and ash, have been reported
to be less susceptible to insect and fungal diseases (Beaver et al. 1989; Marshall et al. 2013). Bark thickness and
moisture content are reported to be associated with higher fire resistance, where a thicker bark allows for their
survival during intense fires (Climent et al. 2004; Lawes et al. 2011; Pausas 2015). Previously, we have
analyzed the bark texture of an interspecific pseudo-backcross pedigree derived from a cross of a female hybrid
clone (Populus trichocarpa x P. deltoides) with a male Populus deltoides parent through quantitative trait locus
(QTL) mapping (Bdeir et al. 2017). Highly reproducible QTL were detected encompassing several candidate
genes including PopNAC128, which has been reported to play a role in lignified fiber cell and ray development
(Grant et al. 2010), along with Pinin and Fasciclin (PopFLA) that play a role in cell adhesion, cell shape, and
migration (Lafarguette et al. 2004; Wang et al. 2014).

The parental species used to derive the pedigree display contrasting bark textures. P. trichocarpa (Torr.
and Gray) bark is smooth or lightly flaky, while P. deltoides (Bartr. ex Marsh) bark is rough and deeply
furrowed. Because the backcross was with a P. deltoides parent, the QTL pedigree segregated mainly for bark
types typical for P. deltoides. It is therefore unclear, if and which of the discovered QTL are common or specific
for the bark types of the two species.

Here, we took advantage of a large P. trichocarpa association population established at three field sites
to further investigate the genetic architecture of bark texture through a genome-wide association study (GWAS).
We compare the QTL intervals with the location of GWAS candidate genes to identify common genes and at the
same time study new candidate genes and loci, not discovered in the QTL study and possibly specific to the
development of P. trichocarpa bark texture. Our specific objectives are as follows: (1) identification of
candidate genes for bark texture, (2) comparison to QTL mapping results and quantification of the number of
candidate genes within the QTL intervals, (3) and finally, identification of the differences in the genetic control
of bark texture in P. trichocarpa and P. deltoides.

Material and Methods

Plant material



Clonally replicated populations of 1100 black cottonwood genotypes (P. trichocarpa Torr. and A.Gray ex
Hook.) were collected from the whole species range encompassing ca. 16 native stands stretching from 38.8° to
54.3° N latitude, from California to British Columbia (Slavov et al. 2012) and were established in replicated
field trials in Corvallis, OR (44° 34’ 14.81" N 123° 16’ 33.59” W); Clatskanie, OR (46° 6’ 11" N, 123° 12’ 13"
W); and Placerville, CA (38° 45’ 14" N, 120° 44’ 25" W), as previously described (Muchero et al. 2015).

Genetic Data

A total of 917 genotypes from the population were resequenced to a minimum 15x depth using the Illumina
Genome Analyzer, HiSeq 2000 and HiSeq 2500 as previously described for the same population (Evans et al.
2014; Zhang et al. 2018). Briefly, reads were aligned to the P. trichocarpa reference genome version 3 using
BWA 0.5.9-r16 with default parameters and SNPs and indels were called using SAMtools mpileup (-E —C 50 —
DS -m 2 —F 0.000911 —d 50,000) and bcftools (-bcgv —p 0.999089). The resulting SNP and indel dataset is
available at http://bioenergycenter.org/besc/gwas/. From this output, we created a GWAS mapping panel of 8.
253,066 million SNPs with a minor allele frequency of 0.05.

Phenotypic Measurements

Phenotypic data for bark texture (BT) were analyzed in this study for GWAS in all three sites. For the
Clatskanie site (CLA), BT data were collected in 2012, 2013, and 2015 (i.e., 3-, 4-, and 6-year-old trees) by
visual inspection, whereas for the Corvallis (COR) and Placerville sites (PLC), the data were collected in 2013
and 2014 (i.e., 4- and 5-year-old trees), respectively. BT was assigned a qualitative score based on a scale from
1 (smooth) to 3 (flaky with grooves) (Online Resource 1). Two replicates of 1100 genotypes in three blocks, for
a total of six ramets per genotype, were an- alyzed at CLA13 and PLC14 sites, along with three replicates for
CLA12 and COR13 and one replicate for CLA15. In ad- dition to the field assessment, the CLA collection
during 2012 had two replicate wood disks with bark collected at breast height per genotype, thus a total of five
replicates. Differences in age sampling and across different environments were used to evaluate variation in
measured phenotypes.

Statistical Analysis

Pair-wise phenotypic correlations were calculated as Spearman’s rank correlation coefficients for all
data sets across the three different geographic regions using WIinSTAT software (Fitch 2006) to assess
correlations within blocks and within and between years (Online Recourse 2).

Genome-wide Association Mapping

The data were evaluated for the presence of statistical outliers, and recording errors were corrected or
deleted. WIinSTAT was used to check for normal distribution of residuals. Transformations were deemed
unnecessary (Online Resource 3). Association analyses were performed as previously described by Zhang et al.
(2018), using the efficient mixed model association (EMMA\) algorithm in the EMMAX software with kinship
as the correction factor for genetic background effects (Kang et al. 2010) to compute genotype to phenotype
associations using 8.2 million SNP and indel variants with BT as the phenotypic variable. On average, a marker
is represented every 17 base pairs (bp) across the genome. Significant and reproducible SNPs strong- ly
associated with BT were detected at a FDR threshold of 0.05. Significance thresholds were set at negative log p
values of 6. False discovery rate (FDR) was determined as described by Storey and Tibshirani (Storey and
Tibshirani 2003).

Candidate Genes

Based on a linkage disequilibrium (LD) decay below 0.2 with- in 3-6 kb in this P. trichocarpa
population (Slavov et al. 2012), a 6-kb upstream and downstream region was examined for candidate genes. The
significant genomic regions have to have at least one detectable SNP with a significance of — 1og10 p > 6 and be
circumscribed by reproducible SNPs with a significance of — log10 p > 5 (Online Resource 5). The underlying
genes were identified based on the P. trichocarpa reference genome v3.0 in the Phytozome database using the
Bio M art t ool (https://phytozome.jgi.doe.gov) (Online Resource 5). A complete gene list with InterPro



descriptions was generated including loci of putative and/or unknown functions. Expression profiles of the gene
models from various tissues, e.g., bud, leaf, various parts of root and stem, were obtained from the PhytoMine
database (https:// phytozome.jgi.doe.gov/phytomine/begin.do).

Results

Phenotyping for Bark Texture

Phenotypic variation in the association population for BT ranged from smooth (score = 1) to flaky bark
(score = 3) (Online Resource 1). The mean values and standard errors for Clatskanie, Corvallis, and Placerville
sites were as follows: CLA12 (mean, 1.53; SE, 0.70); CLA13 (mean, 1.50; SE, 0.69); CLA15 (mean, 1.89; SE,
0.81); COR13 (mean, 1.71; SE, 0.62) PLC14 (mean, 1.46; SE, 0.63). Phenotypic correlations were generally
higher within the same environment with varying levels of significance across different environments (Online
Resource 2).

Genetic Association with Phenotypic Variation in Bark Texture

The GWAS using 8.2 million SNPs uncovered a total of 755 individual SNPs significantly (— log10 p >
5) and reproducibly associated with bark texture distributed across all 19 chromosomes. The 175 genomic
regions defined by these SNPs include 380 unique genes (Online Resource 4). Specifically, 472, 255, 4, 28, and
17 SNPs were detected for the data sets Clatskanie 2012 (CLA12), CLA13, CLA15, Corvallis 2013 (COR13),
and Placerville 2014 (PLC14), respectively. The Manhattan plots for the five location-by-year data sets with
their replicates are shown in Fig. 1.

At a significance threshold of — log10 p > 6, the 175 genomic regions were further reduced to 50
genomic regions ranging from 1 to 20 kb intervals, featuring 324 out of the 755 individual SNPs (Online
Resource 5). Nine genomic regions had no predicted genes within 50 kb of significant SNPs; accordingly, only
41 regions containing 98 out of the 380 genes were further used to describe gene annotations based on the
interval of the significant genomic region with detect- able SNPs (— log10 p > 5).

Characterization of Genomic Regions

Table 1 summarizes the 41 genomic regions including SNPs with the highest significance value
(detailed information in Online Resource 5). These regions were categorized into two groups: reproducible
across sites and reproducible across replicates within a site. Twenty-nine regions were reproducible across sites
most of them having the exact same markers being significantly associated across multiple replicates/sites. The
remaining 12 regions were reproducible across clonal replicates within a site. Comparing the significantly
associated regions, they ranged from 1 to 20 kb with as few as 2 detected SNPs to as many as 53 SNPs. Most
trait-associated SNP markers were located within noncoding regions (290) while 34 SNPs were within the
coding regions of genes (nonsynonymous = 26, synonymous = 8). Details on all SNPs’ positions and features
are summarized in Table Online Resource 5.

Seventeen regions had — logl0 p > 7, with the highest sig- nificance on LG XV (8.44). Considering
replicates, four re- gions, detected on LG VI, XV, XVI, and XVII, were found in three different data sets
(regions 1, 8, 11, and 12; Table 1). Four trait-associated regions had more than 8 SNPs with — logl0 p > 6
(region 5, 8, 11, and 31); whereas, five regions contained 4—5 individual SNPs above —logl10 p > 6 (region 6, 9,
17, 33, and 34, Online Resource 5).

A detailed list of the underlying putative genes within the 41 regions and their interval is shown in
Online Resource 5. Some regions contained one gene while others included as many as nine, totaling 98 putative
genes of which 75 were reproducible across sites and/or years and 23 were reproducible within sites/years.
Analyzing the InterPro annotation and putative function of the significant genes along with the position/feature
of SNPs, 32 of the 98 genes had unknown functions. Of the remaining genes, several candidate genes had
annotations possibly related to BT (Table 2). Eight of these genes occurred in QTL detected for BT in our
previous study (Bdeir et al. 2017) (Fig. 2). Specifically, we found on LGI Potri.001G460900 (gene of unknown
function); on LGVI the three genes Potri.006G173900 (gene of unknown function); Potri.006G200100 (gene of



unknown function) and Potri.006G200200 (ring finger domain, ubiquitin ligase); on LGXII the three genes
Potri.012G116800 (gene of unknown function); Potri.012G116900 and Potri.012G117000 (root hair defective 3
); and finally, o n LGXVIII Potri.018G019900 (containing a NAF domain).

Discussion

The molecular machinery leading to alterations in bark texture is unknown. With the use of genome-
wide association mapping, we were able to link BT phenotypes to associated polymorphisms in the genome and
identify putative genes related to bark development.

Even though the genes involved in BT variation are largely unknown, in the last two decades several
studies have closely studied genes involved in related developmental processes. During radial growth,
mechanical stresses imposed in the phellogen create variation in bark roughness that can either produce a
smooth or furrowed/flaky BT (Romero 2006). From studies on secondary growth from xylem mother cells
(wood development), a comprehensive set of regulatory genes was discovered through various methods,
including protein arrays linking genomics to proteomics and through EST sequencing providing expression
analysis of genes during wood formation (Andersson-Gunneras et al. 2006; Brown et al. 2005; Li et al. 2017;
Mellerowicz et al. 2001; Song et al. 2011; Sterky et al. 1998). The study by Song et al. (2011) is one of the few
which examined both xylem and phloem differentiation and created a subtracted gene list that included
receptors, transporters, cell wall formation related, and intra- cellular trafficking proteins.

Our results revealed multiple significant associations. Through GWAS, we were able to detect a
number of putative genes involved in the control of bark texture, as well as differentiate between the genes
responsible for the flaky bark texture in P. trichocarpa and the rough furrowed texture in P. deltoides in
comparison with our previous work (Bdeir et al. 2017). Overall, the detected genomic regions involved in the
control of bark texture in P. trichocarpa and P. deltoides vary. Eight genes out of 380 GWAS-identified genes
were found to be co-locating with the QTL from the previous study, five of which have an unknown function.
Two genes with annotated function, Potri.012G116900 and Potri.012G117000, on LG XII at Clatskanie (2012
and 2013) with a — log10 p = 5.12, annotated as root hair defective 3, co-located with major highly reproductive
QTL for bark texture [16]. The same QTL region was also associated with bark thickness and diameter,
suggesting a role of this QTL in radial growth (Bdeir et al. 2017). These genes putatively function as
transmembrane proteins identified from the plasma membrane of Populus differentiating xylem and phloem
(Song et al. 2011).

Genome-wide association studies can suffer from too few observations, low repeatability, and
insufficient statistical thresholds. The large sample size in the present study (n = 917) based on 8.2 million SNPs
contributed to minimize the limitation of population size as well as defining the linkage disequilibrium rate
between a SNP marker and a functional gene. Thus, the majority of significant associations were located within
relatively small intervals (70% of genomic regions have <5 kb intervals). Among the 98 genes underlying the
top 41 regions, a list of putative genes based on p values and reproducibility with possible functional control of
BT were identified (Table 2).

Radial Growth and Tissue Differentiation

During secondary growth, the vascular cambium consisting of meristematic tissues goes through cell
division to radially generate secondary xylem to its inside and secondary phloem to its outside (Chaffey et al.
2002). The proportions of the cell types in inner bark (e.g., parenchyma, fibers, and sclereids) and the types of
sieve elements, their sizes, and arrangements in the phloem vary among species, often forming patterns of
taxonomic importance (Plomion et al. 2001). Vascular differentiation and differentiation of the outer bark
involves cell division, orientated cell differentiation, cell expansion, cell wall thickening, and programmed cell
death (Plomion et al. 2001; Song et al. 2011). Discontinuous periderms (textured bark) could result from
variable radial meristematic activity in the cork cambium due to mechanical stresses from radial growth
(Romero 2006).

The gene Potri.015G124000, a membrane-associated apoptosis protein (NAP1), with a SNP located in
its intron reached the highest significance score (— logl0 p = 8.44) and reproducibility across three datasets,



CLA12, CLA13, and PLC14 (Table 2). It is an orthologous to the A. thaliana gene AT2G35110, NCK-
associated protein (NAP1), an adaptor protein thought to modulate actin nucleation. NAP1 is a component of
the WAVE regulatory protein complex that acts as an activator of the ARP2/3 complex involved in actin
nucleation and trichome morphogenesis. Mutants in this gene display distorted trichomes and irregularities in
trichome branch positioning and expansion (Brembu et al. 2004; Deeks et al. 2004; Zhang et al. 2005). NAP1 is
thus involved in plant cell morphogenesis and plays an essential role in cell expansion.

Another gene family, cytochromes P450, have been detected within six genomic regions (four having
(= log10 p > 7) across all years for Clatskanie and Corvallis sites (Table 2). Cytochromes P450 are enzymes
involved in the biosynthesis of brassinosteroids which are perceived by the plasma membrane-localized leucine-
rich repeat-receptor kinase BRI1. Brassinosteroids play essential roles in developmental processes including cell
expansion and vascular differentiation (Clouse and Sasse 1998). For instance, loss-of-function of brll causes
abnormal phloem:xylem differentiation ratios and vascular defects (Cafio-Delgado et al. 2004). Other studies
have revealed that cytochrome P450 plays a functional role in secondary metabolite biosynthesis, specifically in
lignin monomer composition and controlling cell elongation and de-etiolation in Arabidopsis (Meyer et al. 1998;
Szekeres et al. 1996). While an overexpression of F5H, a cytochrome P450-dependent monooxygenase, in
Arabidopsis led to the accumulation of lignin indicating a key regulatory role in syringyl lignin biosynthesis
(Meyer et al. 1998).

Several additional GWAS candidate genes, including pectate lyase, have been reported to regulate cell
wall loosening and expansion (Xu et al. 2014). Multicopper oxidase (Potri.019G088500, ortholog AT4G28250),
known as an expansin protein, functioning in abscission and cell wall loosening, has a significant SNP within
the coding sequence (— logl0 p = 7.26) resulting in a nonsynonymous substitution and was detected in the
CLA12 dataset (Cosgrove 2000).

Suberin Accumulation

Suberization occurs during the development of the secondary radial meristems, i.e., the cork cambium
(Soler et al. 2007). Phellem is multilayered dead tissue that is made impervious by the disposition of suberin
onto their cell walls, a waxy substance that is highly impermeable to gases and water to provide the internal
cells of the plants with extra insulation and protection (Pollard et al. 2008; Soler et al. 2007).

The genes Potri.017G034700 and Potri.017G035400, wall-associated receptor kinases (PR5K-like), are
found with- in highly significant genomic regions (— log10 p = 7.90, syn- onymous SNP in coding sequence; —
log10 p = 5.72, SNP in intron, respectively) and are reproducible across year 2012 and 2013 in Clatskanie
(Table 2). They are related to a family of protein-serine/threonine kinases and involved in self- incompatibility
and disease resistance and are orthologous to the Arabidopsis gene AT3G55550 (Bent 1996; Wang et al. 1996).
A highly significant synonymous SNP (- logl0 p = 7.13) was found in the coding region of the gene
Potri.017G034500, an ortholog to the same Arabidopsis gene AT3G55550; however, it was only characterized
as Populus gene with protein kinase domain of unknown family (Table 2). Interestingly, an ortholog of the
PR5K-like gene, AT5G38280, was identified as a candidate gene involved in apple russeting (Legay et al.
2015), which results from the accumulation of suberin on the inner part of the cell wall of the outer epidermal
cell layers.

Other regulatory genes for suberin accumulation are the MYB transcription factors of which three
Myb-like DNA-binding protein genes were detected in Clatskanie across all years at — log10 p = 7.49 (Table 2).
The MYB gene family members have been reported as key regulators in the biosynthesis of lignin and the
regulation of secondary cell wall formation (Cafio-Delgado et al. 2010; Goicoechea et al. 2005; Hertzberg et al.
2001; Zhong et al. 2008). In Arabidopsis, MYB46 and MYB83 are direct targets of a group of NAC domain
master regulators controlling secondary wall biosynthesis (Mitsuda et al. 2007; Zhong et al. 2008; Zhou et al.
2009). In addition, in Populus, several genes were found to be involved in the regulation of wood formation,
including PtrMYB3 and PtrMYB20 , while a NAC protein Potri.006G277000, detected in the COR13 dataset, is
in- volved in the biosynthesis and regulation of Populus suberin affecting the bark periderm, specifically the
cork (phellem) (Legay et al. 2015; McCarthy et al. 2010; Rains et al. 2017; Zhao et al. 2014).



Program Cell Death

Programmed cell death is important in secondary plant development and is involved in the generation
of the vascular system (Groover and Jones 1999). Programmed cell death also contributes to the development of
bark and its abscission (Addicott 1982). Abscission results in the separation of the bark tissue from the trunk
without injury to living tissue. Bark abscission creates a protection layer of the newly ex- posed tissue (Addicott
1982). Lignification occurs in xylem cells during wood development and in bark (Jelonek et al. 2017;
Mellerowicz et al. 2001; Sengupta and Palit 2004). When lignification is completed, vessel elements undergo
programmed cell death, which involves the hydrolysis of the protoplast (Asif et al. 2017; Mellerowicz et al.
2001; Venkatesan et al. 2016). Nonetheless, the specific effects of cell death on bark have not been studied.

Six genes with ring finger domain and ubiquitin ligase function were detected across all sites and
several years, of which Potri.006G200200 co-locates with a QTL cluster on LG VI associated with bark texture
from our previous study (Bdeir et al. 2017). The genes Potri.001G450700 and Potri.014G138000 (orthologs
AT3G61460 and AT1G63900, respectively) have the highest significant values at — logl0 p = 7.75 and 7.56,
respectively, and their putative functions are characterized as SFC and E3 ubiquitin ligases, respectively (Table
2). E3 ubiquitin ligases are known as positive regulators of cell death and defense across various plants
(Janjusevic et al. 2006). Studies have suggested their involvement in regulation of cellular elongation in
Arabidopsis and in the biosynthesis of tension wood in Populus (Andersson-Gunneras et al. 2006; Franciosini et
al. 2013). The ubiquitin-dependent pathway of proteolysis is essential for vascular development and
overexpression of a mutant form of ubiquitin unable to form polyubiquitin chains in transgenic tobacco resulted
in abnormal vascular development (Bachmair et al. 1990).

One way for a plant to defend itself is by using molecular switches of plant disease resistance, such as
NB-ARC domain containing proteins, and activating a cascade leading to cell death (Kohler et al. 2008; Van
Ooijen et al. 2008). Four genes within several genomic regions (— logl0 p < 7.13) detected across all three
locations and years contain a NB-ARC (nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4)
domain, of which two had SNPs within genes, one in the coding sequence (synonymous substitution) and the
other in the genes’ intron (Table 2). A recent study by Fossdal et al. (2012) examined gene expression of
secondary phloem of Norway spruce after it had been wounded and inoculated with the fungus Ceratocystis
polonica (Fossdal et al. 2012). NB resistance genes showed a significant increase in expression along with five
miRNAs with putative NB tar- gets (Fossdal et al. 2012).

Although seven Populus genes were characterized as kinases with unknown family, two genes,
Potri.015G124100 and Potri.017G034100 (— log10 p = 8.44 and 7.13, respectively), were identified across three
of our test sites and are orthologous to Arabidopsis genes known as cysteine-rich receptor-like protein kinases
(CRKS). Induced expression of these CRKSs triggered hypersensitive response-like cell death in transgenic plants
(Chen et al. 2004).

While the candidate gene list in Table 2 provides many promising putative genes involved in cell wall
differentiation, they need to be further studied to validate their involvement in bark biosynthesis through
transgenic lines and forward genetic methods. Genes of unknown function detected within highly significant
regions open new opportunities in the future and should be functionally characterized. Two genes,
Potri.006G008100 an d Potri.017G035600 (— logl0 p = 6.91 and 7.73, respectively), are top candidates for
functional characterization along with 12 other genes with high significance (— logl0 p > 7) (Online Resource
5).

The combination of QTL and GWAS mapping supports the identification of candidate genes. QTL
mapping increases the ability to reduce false positive rates, whereas GWAS has a much higher resolution than
QTL mapping and can narrow down the genomic region to individual candidate genes (Brachi et al. 2010;
Manenti et al. 2009; Zhao et al. 2007). In our case, the combination of QTL and GWAS mapping provided
insights on the different genes responsible for the variations in BT ranging from smooth and furrowed across
Populus species.



Data Archiving Statement

Whole-genome resequencing, SNP/indel calling, and SnpEff analysis for the 544 individuals of this
Populus GWAS population was previously described by Evans et al. (2014). In this study, we used the same
sequencing and analytical pipelines to incorporate an additional 373 accessions (altogether 917 accessions).
Briefly, reads were aligned to the P. trichocarpa reference genome version 3 using BWA 0.5.9-r16 with default
parameters and SNPs and indels were called using SAMtools mpileup (-E —C 50 -DS -m 2 —F 0.000911 —d
50000) and bcftools (-bcgv —p 0.999089). The resulting SNP and indel dataset is available at
http://bioenergycenter.org/besc/gwas/. The resulting SNP and indel dataset is available at
http://bioenergycenter.org/besc/gwas/. To assess genetic control, we used the EMMA algorithm in the EMMAX
software with kinship as the correction factor for genetic background effects (Zhou and Stephens 2012) to
compute genotype to phenotype associations using 8.253,066 SNP variants with minor allele frequencies > 0.05
identified from whole-genome resequencing. Linkage disequilibrium (LD) was determined using HAPLOVIEW
v.4.2 (Barrett et al. 2005). To account for multiple testing, we used the Bonferroni correction and considered as
significant only those SNPs for which P < 0.05/8253066 = 6.06910—9. This correction is known to be
conservative and thus Bovercorrected” the raw P values (Mclntyre et al. 2000).
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Fig. 1 Manhattan plots for GWAS for the P. trichocarpa BESC 2012, 2013, and 2015 (a); Corvallis (COR) for year 2013 (b), and
population. Standard - log10 P plots of the study results. The five Placerville (PLC) for year 2014 (c); BT1, BT2, BT3: bark texture repli-
datasets across three sites are as follows: Clatskanie (CLA) for year cates 1, 2, 3



Table |  The 41 genomic regions with reproducible SNPs most significantly associated with bark texture in the genome-wide association study
(GWAS)
Region # LG SNP position interval Interval (kb) Population SNP position Corr. -log10 p
1 XV 13,756,415-13,759,891 3 PLCV14_BT2 13,759,891 8.44
CLA12_BT2 13,756,415 5.98
CLA13 BT2 13,756,415 5.22
2 XVII 2,930,303-2,942,559 12 CLA12_BT3 2,931,167 7.89
CLA12cookieBT1 2,931,167 6.70
CLA13 BT1 2,941,148 5.07
3 \Y% 16,609,078 1 CLA13_BT1 16,609,078 7.86
CLA12_BT1 16,609,078 7.74
4 XV 10,543,886 1 CLA12_BT2 10,543,886 7.74
CLA13 BT2 10,543,886 6.12
5 | 48,502,337-48,513,466 11 CLA12_BT1 48,504,159 7.56
CLA12_BT3 48,504,159 5.40
CLA13_BT2 48,504,159 5.68
6 XV 3,085,288 1 CLA12_BT3 3,085,288 7.50
CLA12_BT1 3,085,288 7.09
CLA12cookieBT1 3,085,288 6.69
CLA13 BT1 3,085,288 6.48
7 | 44,916,073-44,932,416 16 CLA12_BT2 44,931,643 7.40
CLA13 BT2 44,931,643 6.44
8 XVII 2,894,584-2,915,048 20 CLA12_BT3 2,905,659 7.12
CLA12cookieBT1 2,905,659 6.72
CLA13 BT1 2,905,659 5.39
CLA13 BT2 2,900,788 5.32
CLA12_BT1 2,905,659 5.30
PLCV14_BT1 2,915,048 5.30
9 VI 11,209,007-11,217,624 9 CLA13 BT1 11,209,437 7.08
CLA12_BT1 11,209,437 5.95
10 Xl 11,521,810 1 CLA13 BT1 11,521,810 7.02
CLA12_BT1 11,521,810 6.55
11 VI 21,529,197-21,533,794 5 CLA12_BT2 21,530,675 7.00
CLA13 BT2 21,530,675 6.41
CLA15 21,530,272 5.24
12 XVI 5,614,771-5,630,821 16 CLA12_BT2 5,626,773 6.99
CLA13 BT2 5,626,773 5.73
PLCV14_BT1 5,628,967 5.77
13 VI 543,317 1 CLA12_BT2 543,317 6.91
CLA13 BT2 543,317 6.80
14 X 8,131,399-8,141,525 10 CLA12cookieBT1 8,131,399 6.75
CLA12_BT3 8,131,399 6.24
CLA13 BT1 8,141,525 5.33
15 VII 16,608,390-16,609,078 1 CLA13 BT2 11,609,206 6.76
CLA12_BT2 11,609,206 5.40
16 v 21,617,052-21,619,943 3 CLA13 BT2 21,619,943 6.73
CLA12_BT1 21,619,943 5.86
17 \Y 21,642,667-21,646,857 4 CLA12_BT3 21,644,588 6.73
CLA12 BT1 21,644,588 6.00
CLA13 BT1 21,644,588 5.53
CLA12cookieBT1 21,642,667 5.44
18 XVII 15,160,420-15,163,613 3 CLA13 BT1 15,160,420 6.49
CLA12_BT1 15,160,420 5.45
19 XVII 6,040,783-6,046,262 6 CLA12 BT1 6,042,491 6.47
CLA13 BT1 6,042,491 5.01
20 VI 27,823,761-27,839,980 16 PLCV14_BT2 27,823,761 6.33
COR13_BT2 27,839,980 6.31
COR13_BT1 27,837,548 5.38
21 \Y 8,874,775-8,883,033 8 CLA12_BT2 8,877,397 6.29
CLA13 BT2 8,877,397 5.99
22 XV 3,872,558 1 CLA12 BT1 3,872,558 6.27
CLA13 BT1 3,872,558 5.14
23 XV 7,277,970 1 CLA12_BT2 7,277,970 6.26
CLA13 BT2 7,277,970 5.01
24 \% 2,047,117 1 CLA13 BT1 2,047,117 6.25
CLA12 BT1 2,047,117 5.77
25 XVI 889,154 1 CLA12_BT1 889,154 6.25



Table 1 (continued)

Region # LG SNP position interval Interval (kb) Population SNP position Corr. -log10 p
CLA13 BT1 889,154 5.39
26 Xl 2,115,668 1 CLA13_BT2 2,115,668 6.19
CLA12_BT2 2,115,668 6.01
27 Xl 15,754,964-15,758,609 4 CLA13 BT1 15,758,609 6.13
CLA12_BT2 15,754,964 5.24
28 X1 1,649,986 1 CLA13_BT1 1,649,986 6.08
CLA12_BT1 1,649,986 5.57
29 VI 10,028,445-10,032,564 4 CLA13_BT2 10,028,892 6.00
CLA12cookieBT1 10,028,445 5.27
30 | 31,275,502-31,277,465 2 CLA12_BT2 31,276,103 7.49
31 XVII 3,001,881-3,008,293 7 CLA12cookieBT1 3,007,903 7.73
CLA12_BT3 3,007,903 6.66
32 VII 10,801,084 1 CLA12cookieBT1 10,801,084 7.46
CLA12_BT3 10,801,084 6.30
33 XIX 4,752,983-4,762,402 10 CLA12_BT3 4,762,402 7.44
CLA12cookieBT1 4,762,402 5.42
34 Xl 10,996,808-10,996,815 1 CLA12_BT3 10,996,815 7.26
CLA12cookieBT1 10,996,815 6.43
35 XIX 12,020,500-12,025,588 5 CLA12_BT3 12,025,588 7.25
CLA12cookieBT1 12,025,588 6.60
36 VI 13,299,251 1 CLA12cookieBT1 13,299,251 6.63
CLA12_BT3 13,299,251 6.20
CLA12_BT1 13,299,251 5.44
37 XVI 12,838,532-12,843,036 5 COR13_BT2 12,838,536 6.36
COR13_BT1 12,843,036 5.19
38 XVI 2,627,146-2,630,738 3 COR13_BT3 2,627,146 6.27
COR13_BT2 2,630,738 5.14
39 Xl 1,779,913 1 CLA12cookieBT1 1,779,913 6.14
CLA12_BT3 1,779,913 5.49
40 1 15,467,058-15,489,644 22 COR13_BT2 15,469,012 6.13
COR13_BT1 15,482,878 5.53
41 XVI 9,570,806 1 CLA12cookieBT1 9,570,806 6.01
CLA12_BT3 9,570,806 5.97

LG, linkage group; sites: CLA, Clatskanie; COR, Corvallis; PLC, Placerville; populations, the name indicates site, year, and replicate (e.g., CLA12_BTS3,
Clatskanie, year 2012, bark texture replicate three). The first 29 genomic regions with highly significant SNPs are found reproducible across sites, while
the remaining 12 regions are reproducible within a site. For each genomic region and experiment the most significant associations are shown. Highly
significant SNPs are in italics (- log10 p > 6). The interval in which significant SNPs were detected at a significance threshold of - log10 p > 5, the
populations and replicates in which SNPs were detected in corresponding genomic regions along with the highest corrected p value are shown. Detailed
information on SNPs and their genomic location can be found in Table S4



Table 2 Genomic location and putative functions of SNP containing genes and of genes adjacent to SNPs associated with bark texture identified by genome-wide association study (GWAS)
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Region # Population Highest, log10 p SNP within gene feature Gene name Putative function Arabidopsis ortholog
1 CLA12,CLA13,PLC14 8.44 Intron Potri.015G124000 Membrane-associated apoptosis AT2G35110
protein, NAP1
1 CLA12,CLA13,PLC14 8.44 Intron, upstream/downstream Potri.015G124100 Protein kinase domain AT4G11480
31 CLA12 7.74 CDS, NS, downstream Potri.017G035500 Protein kinase domain AT5G38260
8 CLA12,CLA13,PLC14 7.13 CDS, S, upstream/downstream Potri.017G034500 Protein kinase domain AT3G55550
8 CLA12,CLA13,PLC14 7.13 Upstream/downstream Potri.017G034100 Protein tyrosine kinase ATAG04490
20 PLC14,COR13 6.34 Downstream Potri.006G279900 Protein tyrosine kinase AT4G31170
20 PLC14,COR13 6.34 3'UTR Potri.006G280000 Protein tyrosine kinase AT2G24360
NA COR13, CLA15 5.87 Downstream, intergenic Potri.014G161400 Protein kinase domain AT5G21222
2 CLA12,CLA13 7.90 CDS, S, upstream/downstream Potri.017G034700 Wall-associated receptor None
kinase galacturonan-binding
NA CLA12,CLA13 5.73 Intron Potri.017G035400 Wall-associated receptor AT3G55550
kinase galacturonan-binding
3 CLA12,CLA13 7.86 Intron Potri.005G162300  VQ motif AT1G78310
4 CLA12,CLA13 7.75 Upstream, intergenic Potri.014G138000 Zinc finger, C3HCA4 type AT1G63900
(RING finger), ubiquitin ligase
5 CLA12,CLAL3 7.56 Upstream, intergenic Potri.001G450700 Ring finger domain, ubiquitin ligase None
10 CLA12,CLA13 7.03 Upstream, intergenic Potri.011G094800 Ring finger domain AT5G55970
11 CLA12,CLA13,CLA15 7.00 Downstream, intergenic Potri.006G200200 Ring finger domain, ubiquitin ligase AT5G22000
NA PLC14,COR13 5.78 Intron Potri.019G060900 Zinc finger, C3HC4 type (RING finger), AT2G40770
DNA helicase
NA CLA12,PLC14 5.26 Upstream, intergenic Potri.009G080500 RING-type zinc finger, ubiquitin ligase None
5 CLA12,CLA13 7.56 Intron Potri.001G450800 Ribosomal protein L11, RNA-binding domain AT1G32990
6 CLA12,CLA13 751 Upstream, intergenic Potri.014G037800 Cytochrome P450 AT5G25180
32 CLA12 7.47 Upstream, intergenic Potri.007G083300 Cytochrome P450 AT2G24180
7 CLA12,CLA13 7.41 Upstream, intergenic Potri.001G424300 Cytochrome P450 None
7 CLA12,CLA13 7.41 Downstream, intergenic Potri.001G424400 Cytochrome P450 None
NA COR13, CLA15 5.87 Upstream, intergenic Potri.014G161700 Eukaryotic cytochrome b561 None
NA CLA12 5.35 Downstream, intergenic Potri.007G083700 Cytochrome P450 AT2G24180
30 CLA12 7.49 Downstream, intergenic Potri.001G309100 Myb/SANT-like DNA-binding domain AT1G76880
NA CLA12,CLA13 5.45 Downstream, intergenic Potri.003G200000 Myb/SANT-like DNA-binding domain AT3G14180
NA CLA12 5.98 Downstream, intergenic Potri.006G085900 Myb-like DNA-hinding domain AT2G37630
7 CLA12,CLA13 7.41 Intron Potri.001G424600 EAP30/Vps36 family, RNA polymerase |1 AT4G27040
transcription factor complex
7 CLA12,CLA13 7.41 5'UTR Potri.001G424700 Kua-ubiquitin-conjugating enzyme AT4G27030
hybrid localisation domain
35 CLA12 7.26 CDS, NS Potri.019G088500 Multicopper oxidase AT5G58910
8 CLA12,CLA13,PLC14 7.13 Upstream/downstream Potri.017G034400 NB-ARC domain, leucine-rich repeat None
18 CLA12,CLA13,COR13 6.50 CDS, NS Potri.017G144100 NB-ARC domain, leucine-rich repeat None
NA CLA12,CLA13 5.61 Downstream Potri.006G273900 NB-ARC domain, leucine-rich repeat None
NA CLA12,CLA13 5.61 Intron Potri.006G274000 NB-ARC domain, leucine-rich repeat AT5G06040
8 CLA12,CLA13,PLC14 7.13 CDS, S, and NS Upstream/downstream Potri.017G034200 Leucine-rich repeat None
19 CLA12,CLA13 6.47 Upstream, intergenic Potri.018G057100 Leucine rich repeat N-terminal domain AT5G25930
NA CLA12,CLA13 5.73 Downstream, intergenic Potri.017G035300 Leucine-rich repeat, apoptotic ATPase None
NA CLA12,CLA13 5.30 Downstream, intergenic Potri.003G027200 Leucine-rich repeat None
NA CLA12,CLA13 5.06 Upstream, intergenic Potri.002G019900 Leucine-rich repeat N-terminal domain AT1G75820
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Table 2 (continued)

Region # Population Highest, log10 p SNP within gene feature Gene name Putative function Arabidopsis ortholog
8 CLA12,CLA13,PLC14 7.13 CDS, S, and downstream Potri.017G033900 BED zinc finger, leucine-rich None
repeat, apoptotic ATPase
8 CLA12,CLA13,PLC14 7.13 Downstream Potri.017G033800 Potential DNA-binding domain None
10 CLA12,CLA13 7.03 Downstream, intergenic Potri.011G094700 ABC transporter AT5G60740
NA CLA12 5.98 Upstream, intergenic Potri.006G086000 ABC transporter AT5G02270
NA COR13 5.69 Downstream, intergenic Potri.006G276600 ABC1 family AT5G24810
12 CLA12,CLA13,PLC14 6.99 Downstream, intergenic Potri.016G074200 TCP family transcription factor Nonr
12 CLA12,CLA13,PLC14 6.99 Downstream, intergenic Potri.016G074400 PROTEASE S28 PRO-X None
carboxypeptidase-related
13 CLA12,CLA13 6.92 Upstream Potri.006G008200 X8 domain None
16 CLA12,CLAL3 6.73 Intron and 3' UTR Potri.004G207300 EF-hand domain pair None
14 CLA12,CLA13 6.75 Upstream/downstream, intergenic Potri.010G050900 WD domain, G-beta repeat AT1G24530
36 CLA12 6.64 Intron Potri.006G151800 WD domain, G-beta repeat AT2G19520
22 CLA12,CLA13 6.28 Upstream, intergenic Potri.015G041200 WD domain, G-beta repeat AT3G18060
16 CLA12,CLA13 6.73 5'UTR and intron Potri.004G207400 PEPTIDASE M20 family member AT4G38225
20 PLC14,COR13 6.34 CDA, NS, and intron Potri.006G280200 VPRBP protein-related ATAG31160
20 PLC14,COR13 6.34 CDS, NS Potri.006G280100 Amino acid kinase family AT3G57560
23 CLA12,CLAL3 6.27 Intron Potri.014G093300 Phosphatidylinositol-4-phosphate 5-kinase AT2G26420
39 CLA12 6.14 Intron Potri.011G020700 Ankyrin repeats (three copies), None
26S proteasome regulatory complex,
subunit PSMD10
27 CLA12,CLA13 6.13 Downstream, intergenic Potri.011G132700 Breast carcinoma amplified sequence 3 AT3G20720
27 CLA12,CLA13 6.13 Upstream, intergenic Potri.011G132800 N-terminal region of Chorein, AT5G54730
a TM vesicle-mediated sorter
29 CLA12,CLA13 6.01 Upstream, intergenic Potri.008G148800 Pectate lyase AT3G01270

Genes are sorted according to highest - log10 values within family/description. Sites: CLA, Clatskanie; COR, Corvallis; PLC, Placerville. The putative function of SNP containing genes is shown in italics.
Populations, the name indicates site and year; CDS, coding sequences; S, synonymous; NS, nonsynonymous; NA, not applicable since these reproducible regions (- log10 of > 5) are not part of the 41
highly significant regions (- log10 of > 6) but these genes from the same putative family/description are added. The genomic location of genes is given by the gene name (e.g., Potri.015G124000 is located
on linkage group 15). Detailed information can be found in Table S4
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Fig. 2 Location of top candidate genes on the linkage map derived from across of a female hybrid clone (Populus trichocarpa x P. deltoides) with

P. deltoides (Bdeir et al. 2017). The linkage map is anchored to the genome of Populus trichocarpa (V3 assembly, Kelleher et al. 2007; see, Table
1). QTL intervals for bark texture are shown in yellow based on Bdeir et al. (2017). Vertical lines show the location of top candidate genes on the P.
trichocarpa genome detected near significant and highly reproducible SNPs in the genome-wide association mapping analysis. Red, green, and blue
genes are putatively involved in radial growth andtissue differentiation, suberin accumulation, and programmed cell death,respectively
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