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ABSTRACT: Poplar and other woody feedstocks have the
potential to provide up to 200 million tons of biomass per year
that can be converted to liquid fuels. Most forestry strategies that
aim to increase biomass productivity per hectare rely on short
rotation plantations of fast-growing varieties. The improvement of
the wood density as a key trait itself has largely been overlooked.
We evaluated natural variation in wood density across a population
of genetically diverse Populus trichocarpa trees grown in a common
garden. Wood density varies greatly within this population but is
heritable; higher wood density was not systematically associated
with reduced growth, challenging assumptions of a trade-off
between wood density and biomass accumulation. Furthermore,
denser wood led to significant improvements throughout the
supply chain including lowering biomass production and trans-
portation costs. Higher density did not correlate with changes in biomass composition. Density did not impact bioconversion in the
two feedstock-to-fuel pipelines tested (pretreatment by ionic liquids and fermentation to bisabolene or soaking in aqueous ammonia
and fermentation to ethanol) on a representative subset of poplars. These findings highlight wood density as a promising breeding
target for accelerating the development of high-yielding, conversion-efficient bioenergy crops and as an avenue for increasing land-
use efficiency and reducing biomass transportation cost.
KEYWORDS: wood density, biofuels, biomass pretreatment, ammonia pretreatment, ionic liquids, biomass productivity, feedstock costs,
poplar

1. INTRODUCTION
The realization of the circular bioeconomy at a large scale will
require the addition of significant quantities of reliable low-cost
cellulosic feedstocks. Collectively, these feedstocks have the
potential of providing 0.7−1.7 B ton/y at a cost up to $70/ton
delivered.1 Poplar and other woody feedstocks could provide
up to 200 million tons per year in the United States alone.1

Understandably, a lower cost of the delivered feedstock will
directly allow for a lower final biofuel or bioproduct cost. One
advantage of woody crops is that they have a higher bulk
volumetric density than herbaceous or agricultural residues;
this should allow a lower transportation cost, as more biomass
can be loaded per truck.

The selection of highly productive clones and optimization
of planting density have been the main strategies to increase
biomass yield per area to reduce biomass production costs.2−4

In addition to feedstock costs, pretreatment and conversion
significantly contribute to fuel costs. For bioenergy applications

such as thermochemical conversion (i.e., combustion,
pyrolysis, and gasification), increasing energy density of the
feedstocks using methods such as pelletization has proven to
be efficient to reduce transportation/storage costs and ensure
uniformity in the biomass supplied.5,6 While it is a critical step
in the feedstock supply chain, the cost of thermal and
mechanical treatments also needs to be considered in the full
life cycle emissions of the resulting bioproducts.

In the forestry sector, wood density is considered one of the
most important traits because it is variable, relates to yield and
quality, and has high heritability (i.e., it is amenable to genetic
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improvement). Wood density is a measurement of the ratio of
wood dry mass to green volume.7 Wood density depends on
parameters such as age (i.e., juvenile vs mature wood),
duration of secondary growth (i.e., sapwood vs heartwood),
and stress (e.g., tension wood). Density varies across species,
within species, and along climate gradients. In perennial
biomass crops, wood density has been shown to vary from 0.25
to 0.5 g/cm3 in hybrid poplars8,9 and from 0.35 to 0.6 g/cm3 in
eucalyptus,10−13 while some of the densest woods such as
ebony and “ironwoods” commonly exceed 0.8 g/cm3.14−16

Wood density is important for applications such as pulp and
lumber, relating to traits such as pulp yields,17 and increasing
density can reduce the cost per ton of pulp.18,19

Several reports have suggested an absence or only a weak
negative correlation between wood density and growth
parameters in poplar,20 willow,21 and eucalyptus,22,23 suggest-
ing that it is possible to improve wood density without
compromising yield. The genetic component usually explains a
significant proportion of the variation in wood density across
populations of eucalyptus,23 poplar,9 spruce,24 fir,25 and pine.26

Cornelius27 compiled individual-tree narrow-sense heritability
and additive genetic coefficient of variation of seven traits of
forest trees and found that wood density tended to have the
highest heritability of all traits considered, with a median of
0.48 calculated across 67 studies. In a half-sib family of
eucalyptus, Grattapaglia et al.23 found that density had a higher
heritability (estimated between 0.5 and 0.7) than stem
diameter (individual-tree heritability of 0.31) and quantitative
trait loci (QTLs) were mapped for that trait explaining close to
25% of the phenotypic variation.

The lignocellulosic biomass obtained from wood and
agricultural residues is made of cell walls, a composite material
composed of multiple polymers�mainly cellulose and hemi-
cellulose comprised of sugars and lignin from phenolics.28 The
conversion to biomass-derived chemicals and other bio-
products requires overcoming the recalcitrance of the
lignocellulose, which is achieved using a multiple-step
pretreatment process. First, by deconstructing, the cell walls
are deconstructed into metabolizable compounds such as
sugars in hydrolysates followed by their bioconversion into
ethanol or other bioproducts. The first step to produce
hydrolysates is generally a combination of mechanical,
chemical, and enzymatic pretreatment of the biomass.
Among the technologies created to loosen the cell wall
polymers and increase accessibility for biomass degrading
enzymes, two thermochemical pretreatments employing either
soaking in aqueous ammonia (SAA) or ionic liquids have been
proposed for biofuel production.29−33 SAA pretreatment uses
ammonia as a catalyst, which induces partial depolymerization
of the hemicellulose and lignin and saponification of ester
bonds, leading to changes in the structure of the cell walls
improving enzyme access to the polysaccharides.29 On the
other hand, pretreatment with ionic liquids containing
cholinium cations and amino acid anions as catalysts, e.g.,
cholinum lysinate ([Ch][Lys]), delignifies cell walls and
reduces cellulose crystallinity,34 producing swollen cell walls
that are more amenable to enzymatic hydrolysis. Hydrolysates
from pretreated biomass can be converted to fuel using
genetically engineered bacteria and yeasts, such as Zymomonas
mobiliz and Saccharomyces cerevisiae for ethanol production35

or the red yeast Rhodosporidium toruloides for bisabolene
production.36 It is known that the efficacy of conversion is
heavily dependent on the feedstock type and composition, the

pretreatment process, and the microbial conversion host;
however, the effect of density on the conversion of woody
biomass to biofuels has not yet been assessed.

In this study, we examine whether manipulating the wood
density would be an avenue for reducing the cost of biofuel
production from poplar biomass. We use population-wide data
collected from a panel of 1089 black cottonwood poplar
(Populus trichocarpa) natural variants planted in a common
garden, to analyze the variation in wood density and, through a
techno-economic analysis, estimate the effect of increasing
wood density on the cost of biomass production and transport.
To determine whether wood density can be increased without
penalty on biomass productivity, we evaluate the phenotypic
and genetic correlations between density and biomass
productivity and biomass composition-related traits. Biomass
samples from a subset of genotypes chosen for contrasting
wood densities were then converted to biofuels through two
different approaches. One approach used deconstruction with
SAA followed by fermentation of the hydrolysates to ethanol
using xylose-fermenting S. cerevisiae or Z. mobiliz. The second
approach used a cholinium lysinate ionic liquid followed by
conversion to bisabolene using an engineered red yeast. We
provide evidence that wood density is a critical trait for
biorefinery economics and that it should be considered in
future breeding programs to reduce costs by boosting biomass
productivity and feedstock densification.

2. MATERIAL AND METHODS

2.1. Plant Material, Growth Data, and Sample Collection
Growth data and wood biomass samples were collected from a
population of 1089 black cottonwood genotypes (P. trichocarpa)
assembled from native stands to encompass the central portion of the
natural range of the species, stretching from 38.8° to 54.3° N latitude
from California, USA, to British Columbia, Canada. Trees were
planted in a common garden located in Clatskanie, Oregon, USA
(46°6′11″N 123°12′13″W). Establishment of the common garden,
growth conditions, and site maintenance have been described by ref
37. Tree height was recorded when trees were 3 years old, and stem
diameter at breast height (DBH) was measured when trees were 4
years old. To estimate wood density and composition, two sets of
samples were collected when trees were 4 years old: 4.3 mm
increment core samples collected from 584 genotypes and stem disks
collected from 594 genotypes through destructive sampling. Total
fresh weight and fresh volume were measured by water displacement
for the whole stem (with and without bark). Then, cores and stem
disks were dried in an oven at 94 °C until the weight came to a steady
state. Wood density was calculated as the dry weight divided by the
green volume (wood specific gravity) using a gravimetric approach or,
for estimating the average stem density of fresh material, considering
the fresh weight of the whole stem divided by the fresh volume of the
whole stem.

In order to collect a larger amount of material required for
bioconversion pipelines, a subset of trees from the population was
destructively sampled at 10 years old; sections of the trunk were
collected, oven-dried, debarked, and chipped using a woodchipper,
and then, an aliquot (large chips) was milled to a fine powder using a
Thomas Wiley 4 Mill with floor stand (Model 1188Y51, Thomas
Scientific, Swedesboro, NJ). Each sample was milled in two
consecutive cycles: 10-mesh size and 20-mesh size.

2.2. Wood Composition Analysis
For compositional analysis, we used dried milled core samples. Milled
samples (as above) were destarched and extracted with ethanol as
previously described.38 Lignin content and S/G ratio were determined
by the pyrolysis molecular-beam mass spectrometry (py-MBMS)
analysis, and sugar contents (glucose and xylose release) were
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characterized using a saccharification assay. These assays were
conducted at the National Laboratory of the Rockies (Golden, CO)
and were previously described in ref 39. Cell wall sugar hydrolysates
and total cell wall sugar content characterization using NMR were
conducted on core samples collected from 10 year old trees, following
procedures previously described.40

2.3. Techno-Economic Analysis
We simulated the production and transport using trunk diameters at
breast height at age 7 (DBH7) and wood densities within the
measured range of the population. The three DBH7 values in this
simulation study included 15, 20, and 25 cm with wood density values
ranging from 0.2 to 0.7 g/cm3. The trees in this study would be
harvested at age 7, with an estimated height of 18.3 m (60 ft),
allowing for two 20 ft cuts to be obtained from each stem. The supply
chain configuration modeled in this study�transportation of logs
followed by size reduction operations within the biorefinery
complex�was chosen to minimize costs while preserving biomass
quality, since chips degrade more rapidly than logs. Transportation of
the logs to the refinery was simulated using semitrucks equipped with
log trailers designed to carry two stacks of 20-foot logs. The trailer’s
payload is constrained by the quantity of logs that can fit in a stack, as
well as the weight of the logs. The maximum number of logs that
could fit on a trailer by volume was determined by calculating the
cross-sectional area of the log and evaluating it against the area of the
payload’s width and height, which is approximately two stacks
measuring 2.4 m × 2.4 m (8 ft × 8 ft), while assuming a stacking
efficiency factor of 75−80%. The wet weight of the logs was calculated
using the log volume, wood density, and assumed moisture content of
45%. The geometric model of a conical frustum, as illustrated in eq 1,
was used to estimate the log volume, where h represents the length of
the log, R is the diameter of the large end of the log, and r is the
diameter of the small end of the log to estimate the log volume.

= + +h R Rr rvolume 1/3 ( )2 2 (1)

To calculate the harvestable feedstock yield per hectare, we
estimated the yield based on a planting density of 19,977 trees per
hectare (equivalent to 800 trees per acre), with each stem yielding
two 20 foot logs. Log volume was calculated using eq 1, considering a
diameter at breast height (DBH) ranging from 15 to 25 cm. Log
weight was then determined using the calculated log volume and
wood density, which varied from 0.2 to 0.7 g/cm3. It is evident that
both wood density and tree size or growth significantly influence
yield, as summarized in Table S1. Using the wet weight of the logs
and the calculated maximum number of logs based on the cross-
sectional area, we calculated the payload weight. The maximum
payload was set at 31.2 mg of wet weight, which corresponds to a
maximum of 17.2 mg when accounting for moisture content. The
resulting payload weights for different densities and DBH7 values are
presented in Table S2. The supply shed configuration was based on
the methodologies outlined by Clark and Webb.41 The daily demand
for feedstock was set at 2000 dry tons, with operational uptime
established at 90% and a 10% dry matter loss assumed within the
system. In addition, two supplementary studies using 1500 and 2500
dry tons per day were conducted to test the impact of the refinery
size. A harvest rotation period of 7 years was employed. It was
projected that approximately 8% of the landscape surrounding the
refinery would be dedicated to feedstock cultivation, with fields
randomly dispersed throughout the supply shed.

Economic parameters related to establishment and maintenance,
including land preparation, planting, fertilizers, and chemicals, were
sourced from the USDOE Billion Ton Report1 and are summarized in
Table S3. The cost is presented in units per hectare. Harvesting and
transportation processes were modeled using the Integrated Biomass
Supply Analysis and Logistics (IBSAL 2.0) framework in Python. The
harvesting setup includes crews consisting of two feller bunchers, five
skidders, and three delimber/loaders, resulting in an operational cost
of $1828 per hour. This crew could harvest 58 dry Mg per hour over
an operational year of approximately 200 working days. Transport
logistics were modeled using semitrucks with log trailers, with payload

capacity constrained by both weight and volume limitations. Each
transportation crew comprises one loader and five trucks, also
operating on the same annual schedule of approximately 200 working
days. Loading and unloading time was set to be random with a mean
of 25 min, with an operational cost of $626 per hour for a crew of one
loader at the field site and five trucks.

2.4. Biomass Deconstruction with Soaking in Aqueous
Ammonia Pretreatment and Fermentation of
Hydrolysates with Z. mobiliz and Engineered Yeast
The analysis of the selected subset of six genotypes with high and low
densities is described below in Section 3.4. Milled poplar samples
were pretreated and solubilized using a modified soaking in aqueous
ammonia (SAA) and enzymatic hydrolysis as described elsewhere.33

In brief, milled biomass was treated with 18% diluted ammonium
hydroxide at 75 °C. Dried SAA-pretreated poplar samples were loaded
into tubes at 7% glucan loading in potassium phosphate buffer.
Hydrolysis was performed using cellulase (Novozymes NS 22257)
and xylanase (Novozymes NS 22244) enzymes.

Hydrolysate fermentations were carried out largely as previously
described using the Challenge Technology (Springdale, AR, USA)
AER-800 respirometer system.33,42 The yeast strain GLBRCY1455,
which was engineered to ferment xylose,33,43 and xylose-fermenting Z.
mobiliz 203244 from the American Type Culture Collection (PTA-
6977) were used. At the end of the experiment, cultures were
harvested to measure the final cell density and centrifuged to collect
the supernatant for metabolomic analysis. Supernatant glucose, xylose,
and ethanol concentrations were determined by high-performance
liquid chromatography (HPLC) and refractive-index detection (RID)
as previously described.45

2.5. Biomass Deconstruction with Ionic Liquids and
Conversion of Ionic Liquid-Pretreated Hydrolysates with
R. toruloides
The ionic liquid cholinium phosphate was used as pretreatment
solvent at a 5 wt % concentration in water and a bisabolene-producing
strain of R. toruloides (GB246) was cultivated in the resulting
hydrolysates following previously described protocols that include
biomass preparation, pretreatment, enzymatic hydrolysis, fermenta-
tion and data analysis, as part of a miniaturized feedstocks-to-fuels
pipeline.47,48

2.6. Estimation of Genetic Control and Pairwise Genetic
Correlation for Density, Biomass, and Wood Composition
Traits
We calculated QTL effects using a whole-genome regression approach
in which genome-wide single nucleotide polymorphism (SNP)
markers are used as proxies for QTLs to predict the resulting trait
value.49 We obtained genotype data for 431,668 biallelic SNPs
segregating in a collection of 1492 P. trichocarpa accessions. Details on
sequence alignment and variant calling on the population are provided
in a previous study.50 Briefly, the sequences were aligned to the v4
reference genome using BWA-MEM, and the variants were called with
GATK HaplotypeCaller. Individuals that were highly clonal or had
>10% missing SNPs were removed. Additionally, SNP positions with
more than 15% missing data were excluded. The resulting set was
further filtered by removing SNPs with minor allele frequency (MAF)
below 0.05 or showing a severe departure from Hardy−Weinberg
equilibrium. Only a subset of accessions had both genotypic and
phenotypic data available for genomic prediction, with the number of
accessions ranging from 479 to 915 depending on the phenotype
(Table S4). Missing SNP dosages were imputed using the method
implemented in the “Amat” function of the sommer R package,51 and
the final genotype data set along with the respective trait values were
supplied as inputs to a Bayesian ridge regression model for genomic
prediction as per de los Campos et al.52 The statistical model was
specified as in eq 2:

= + +y W e (2)
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where y is the vector of phenotypic values, μ is the overall mean, W is
the marker genotype matrix (centered and standardized) with each
cell representing minor allele dosage for individuals (rows) for SNP
markers (columns), β is a vector of marker effects with a common
Gaussian prior, and e ∼ N(0,σe

2I) is the residual error with I
representing the identity matrix. The Gibbs sampler was run for 1000
iterations with a burn-in of 100 iterations and a thinning interval of 10
to reduce autocorrelation. Predictive ability was quantified as the
Pearson correlation coefficient (PCC) between predicted and
observed trait values in the test set using fivefold cross-validation.
To evaluate whether the predictive ability obtained was significantly
greater than expected by chance, for each trait, we randomly
permuted phenotype labels 99 times and repeated the above
estimation method of PCC to obtain a null distribution. This was
used to obtain an empirical p-value for the observed predictive ability.
The pairwise genetic correlation was estimated as PCC between
predicted trait values for each trait pair, and the empirical p-value for
the genetic correlation statistic was obtained using a null distribution
derived from permuted iterations. Narrow-sense heritability (h2) for
all traits was calculated based on additive genetic (σa

2) and residual
(σe

2) variance estimates obtained by fitting the following GBLUP
model (eqs 3 and 4).

= + + ···y Za e1 (GBLUP) (3)

=
+

h
( )

a

a e

2
2

2 2 (4)

Here, y, μ, and e vectors are the equivalent to the genomic prediction
model and the vector a represents genome estimated breeding values
(GEBVs) for genets modeled by the Z incidence matrix. The additive
genetic effect is modeled as a ∼ Ν(0, a

2G). The pairwise additive
genetic relatedness among genets was modeled with a genomic
relationship matrix G, which was estimated using the same set of
SNPs used in the genomic prediction model as per (VanRaden,
2008). Estimation of pairwise relationship matrices, solving linear
mixed model equations, obtaining REML estimates of variance
components, and obtaining standard errors of estimates were
estimated per methods implemented in the R-package sommer
v4.1.5.51

3. RESULTS AND DISCUSSION

3.1. Wood Density Is a Variable Trait in P. trichocarpa

To study the variation of wood density, we collected increment
core samples and stem disk samples from 584 field-grown P.
trichocarpa natural variants. Figure 1 shows the density
distributions across the population. Core samples had a
minimum wood density of 0.312 g/cm3 and maximum density
of 0.505 g/cm3, with a median at 0.398 g/cm3 (Figure S1). A
similar distribution was obtained on disk samples, with
minimum and maximum values of 0.312 and 0.518 g/cm3,
respectively, and a median of 0.400 g/cm3. These values are
within the range previously observed in poplar, typically
varying from 0.300 to 0.500 g/cm3,20,53 with a mean density of
0.406 g/cm3 previously measured on a population of 330 P.
trichocarpa and reported by Porth et al.54

As expected, wood density measurements from core and disk
samples agreed, with a high correlation r = 0.94 (p < 0.001;
Figure S2) showing that despite within-tree variations for a
small proportion of the genotypes, we were able to accurately
capture the population-wide density values using increment
core samples. Previous studies have shown that density varies
within the stem, from pith to bark, and this likely contributed
to the minor variations observed between our core and disk
samples. The whole-stem density (considering fresh weight of
the stem tissues) was overall much lower ranging from 0.062

Figure 1. Techno-economic analysis of the effect of density on biofuel
production cost.(A) Annual harvest requirement in hectares for
different density values observed in the population of P. trichocarpa
planted in the common garden Clatskanie (OR) and three classes of
log diameters (DBH of 15, 20, or 25 cm) is considered harvest at year
7. (B) Supply shed radius is in kilometers for different density values
and each log diameter. (C) Estimated biomass transportation cost
within the radius of the supply shed in relation to wood density for
logs of different diameters. (D) Distribution of the density values
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g/cm3 to 0.820 g/cm3, with a median of 0.145 g/cm3 (Figure
S2). The whole-stem density did not correlate with wood
density measured on core and disk samples collected at breast
height. This result is not surprising, as, in addition to the
moisture content that can interfere with the measurement,
averaging the density across all sections of the stem leads to a
larger error when estimating wood density. Multiple studies
showed that the density is highly variable along the height
gradient of the main stem. Beaudoin et al.53 showed that wood
density in Populus deltoides × Pinus nigra hybrids is usually
higher at the base of the stem, then drops going upward
reaching minimum at midheight, and increases again toward
the top, likely due to major differences in vessel density.
Typically, cell wall thickness, xylem conduit size, and fiber
properties are the main morphological parameters that
determine wood density.55 Seasonal variations in growth

patterns and maturity of the tree can lead to changes in these
xylem morphological properties, with some drastic variations in
the case of latewood vs early wood, for example, all of these
inputs impact the overall wood density.56,57 In this study, it
cannot be ruled out that differences in maturity could be a
factor in the observed variation in density; however, the
observed low correlation between DBH (stem diameter) and
density (Figure 2) suggests that a difference in the proportion
of juvenile to mature wood is not a determining factor. Across
the 584 genotypes considered, wood density had a relative
standard deviation (RSD) of 8.2% when measured on core
samples. The RSD was lower than for height (RSD = 25.7%, n
= 569 genotypes) and DBH (RSD = 33.2%, n = 507
genotypes) but higher than for lignin content (RSD = 5.8%, n
= 469 genotypes) measured on that same set of genotypes.
The range in phenotypic values is comparable to 9.8%
variation found across different hybrid crosses of poplars by
Pliura et al.,20 highlighting the large intraspecific variation in P.
trichocarpa.

Figure 1. continued

observed in the population. (E) Total feedstock cost was estimated
for these different density values and log diameter with a breakdown
of the contributing costs.

Figure 2. Relationship between wood density measured on core samples and biomass yield-related traits. Scatter plots are shown below the
diagonal, relative sample frequency trait distributions are shown on the diagonal, and correlation metrics are shown above the diagonal. DBH,
diameter at breast height; n, number of genotypes considered; PCC, Pearson correlation coefficient; SCC, Spearman correlation coefficient; r2,
coefficient of determination; *p < 0.05, **p < 0.01, ***p < 0.001.
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3.2. Increase in Wood Density Has the Potential to Reduce
Costs for Biomass Production and Transportation

Planting genotypes with higher density has the potential to
reduce the cost of biomass production, via not only an increase
in biomass yield per unit area but also a decrease in field
establishment, maintenance, harvesting, and transportation
costs. We performed a techno-economic analysis modeling the
production and transport of biomass from the field, for density
values ranging from 0.2 to 0.7 g/cm3. The annual harvest
requirement in hectares was significantly influenced by the
wood density and the diameter at the breast height (DBH7) of
the trees (Figure 1a). For example, with a DBH of 20 cm, we
observed a substantial reduction in land requirements�from
6017 to 3606 ha�as wood density increased from 0.3 g/cm3

to 0.5 g/cm3. This represents a 40% decrease in the required
harvesting area, emphasizing the critical role wood density
could play in the sustainability and efficiency of the biomass
supply chain. Thus, the annual harvest requirement in ha
directly affects the supply shed radius (Figure 1b) required to
support the demand of 2000 dt per day. In our analysis, we
stipulated that 8% of the land area surrounding the biomass
refinery would be dedicated to feedstock production. With
higher wood density having a positive effect on the weight of
the cargo, larger amounts of biomass can be transported per
load, which implies that fewer loads are transported over
shorter distances, reducing the overall transportation cost.
Altogether, this would lead to a decrease in total biomass cost
by an average of 20% (24% for 15 cm logs, 19% for 20 cm logs,
and 17% for 25 cm logs; Figure 1e).

Furthermore, both the supply shed radius (Figure 1b) and
trailer load capacity (Table S2) are integral components of the
transport costs shown in Figure 1c. In this approach, the
transport system was modeled using IBSAL,41 considering
trucks with a maximum cargo capacity of 30 tons transporting
biomass within the radius of the supply shed. The trailer cargo
weight was calculated for logs with a DBH of 15, 20, or 25 cm.
The maximum number of logs per load based on volume
(maximum capacity of the trailer) was estimated at 448, 264,
and 162 logs, for 15, 20, and 25 cm diameter logs, respectively.
As expected, the cargo weight increases as a function of density
and DBH. For each diameter, an increase in density results in
heavier cargo transported to the refinery, leading to a
significant decrease in transportation cost up to a wood
density of 0.4 g/cm3. Beyond this threshold, transport capacity
becomes constrained by weight rather than volume. Within the
density range observed in the sampled population, increasing
wood density from 0.3 to 0.5 g/cm3 would lead to a decrease
of the transport cost of up to 34% for smaller logs and 31% for
25 cm logs (Figure 1c). We also examined the sensitivity to the
daily demand value (Figure S3); the qualitative trends are the
same with both larger and smaller demand. Moisture content
was assumed to be constant as trees would be directly
harvested and shipped. Obviously, the moisture content will
directly increase the weight of a log in a linear fashion. This
would shift the density curves in Figure 1 to the right but will
not change our conclusions. Moisture will be influenced by the
environment and storage. In alternative supply chain designs
where size reduction (i.e., chipping) occurs closer to the
production site, transportation costs should be less influenced
by wood density; however, the effects of wood density on
production costs remain the same.

For all three classes of log diameters considered (15, 20, and
25 cm) and accounting for land preparation, planting, chemical

applications, harvesting, and transportation, a 20% decrease in
costs associated with the biomass production could be
achieved by increasing wood density from 0.3 to 0.5 g/cm3

(Figure 1e). The cost of harvest could also be decreased to a
lesser extent by up to 7% for smaller logs (15 cm) and up to
2.4% for 25 cm diameter logs (Figure 1a). Notably, harvest and
transport costs dominate the total expenditure, underscoring
the importance of lowering these costs to achieve a more
economically viable biomass supply chain. Previous studies
have demonstrated that increasing density of the feedstock can
have multiple positive effects on the supply chain, largely by
reducing the transportation costs, and making handling and
storage of biomass easier.58 Whether it is biomass originating
from dedicated biomass crops or agricultural and forestry
residues, increasing the density of biomass by pelletization, for
example, makes transportation by road and rail cheaper than
for raw untreated biomass.59−61 However, because pelletization
itself is costly, requiring mechanical and thermal treatment of
the biomass, Gunukula et al.62 have shown that depending on
the supply chain, densifying a low bulk density feedstock like
switchgrass does not significantly improve the cost of biofuel
production. Alternatively, increasing wood density by leverag-
ing a biological process to increase biomass dry weight per unit
area, which will not require additional biomass pretreatment,
will have a direct positive impact on the whole supply chain.
3.3. Wood Density Can Be Optimized without a Negative
Impact on Wood Biomass Productivity

We then tested the correlation among wood density, DBH,
height, and whole-stem volume (fresh volume) across 500
genotypes for which we measured all four traits. As expected,
DBH, height, and stem volume were highly positively
correlated with r > 0.8 and r2 > 0.7 (p < 0.001; Figure 2).
DBH was proportional to height, while the fresh stem volume
had a nonlinear association with DBH and height, as the stem
volume is generically defined by the volume of a cone. In
contrast, wood density was found significantly but poorly
negatively correlated with all other growth parameters (r >
−0.4, p < 0.001) with a low coefficient of determination (r2 <
0.2) compared to other traits. This is consistent with previous
studies that have found that wood density is not, or is weakly,
correlated to growth parameters in poplar. In poplar hybrids,
Pliura et al.20 also found that height, DBH, and stem volume
are highly correlated (r > 0.8 for DBH vs height; r > 0.7 for
height vs volume, p < 0.05). They also observed a weak
negative correlation between density and DBH (r = −0.44 to
−0.19, p > 0.05), density vs volume (r = −0.30 to −0.19, p >
0.05), and density vs height was significant only when height
was measured on young (3 years old) trees (r = −0.59, p <
0.05), while in all other measurements that correlation did not
exceed r = −0.26. Similarly, Beaudoin et al.53 reported a
negative correlation r = −0.46 between density and inner bark
diameter of the trunk in poplar hybrids. Zhang et al.8 did not
find a significant correlation between density and these other
growth parameters (r = −0.05 to −0.16, p > 0.05). These
reports confirm our observation that there is a weak trade-off
between wood biomass productivity and wood density in
poplar and despite that trade-off, it is possible to identify
genotypes that combine superior wood density and high
growth performance.

Similarly, we estimated the correlation between wood
density and wood compositional traits, including lignin-related
traits (lignin content and S/G ratio) estimated by py-MBMS
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and the enzymatic release of glucose and xylose from the
polysaccharide fraction (cellulose and hemicellulose, respec-
tively) collected from the same genotypes. As expected, a
significant positive correlation was observed between lignin
content and S/G ratio (r = 0.51, p < 0.001), as well as a
significant negative correlation with enzymatic glucose release
(r = −0.47, p < 0.001), whereas a positive correlation was
observed between lignin content and xylose release (r = 0.48, p
< 0.001; Figure 3). Since the enzymatic release of sugars can
underestimate the actual sugar content, we quantified the total
cell wall sugar content with an acid hydrolysis followed by
NMR, on a subset of the population (over 200 genotypes).

Strong correlations were detected among sugars, such as the
negative correlation between glucose and xylose (r = −0.75, p
< 0.001; Figure S4), which may reflect a trade-off in carbon
allocation between cellulose and xylan. Wood density did not
correlate with any of the compositional traits analyzed (all r2 <
0.1), suggesting that selecting genotypes with higher wood
density is unlikely to involve changes in wood composition in
this population.

To determine whether wood density is under additive
genetic control in P. trichocarpa, we trained genomic prediction
models to estimate the predictive ability for wood density
(Figure 4a), growth-related traits (DBH and height; Figure

Figure 3. Relation between wood density and biomass composition. These parameters were measured on core samples, scatter plots are shown
below the diagonal, relative sample frequency trait distributions are shown on the diagonal, and correlation metrics are shown above the diagonal.
CWR, cell wall residue; n, number of genotypes considered; PCC, Pearson correlation coefficient; SCC, Spearman correlation coefficient; r2,
coefficient of determination; * p < 0.05, ** p < 0.01, *** p < 0.001.
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4b,c), and biomass composition-related traits (lignin content
and S/G ratio; Figure 4d,e). Here, 431,668 genome-wide SNP
markers were used to capture putative QTL effects and train
the prediction model. Estimated SNP effects were then used as
proxies for underlying QTL effects to predict the trait value for
a given accession. Overall, the predictive ability (i.e., Pearson
correlation coefficient between actual vs estimated trait value)
for all traits tested was low but significantly greater than zero as
demonstrated by estimating empirical p-values based on 99
permutations. This is largely due to the inherent properties of
our population (wild accessions with very low relatedness) and
the lack of replication. The predictive ability for density was
significant (0.16, p < 0.001; Figure 4a) and higher than values
for DBH (0.095, p = 0.08; Figure 4b) and lignin content (0.09,
p < 0.05; Figure 4b), which are both known to be under
substantial additive genetic control.63,64 However, the

predictive ability of density was lower than for both height
and S/G ratio (both values >0.25, p < 0.001; Figure 4c,e).
These findings are consistent with previous studies which
discovered that density has a much higher heritability and
genetic correlation than DBH and height in poplar.8,20 We
observed a high estimate of genomic heritability (0.851) for
wood density (Table S4). Previous studies have consistently
shown that wood density has a high heritability, reaching close
to, or exceeding 0.6 in P. trichocarpa (h2 = 0.55854), P.
deltoides,65−67 and Populus euramericana.53 Our data set lacked
replication at the accession level, which likely led to inflated
estimates of heritability using a GBLUP model. In addition, for
natural accessions used in our study, the G-matrix is largely
sparse with a low information content in the off-diagonals for
pairwise relatedness. It is known that predictive ability of
genomic selection models as used in our study depend both on

Figure 4. Predictive ability, phenotypic correlations, and genetic correlations for density and traits related to biomass productivity and composition.
(A−E) Genomic predictive ability of each trait is indicated with the dashed line indicating the observed genomic predictive ability and the null
distribution representing predictive ability estimated using 99 permutations of the trait values (empirical p-values are reported). (F) Heatmap of the
genetic correlations (lower triangle) and phenotypic correlations (upper triangle). *p < 0.05, **p < 0.01, ***p < 0.001.
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realized pairwise relatedness and marker-QTL linkage
disequillibrium (LD) between individuals in training and test
data sets.68 In our study, the marker-QTL LD is also expected
to be low, as accessions were sampled across the full natural
range of P. trichocarpa, encompassing diverse genetic back-
grounds. This likely explains the mismatch between observed
depression in predictive ability and the inflated narrow-sense
heritability. This heritability analysis shows that wood density
is under significant genetic control, which agrees with previous
studies in other species. In addition, the genetic correlations of
these traits showed a similar trend to the phenotypic
correlations, with the highest genetic correlation found
between DBH and height (r = 0.72, p < 0.05), while density
had a relatively low correlation with DBH and height (r = 0.36
and r = 0.33, respectively, p > 0.05; Figure 4f), which agrees
with previous studies reporting a weak association between
growth parameters and wood density in poplar,8,69,70 and other
species.21−23 Although the genetic correlation between density
and S/G ratio was found significant (r = 0.12, p < 0.05), the
absolute value of the correlation was low, and density was not
found correlated to lignin content. This also agrees with Porth
et al.54 who detected a weak phenotypic correlation between
density and wood compositional and structural properties in P.
trichocarpa. In this study, the authors reported significant
positive genetic correlations between density and cellulose
properties (i.e., % α-cellulose, % holo-cellulose, and % glucose)
and a weak but significant negative correlation between density
and the total lignin content, suggesting that selecting
genotypes with higher wood density would also lead to
advantageous properties for cellulosic-derived biofuels (i.e.,
higher cellulose and lower lignin content54).

Our results and the literature suggest that meaningful
genetic gains for higher wood density can be obtained in a
controlled tree breeding program without significantly
interfering with selection goals for growth and wood
compositional traits. Although the predictive ability estimated
in our study indicates low heritability values for wood density,
the population mean for traits with low heritability can still be
substantially improved by imposing a more stringent selection
intensity (S) as response to selection (R) in the next
generation is the product of trait heritability (h2) and selection
intensity (R = h2S). In this context, investigating the duration
(number of breeding cycles) that would be required for
making the selection gains advised for DBH (15−25 cm) and
wood density (0.3−0.5 g/cm3), which would require a
replicated proof-of-concept breeding trial for P. trichocarpa.

3.4. Wood Density Does Not Impact Biomass
Deconstruction and Conversion in Two Alternate
Pipelines

The saccharification assay performed at the population level
(Figure 3) did not show a significant correlation between
changes in wood density and the enzymatic release of sugars
(glucose and xylose; Figure 3), which are the primary targets
for fermentation to biofuels, suggesting that a higher wood
density does not lead to a higher recalcitrance. To investigate
the effect of wood density on bioconversion pipelines for
biofuel applications, we selected a subset of high and low wood
density genotypes for deconstruction (three genotypes for each
group) with similar lignin and glucan contents. The high-
density group had an average wood density of 0.43 g/cm3,
which was significantly higher than the low-density group with
an average density of 0.34 g/cm3 (Student’s t test, p < 0.05;
Table 1; Figure S5). These two groups of samples were not
significantly different for other phenotypes such as DBH,
height, stem volume, lignin content, and enzymatic release of
glucose and xylose (Student’s t test p > 0.05; Table 1; Figure
S5; Table S5).

Biomass samples of these three high- or low-density
genotypes were deconstructed using two distinct lignocellulo-
sic biomass deconstruction pipelines, either SAA33 or ionic
liquids.34 After SAA and enzymatic hydrolysis, the hydrolysates
from the high-density and low-density biomass samples yielded
a similar average titer at 80 and 78.9 g/L of glucose,
respectively (Figure 5a). When biomass was dissolved using
5% cholinium phosphate as a catalyst, also followed by an
enzymatic hydrolysis at 50 °C for 72 h, the glucose yield for
high-density biomass samples was in average 30.3 g/L, which
was not significantly different from the glucose yield obtained
for low-density biomass samples (29.2 g/L, Student’s t test p >
0.05; Figure 5b). Similarly, xylose concentrations reached 8.3
and 8.1 g/L for high and low-density, respectively (Figure 5b).
This agrees with the results obtained for the saccharification
assay that included an ethanol extraction to obtain extractive
free material, followed by a hot water treatment, and then mild
dilute acid treatment during enzymatic hydrolysis. Although
one low-density genotype showed higher saccharification
efficiency, high- and low-density genotypes had similar glucose
and xylose yields (Figure S5). In both the saccharification assay
and the ionic liquid pretreatment, we did not detect a trade-off
between wood density and xylose release, unlike that reported
in willow by Ohlsson et al.21 Altogether, our results
demonstrate that wood density is not a critical parameter
that directly impacts biomass deconstruction into fermentable
sugars.

With no significant differences in the glucose titers of the
hydrolysates obtained from the pretreatment steps, the

Table 1. Average Properties of the Subset of Genotypes Selected for Deconstruction

criteria
density
(g/cm3) DBH (cm) height (cm)

fresh stem volume
(cm3)

lignin content (%
CWR)

glucose release
(mg/mg CWR)

xylose release
(mg/mg CWR)

high densitya 0.434 (0.018) 9.8 (0.6) 497 (28) 72000 (2828) 24.7 (0.38) 0.042 (0.011) 0.0147 (0.0043)
low densitya 0.346 (0.026) 11.2 (1.6) 504 (23) 97000 (31097) 25.3 (1.51) 0.073 (0.039) 0.0147 (0.0049)
populationa 0.400 (0.033) 8.7 (2.95) 461 (124) 66720 (54984) 24.5 (1.6) 0.0455 (0.0267) 0.0103 (0.0062)
population

min
0.312 1.0 75 1000 17.6 0.0092 0.0007

population
max

0.505 18.0 816 655000 28.4 0.1754 0.0549

aAverage values are presented for each trait above the standard deviation shown in parentheses. The detailed genotype analyses are shown in Table
S5.
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hydrolysates were converted to various biofuels using strains of
bacteria or yeast engineered to ferment xylose. Hydrolysates
produced from SAA pretreatment were converted to ethanol
using Z. mobiliz strain Zm203244 or S. cerevisiae strain
GLBRCY1455.43 After the microbial conversion to ethanol,
for both Z. mobiliz and S. cerevisiae, as expected, glucose
utilization reached close to 100% for all samples with no
significant effect of density: 98.6% and 98.4% in average for
low- and high-density genotypes, respectively, for Zm2032
(Figure 6a); 99.7% for both low- and high-density genotypes
for GLBRCY1455 (Student’s t test p > 0.05; Figure 6b).
Ethanol titers were also not significantly different between low-
and high-density derived hydrolysates, with an average of 41.3
and 42.0 g/L for Zm2032, and 50.1 and 51.9 g/L for
GLBRCY1455, for low- and high-density genotypes, respec-
tively (Student’s t test p > 0.05; Figure 6a,b). These
fermentation values are consistent with a similar cell density
measured across all samples, indicating uniform microbial
growth for both strains (Figure 6a,b). As expected, xylose
utilization was high for strain GLBRCY1455, also with no
effect of sample initial wood density (92.4% utilization for both
low- and high-density samples; Figure 6b). For strain Zm2032,
it appeared lower (45% in average) and more variable across
samples, reaching 47% for low-density genotypes and 43.1%
for high-density genotypes (Figure 6a), suggesting a genotype
effect due to some other compositional or structural property
but not a direct effect of wood density on the conversion of C5
sugars to biofuels.

Hydrolysates obtained from biomass dissolved using
cholinium phosphate pretreatment were converted to
bisabolene using an engineered strain of the oleaginous red
yeast that is natively capable of utilizing both glucose and
xylose (R. toruloides named GB246). R. toruloides GB2 was able
to grow on all samples, as represented by a similar optical
density value across all samples (∼13−15 OD 600 nm) and
displayed similar glucose utilization for high and low-density
samples (Figure 6c). Although xylose utilization was more
variable, especially for low-density genotypes (average of 94%
for high and 77% for low-density, standard deviation low
density = 21.5), bisabolene titers were not significantly
different between the two groups, ranging from 0.35 to 0.43
g/L for high-density and 0.31 to 0.38 g/L for low-density
samples (Student’s t test p > 0.05; Figure 6c). The bisabolene
titers are comparable to those observed in a previous report
that showed conversion of poplar hydrolysates obtained using
the ionic liquid cholinium lysinate in 1 L Parr reactors by the
same strain.71 Our findings demonstrate that although

Figure 5. Deconstruction of high- and low-density biomass samples
using aqueous ammonia or ionic liquids. (A) Sugar yields were
obtained after SAA pretreatment and enzymatic hydrolysis. (B)
Glucose yields after pretreatment with cholinium phosphate and
enzymatic hydrolysis. Reactions were performed in three to four
technical replicates (replication for the pipeline starting from a
different subsample), and the standard deviation represents variation
across these technical replicates (n = 4).

Figure 6. Effect of wood density on the microbial conversion to
biofuels. Conversion of hydrolysates obtained from SAA-pretreated
biomass using (A) Z. mobiliz Zm2032, SAA-pretreated biomass using
(B) S. cerevisiae strain GLBRCY1455, and conversion of hydrolysates
obtained from biomass pretreated with cholinium lysinate using (C)
R. toruloides strain GB2.
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genotype-specific variations can impact the microbial con-
version of biomass to fuels, under our tested conditions, higher
wood density does not lead to an increase in biomass
recalcitrance or a detrimental effect on biomass conversion.

Some studies have shown that higher wood density can have
a negative impact on biomass deconstruction for pulp for
example.72 We compared trees of the same species, same age,
and with similar wood composition (lignin, cellulose, and xylan
content) to ensure no confounding effect caused by significant
changes in composition. Our results indicate that higher wood
density does not render the biomass more recalcitrant to
biofuel conversion. This could be explained by the fact that
differences in density are due to changes in cell morphology
rather than changes in cell wall composition, which is a major
determinant of biomass recalcitrance. These results show that
selecting or engineering certain cell morphological traits could
permit biomass densification for bioenergy applications, as
suggested in monocots by Gallego-Giraldo et al.73

4. CONCLUSIONS
We performed an initial evaluation across the supply chain on
the variability and impact of wood density as a key trait for
improvement of both yield per unit area and transport costs as
well as wood density’s effect on processability. Our results
show that wood density varies within a single species
population of P. trichocarpa and the variation was broader
than expected with a range from 0.3 to 0.5 g/cm3 with a mean
near 0.4 g/cm3. Utilizing the wood density within this range
would result in a 32% decrease in transport costs or an
absolute decrease of up to $10/dry Mg, which significantly
reduces the biomass delivered cost to $70/Mg. We note that
there is a potential upper limit outside of the observed natural
range where the density benefit is restricted due to the current
overall weight limits of the trucks. In addition, our analysis
indicates that the wood density generally is independent of
composition and growth. In the two different feedstock-to-fuel
processes studied, density had minor to no effect on the
pretreatment and bioconversion. This neutral result is
encouraging, as it suggests that the biomass density can be
increased with the positive benefits indicated and without a
negative impact on the conversion. The results of the genomic
prediction models further support the potential to independ-
ently breed for density and other desirable traits simulta-
neously in poplar. This study provides evidence that wood
density is an economically valuable and heritable trait that
must be prioritized in future breeding programs. Future studies
should investigate both the morphological changes and the
genetic and metabolic mechanisms underlying the changes in
wood density in poplar.
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