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INTRODUCTION 

 

Poplars trees are well suited for biofuel production due to their fast growing habit, favorable 

wood composition and adaptation to a broad range of environments. The availability of a 

reference genome sequence, ease of vegetative propagation and availability of transformation 

methods also make poplar an ideal model for the study of wood formation and biomass growth in 

woody, perennial plants. The objective of this project was to conduct a genome-wide association 

genetics study to identify genes that regulate bioenergy traits in Populus deltoides (eastern 

cottonwood). Association mapping was pursued by combining sequence-capture followed by 

high-throughput sequencing to genotype coding and regulatory sequences in the whole-genome. 

To identify genetic polymorphisms to be evaluated for the genetic regulation of biomass 

productivity and carbon partitioning we pursued the following goals: 

 

(1)  Optimize sequence-capture for  unbiased,  high-throughput  and  low  cost recovery of target 

coding and regulatory sequences in P. deltoides 

 

(2) Carry out “whole-genome” genotyping of a P. deltoides unstructured population for 

association mapping  

 

This report represents research outcomes derived from PROJECT DE-SC0003893, from years 1-

4. Results derived from PROJECT DE-SC0003893, year 5, are described in a separate report. 

 

 

MATERIALS AND METHODS 
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Plant material and DNA extraction. The Populus deltoides Bartr. ex Marsh. (eastern 

cottonwood) population used in this study is composed of 579 individuals sampled in 15 states in 

Central, Southern and Eastern US and maintained at the University of Florida. Leaves were 

collected from each genotype, lyophilized in a freeze-drier (Freezezone 18L Bulk Tray Dryer, 

Labconco, Kansas City, MO, USA) and ground in a Geno/Grinder tissue homogenizer (SPEX 

SamplePrep, Metuchen, NJ, USA). Genomic DNA (gDNA) was extracted from the lyophilized 

leaf tissue using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). 

 

Probe design for sequence capture. A set of 227,943 RNA-based 120 nucleotide long probes 

was designed to capture 23,835 intergenic regions (with 23,835 probes) and 18,153 genes (with 

204,108 probes), previously identified as expressed in poplar vegetative tissues (Quesada et al., 

2008). A hybrid P. trichocarpa/P. deltoides reference genome was generated modifying the P. 

trichocarpa version 2.2 (v2.2) reference based on a collection of random shotgun sequences of a 

single P. deltoides individual. Non-overlapping probes targeting exons, 5’ and 3’ UTR’s and 

putative regulatory regions spanning 500 bp upstream of transcription start sites were designed 

based on this reference. In instances where exons were smaller than 120 bp, probe sequences 

expanded into introns. Each gene was targeted with an average of 11.2 probes. Besides the target 

genes, a set of 22,864 probes was designed to capture intergenic regions spaced evenly along the 

poplar genome in 15 Kbp windows. Finally, 971 intergenic probes were obtained from a capture 

set designed for P. trichocarpa (Zhou & Holliday, 2012; Zhou et al., 2014). The total targeted 

region corresponds to 27.35 Mb (5.7%) of the poplar genome. 

 

Library preparation and sequencing. Sequencing libraries were prepared following Bentley et 

al. (2008), with modifications. Genomic DNA was sheared to an average size of 200 bp using a 

Covaris E210 machine (Covaris, Woburn, MA, USA). The ends of the sheared DNA molecules 

were repaired using the End-It DNA End-Repair kit (Epicentre Biotechnologies, Madison, WI, 

USA), and tailed with a single A using 15U Klenow fragment (3′ to 5′ exo-; New England 

Biolabs Inc., Ipswich, MA, USA) and 0.2 mM dATP (Promega, Madison, WI, USA). The A-

tailed DNA was ligated to custom adapters that included a barcode sequence at the 5’ end, using 

the Fast-Link DNA Ligation kit (Epicentre Biotechnologies, Madison, WI, USA). PCR 

enrichment was performed for 10 cycles using Illumina paired-end primers and Phusion High-
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Fidelity DNA Polymerase (New England Biolabs Inc., Ipswich, MA, USA). The samples were 

purified using the Agencourt AMPure XP bead purification kit (Beckman Coulter, Brea, CA, 

USA) after each step of the protocol. After PCR enrichment, the libraries were quantified with 

the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, MA, USA). A total of 48 pools 

of gDNA libraries were prepared before sequence capture – 45 pools contained 12 samples and 

three pools contained 13 samples. The barcoded libraries were mixed in equimolar amounts to 

obtain a total of 750 ng of DNA in each pool. Multiplexed sequence capture was performed 

using the SureSelect Target Enrichment kit (Agilent Technologies, Santa Clara, CA, USA), 

following the manufacturer’s protocol. The captured DNA from each pool was sequenced in 

paired-end mode for 100 cycles in a separate lane of an Illumina HiSeq 2000 Sequencing System 

(Illumina, San Diego, CA, USA). Sequences are available in the National Center for 

Biotechnology Information Short Read Archive (www.ncbi.nlm.nih.gov; Accession number: 

SRP066162). 

 

Sequencing data processing. The FASTX-toolkit 0.0.13 

(http://hannonlab.cshl.edu/fastx_toolkit) was used to split the sequencing reads from each lane 

according to their barcode sequence, generating separate files for each sample present in the 

pool. The barcode sequence was removed from the reads and, if present, bases with quality 

below a PHRED score of 20 were trimmed from the 3’ end of the read. Only reads longer than 

50 nucleotides were kept and were further filtered by quality, retaining only reads with 90% of 

their sequence with PHRED scores above 20. The filtered reads were aligned to the hybrid P. 

trichocarpa/P. deltoides reference genome using MOSAIK 2.2 (Lee et al., 2014b), using the 

following parameters: maximum percentage of mismatches (-mmp) 0.2, local alignment search 

for paired-end reads enabled in a 500 bp radius (-ls 500), and hash size (–hs) 15. Reads that lost a 

mate during quality filtering were aligned as single-end reads. Finally, the coverage tool 

available in BEDTOOLS 2.22.1 (http://bedtools.readthedocs.org/) was used to assess on-target 

depth. The data has been deposited in the Sequence Read Archive (SRA, Accession Number 

SRP066162). 

 

Variant identification. The data pre-processing steps recommended in the GATK best practices 

workflow (DePristo et al., 2011) were performed prior to variant identification. PCR duplicates 
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were marked with PICARD 1.115 (http://broadinstitute.github.io/picard) and indel realignment 

(IR) and base quality score recalibration (BQSR) were performed with GATK 3.1 (McKenna et 

al., 2010; DePristo et al., 2011; Van der Auwera et al., 2013). Sets of known indels and SNPs 

were developed for this population to be used for IR and BQSR, respectively. SNPs and indels 

were identified in multi-sample calling mode with SAMTOOLS 1.1 (Li, 2011) and 

FREEBAYES 0.9.15 (Garrison & Marth, 2012) (parameters --theta 0.004 --min-alternate-count 

2, --min-alternate-fraction 0.3, --min-coverage 6). Variants were also identified with GATK 3.1 

using the HaplotypeCaller tool in single-sample calling mode, followed by joint genotyping of 

the population with the GenotypeGVCFs tool. Indels were removed and, in order to generate a 

high-confidence SNP set, the SNPs overlapping all callers were selected using the vcf-isec tool 

from VCFTOOLS 0.1.12a (Danecek et al., 2011). To be able to intersect the SNP set obtained 

with FREEBAYES with the SNP sets identified with the other two callers, FREEBAYES SNPs 

had to be processed with the vcfallelicprimitives and vcfcreatemulti tools from VCFLIB 

(https://github.com/ekg/vcflib) to decompose the complex variant representation used by 

FREEBAYES into standard SNP and indel format. Among the SNPs overlapping between 

callers, SNPs with discordant alternative base calls were removed using custom scripts. 

VCFTOOLS was used to filter the remaining SNPs, using SNP quality and mapping quality 

thresholds of 50 and 30, respectively, and recoding genotypes with a quality score below 20 and 

depth below eight as missing. This final SNP set is referred to “consensus SNPs” hereafter. The 

software SNPEFF 4.0 (Cingolani et al., 2012) was used to annotate SNPs within exons for their 

predicted effect. Polymorphisms predicted to cause missense and nonsense mutations are 

referred to as “functional SNPs”.  

 

Relatedness and population structure. We investigated the presence of duplicated and related 

samples in our population with the software KING 1.4 (Manichaikul et al., 2010, 2012), 

identifying a group of 500 putatively unrelated individuals. After removing samples with more 

than 15% missing data from this set and SNPs with more than 5% missing data, the genetic 

relationship matrix (GRM) was computed with the R package BGData 

(https://github.com/QuantGen/BGData) and additional samples with a kinship coefficient above 

0.35 (on a scale from 0 - 1, with one representing clones) were removed resulting in a final 

population of 425 unrelated individuals. The genetic structure of this population was determined 

https://github.com/ekg/vcflib
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with the software STRUCTURE 2.3.4 (Pritchard et al., 2000) using 8,664 intergenic SNPs 

pruned to remove SNPs in linkage disequilibrium (r
2
 threshold of 0.2). Subpopulation numbers 

(K) ranging from 1 to 10 were evaluated, repeating each analysis 10 times. Modeling decisions 

included the use of an admixture model and correlated allele frequencies. A burn-in of 20,000 

iterations and 100,000 iterations of the Markov Chain Monte Carlo (MCMC) were used. The 

most likely number of subpopulations was inferred with the delta K method (Evanno et al., 

2005) implemented in the STRUCTURE HARVESTER program (Earl & VonHoldt, 2011). The 

CLUMPP program (Jakobsson & Rosenberg, 2007) was used to generate a consensus ancestry 

estimate from the 10 independent runs for each K and ancestry bar plots were generated with the 

POPHELPER package for R (R Core Team., 2015; Francis, 2016). For comparison, structure 

was also assessed with principal component analysis (PCA) using the SNPRelate package for R 

(Zheng et al., 2012; R Core Team., 2015). 

 

Phenotyping for growth and wood composition. Out of the 425 unrelated individuals 

composing the P. deltoides association population, a set of 391 P. deltoides genotypes was 

successfully phenotyped. Plants were clonally propagated from apical green cuttings in a 

glasshouse at the University of Florida. Plants were distributed in the glasshouse following a 

randomized complete block design with four blocks, each one containing one biological replicate 

per genotype. The plants were grown for 15 weeks with nutrient solution (Peters 20-20-20, at a 

rate of 4mM nitrogen, Scotts Co, Marysville, OH, USA) in a flood irrigation system of ebb-and-

flow benches. Benches were flooded twice a day for 30 min. Height was recorded at weeks one 

to nine, 11, 13 and 15. At week 15, stem diameter was measured at 5 cm above the soil and the 

plants were harvested placing leaves and stem in separate barcoded paper envelopes to measure 

biomass. A 10 cm fraction of the stem was collected from the base of the plant for wood 

composition analysis, pealed to remove bark and phloem, and the xylem was dried in a freeze-

drier (Freezezone 18L Bulk Tray Dryer, Labconco, Kansas City, MO, USA). Stem and leaf 

samples collected for biomass analysis were dried in a 65˚C drying room. Once dry, tissues were 

conditioned in the laboratory for more than one week before being weighed with high-precision 

balances (Ohaus Corp, Parsipanny, NJ, USA). The dry xylem tissue collected for wood 

composition analysis was coarsely ground in a coffee grinder and stored at room temperature in 

barcoded 20 ml HDPE scintillation vials (Thermo Fisher Scientific, Chicago, IL, USA). For the 



 6 

391 phenotyped samples, material from three biological replicates was ground to a fine powder 

in a Geno/Grinder tissue homogenizer (SPEX SamplePrep, Metuchen, NJ, USA) for wood 

composition analysis. Ground samples were completely randomized and two subsamples 

(technical replicates) of approximately 4 mg from each biological replicate were scooped into 80 

μl stainless steel Eco-cups (Frontier Laboratories Ltd., Fukushima, Japan) and covered with glass 

fiber paper type A/D (Pall Corporation, Ann Arbor, MI, USA). Wood composition was measured 

using pyrolysis-molecular beam mass spectrometry (py-MBMS) at the National Renewable 

Energy Laboratory (NREL, Golden, CO, USA). Analysis procedures followed the methods 

described previously (Novaes et al., 2009). A spectrum ranging from 30 to 450 mass-to-charge 

(m z
-1

) ratio was obtained for each sample analyzed. Peak intensity was mean normalized and 

technical replicates were averaged for each individual. Peaks associated with each wood 

component of interest were summed to estimate the proportion of these components in the wood 

sample. The following m z
-1

 peak intensities were summed per trait: i) total lignin: 120, 124, 137, 

138, 150, 152, 154, 164, 167, 168, 178, 180, 181, 182, 194, 208 and 210; ii) syringyl lignin: 154, 

167, 168, 182, 194, 208 and 210; iii) guaiacyl lignin: 124, 137, 138, 150, 164 and 178; iv) five-

carbon sugars (C5): 57, 73, 85, 96 and 114; and v) six-carbon sugars (C6): 57, 60, 73, 98, 126 

and 114. The syringyl (S) lignin peak sum was divided by the guaiacyl (G) lignin peak sum to 

obtain an estimate of lignin S:G ratio. For each sample analyzed, NREL also reported the 

estimated lignin percentage calculated using the known lignin percentage of standard samples 

(previously characterized with wet chemistry) included in each run. 

 

Statistical analysis of phenotypic data. Phenotypic data (height at week 15; diameter at week 

15; leaf biomass; stem biomass; lignin percentage; lignin S:G ratio; C5 m z
-1

 peak intensity sum 

and C6 m z
-1

 peak intensity sum) was analyzed using ASREML version 3.0 (Gilmour et al., 

2006). A log transformation was applied to C5 peak intensity sum and C6 peak intensity sum 

because of the non-normal distribution of residuals. Data points where the residuals deviated 

more than three standard deviations from the mean were considered outliers and excluded from 

downstream analyses. The following linear mixed model was used to obtain an accurate trait 

estimate for each sample, while accounting for experimental effects: 

 

yijkl = μ + Ri + bj(i) + gk + eijkl  



 7 

 

where yijkl corresponds to the measure of the trait in the lth plant of the kth genotype in the jth 

bench within the ith block, μ is the population mean, Ri is the fixed effect of block, bj(i) is the 

random effect of bench within block, gk is the random effect of genotype assuming 

𝑔𝑘~𝑁(0, 𝐼𝜎𝑔
2) and eijkl is the random error effect within the experiment. Heritability of each trait 

was obtained from the variance components estimated by ASREML, using the following 

equation: 

 

ℎ2 =
𝜎𝑔
2

(𝜎𝑏
2 + 𝜎𝑔2 + 𝜎𝑒2)

 

 

where σ
2

g, σ
2

b, and σ
2
e are the variance components corresponding to genotype, bench within 

block, and residual effects.   

 

 

RESULTS 

 

Efficient capture and sequencing of the gene space in a natural population of P. deltoides. 

We genotyped a P. deltoides population composed of 579 individuals by targeted resequencing, 

capturing 18,153 genes and 23,835 intergenic regions. The captured DNA was sequenced with 

the Illumina HiSeq 2000 platform, generating an average of 27.3 million reads per individual. 

Reads were aligned to a hybrid P. trichocarpa/P. deltoides reference genome using MOSAIK 2.2 

(Lee et al., 2014b), obtaining mean and median on-target coverage of 30.3× and 28.9×, 

respectively. Among the on-target bases sequenced, 76.3% reached a mean sequencing depth 

greater than 13×, shown to be sufficient to detect heterozygous SNPs with 95% probability in 

exome sequencing studies (Meynert et al., 2013). Overall efficiency of the enrichment strategy 

was high, capturing 100% of the targeted genes and 96.3% of the intergenic regions.  

 

Low-frequency variants represent a high proportion of polymorphic loci in P. deltoides. 

Genetic polymorphisms were identified in the 579 samples using the HaplotypeCaller tool from 

GATK 3.1 (McKenna et al., 2010; DePristo et al., 2011; Van der Auwera et al., 2013), 
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FREEBAYES 0.9.15 (Garrison & Marth, 2012) and SAMTOOLS 1.1 (Li, 2011), detecting 

1,385,938 (198,139); 1,483,939 (147,995); and 746,338 (219,817) SNPs (indels), respectively. A 

high-confidence SNP set was obtained by excluding indels and intergenic SNPs, and retaining 

only those DNA variants identified by all three methods. A consensus SNP set increases variant 

detection accuracy, with low false-positive rates (Zook et al., 2014; Baes et al., 2014; 

Trubetskoy et al., 2015). While this approach will discard true SNPs that were not identified by 

all three SNP callers, it minimizes the evaluation of associations with false SNPs. These SNPs 

were used to identify unrelated samples, generating a final dataset for GWAS consisting in an 

association population composed of 391 unrelated individuals with phenotypic information and a 

consensus SNP set containing 358,153 biallelic SNPs segregating in this population. A high 

proportion (48.2%) of these SNPs are low-frequency variants (MAF < 0.05). The sequence 

capture approach was highly successful in retrieving DNA variant information for the vast 

majority of the genomic regions of interest, with 17,972 out of 18,153 genes (99.0%) containing 

at least one consensus SNP.  

 

Evidence of population structure in P. deltoides. Genetic structure of the association 

population was assessed with STRUCTURE (Pritchard et al., 2000) using 8,664 intergenic 

consensus SNPs. According to the delta K method (Evanno et al., 2005), the most likely number 

of subpopulations (K) was two, followed by a smaller delta K peak at K=6. Nevertheless, visual 

inspection of the ancestry coefficient bar plots for K ranging from two to six (Fig. 1a) and 

comparison of the proposed subpopulations with geographic origin of the samples where this 

information was available (168 individuals) revealed that the population is probably divided into 

four subpopulations (Fig. 1c). This finding was confirmed by population structure analysis with 

PCA, where the first two principal components (respectively explaining 1.99% and 0.90% of the 

genetic variance in the population, Fig. S2) clearly separated the four subpopulations (Fig. 1b). 

The structure pattern, with subpopulations identified along a longitudinal gradient, is consistent 

with a scenario of isolation by distance.   
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Figure 1: Populus deltoides population structure. (a) Ancestry coefficient bar plots obtained 

with STRUCTURE for an assumed number of subpopulations (K) from two to six. The four 

subpopulations considered to correct for population structure in the association analyses are 

labeled in the bar plot for K = 4. E: East subpopulation, C: Center subpopulation, W: West 

subpopulation, W-MR: West - Mississippi River subpopulation. (b) Population structure 

revealed by principal component analysis and (c) map showing 168 individuals with known 

sampling location. Samples in (b) and (c) are colored according to the subpopulation they were 

assigned to by STRUCTURE at K = 4. 
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