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Abstract

An increasing interest to convert lignocellulosic biomass into biofuels has highlighted the potential of using willows for this
purpose, due to its fast growth in short rotation coppice systems. Here, we use a mapping population of 463 individuals of a cross
between Salix viminalis and S. viminalis x S. schwerinii to investigate the genetic background of different wood chemical traits,
information of importance for breeding towards different uses of wood. Furthermore, using a subset of the mapping population,
the correlation between biogas production and chemical traits was investigated. The phenotyping of wood was carried by Furrier-
transformed-Infrared spectrometry (FT-IR) and water content analysis. Quantitative trait loci (QTLs) analysis was used to
identify regions in the genome of importance for the phenotypic variation of these chemical traits. We found 27 QTLs for various
traits. On linkage group (LG) VI-1, QTLs for signals assigned to G-lignin, lignin, and the S/G ratio were collocated and on LG
XTIV we found a cluster of QTLs representing signals assigned to lignin, cellulose, hemicellulose, and water. The QTLs explained
from 3.4 to 6.9% of the phenotypic variation indicating a quantitative genetic background where many genes influence the traits.
For the biogas production, a positive and negative correlation was seen with the signals assigned to acetyl and lignin, respectively.
This study represents a first step in the understanding of the genetic background of wood chemical traits for willows, information
needed for complementary studies, mapping of important genes, and for breeding of varieties for biofuel production purposes.
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Introduction

The requirement to reduce the world’s emission of greenhouse
gases and to use more bio-based energy systems, not as
strongly dependent on fossil fuels, has increased the interest
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for cultivation of bioenergy crops. Species from the
Saliceaceae family (poplars and willows) are interesting alter-
natives of lignocellulosic bioenergy crops and they share many
phenotypic and genetic properties such as fast growth, ease of
vegetative propagation, similar genome size (~ 500 Mbp), and
reasonably high levels of genetic diversity [1, 2]. These species
have shown high biomass production in short rotation coppice
(SRC) systems where plants are cut down in repeated cycles
with a vigorous re-sprouting after each cutback [3]. Hybrid
cultivars of willows have been available as bioenergy crop for
heat and power since the late 1980s and put into practice in
Sweden, other European countries [4] as well as in the USA [5].
Recently, there has also been an increasing interest of using
lignocellulosic biomass from poplars and willows as raw ma-
terial for conversion into biofuels such as biogas and bioethanol
[3, 6, 7]. To improve the yields of biofuel as well as to under-
stand the recalcitrance of the cell wall and pre-treatments to
break the structure, intensive studies have been conducted in
recent years (reviewed by [8, 9]). Natural variant screening has
also been carried out in different species, revealing the genetic
variation in biomass chemical traits that are thought to be im-
portant for recalcitrance, e.g., [10, 11].
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Until now, most of the plant breeding of poplar and willow
cultivars for bioenergy use has focused on biomass growth
and resistance traits, but to develop cultivars specifically for
biofuel use there is a need for understanding the genetic back-
ground of traits connected to wood and cell walls. Genetic
variation of different wood traits related to biofuel production
potential, such as content of lignin, hemicellulose, and cellu-
lose, has been used in clonal experiments of poplar families
for QTL analysis and in experiments with unrelated plant
material for association studies, e.g., [12—18]. Despite the do-
mestication of poplars, there is still substantial natural varia-
tion in different wood traits [10, 16, 19]. Muchero et al. [17]
detected a number of candidate genes for wood traits using a
combined approach with QTL analysis as first step to identify
important regions and then association mapping to identify
genes. Association mapping has been conducted in several
Populus species, both using a candidate gene approach with
a priori known genes from different wood component path-
ways as well as a genome wide approach with thousands of
SNP markers spread across the whole genome [16, 20, 21]. A
set of interesting candidate genes have been identified and in
several cases the effect of specific alleles could be demonstrat-
ed [16, 17].

In willows, fewer studies are available of the genetic back-
ground of wood traits. The early studies indicated genetic
variation and moderate-sized heritabilities for wood traits
[22, 23]. More recently, Ray et al. [24] and Serapiglia et al.
[25] demonstrated variation between willow clones in cell
wall traits and enzymatic saccharification. The only QTL
study connected to cell wall traits in willows identified four
QTLs for enzymatic saccharification [26].

The abovementioned studies indicate possibilities for re-
current selection to increase desirable traits towards more suit-
able plant material for biofuels. The emerging knowledge of
specific regions in the genome and genes that influence wood
traits could also be used in the breeding for selection of inter-
esting individuals (marker assisted selection, MAS) at an early
stage of the breeding process and thus increase the breeding
efficiency [27, 28].

The close relationship between Sal/ix and Populus and ear-
lier identified macrosyntheny between the genomes of the two
genera [29, 30] makes it possible to utilize the genomic re-
sources available for Populus when studying genomic regions
in Salix. In this study, we have used a mapping population that
is based on a cross between Salix viminalis and the hybrid
S. schwerinii x S. viminalis, two species that are commonly
employed in plant breeding for development of high biomass-
producing willow varieties in Europe. Our aims are to identify
genomic regions and candidate genes important for cell wall
characteristics to get a better understanding of the genetic
background and of the possibilities for breeding towards wil-
low varieties better adapted for production of biofuels. The
biofuel possibilities were evaluated analyzing the biochemical
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methane potential (BMP) of a clonal subset of the mapping
population.

Materials and Methods
Plant Material and Field Experiment

The population studied is the S; mapping population that con-
sists of 463 F; progeny from the cross between the diploid
female S. viminalis clone “78183” and the diploid hybrid male
clone “Bjorn” (Salix schwerinii E. Wolf X Salix viminalis L.)
[30]. The S. schwerinii parent (79069) to Bjorn originates
from Siberia while the S. viminalis parent is an interspecific
cross between the female clone 78195 originating from south-
ern Sweden, and the male clone 78101 from Western Sweden.
The S; population female parent, 78183, also originates from
southern Sweden. Initially, the parental clones to S; were se-
lected based on variation in phenology traits [31], but the
offspring population has also shown variation in different
growth traits and in drought response [32]. Based on this ear-
lier documentation, we expect also a variation in different
wood traits for the population.

In spring 2008, plants of 463 genotypes and the two paren-
tal clones were planted in an experimental field in Pustnis,
south of Uppsala (59° 48’ N, 17° 39" E, 25 m). The spacing
was 130 x 50 c¢m (i.e., about 20,000 plants haﬁl), and the ex-
periment followed a randomized complete block design com-
prising six blocks with one plant per genotype in each. Two
border rows were planted around the experiment to reduce
edge effects. The plants were obtained by 5-cm hardwood
cuttings rooted in 0.2-L peat pots with Weibulls “Kron
Mull” as growing medium. Before planting, the site was ap-
propriately prepared [33], including plowing, harrowing, and
repeated application of a systemic herbicide (Glyphomax,
Dow AgroSciences, Indianapolis, IN). The plantation was ir-
rigated in summer 2008 and weed controlled during the whole
experimental period. The plants were cut back winter 2009
and 2011 and fertilized spring 2009, 2010, and 2011 with N
P K (21-4-7) equal to an amount of 80 kg N ha ' and year. For
further details, see Ghelardini et al. [34].

Chemotyping and Biogas Experiments

In March 2012, wood samples from each individual plant in
two randomly selected blocks were collected. The main stem
from each plant was selected and cut off at the base, the weight
equilibrium point of the shoot was determined, and a sample
of 30 cm with this point in the center of the sample was taken.
This sampling method will give a dry matter content
representing the total shoot mean dry matter content [35].
The cuttings were stored in a freezer until FT-IR and biogas
potential analyses.
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Preparation of Wood Powder

The stem samples with bark were weighed, freeze-dried for
48 h, and weighed again to determine their water content.
Approximately 3.5 g of each sample was cut out from one
end using secateurs. This portion was further cut into match-
stick size pieces using a razor blade and ground to a rough
powder using Ultra Centrifugal mill ZM 200 (Retsch, Haan,
Germany) with a 0.5-mm size sieve. Two hundred milligrams
of rough powder was milled to a fine powder using mixer mill
(Retsch®MM400, Hann, Germany), and the rest was kept for
the biogas analysis.

FT-IR

Ten milligrams of fine wood powder was mixed with 390 mg
of KBr and ground using an amethyst mortar and pestle.
Spectra were recorded using the Diffuse Reflectance method
under vacuum, using a Bruker IFS 66v/S spectrometer (Bruker
Optik GmbH, Ettlingen, Germany), at a spectral resolution of
4 cm™" between 400 and 1900 cm ™', as explained in [36].
Baseline correction and normalization using 64-point rubber
band and offset- and vector-normalization were applied using
OPUS (version 7.0.122; Bruker Optik). Data were analyzed
using the SIMCA-P+ software (version 12.0.0.0, Umetrics
AB, Sweden). Principal Component Analysis (PCA) was car-
ried to examine variation between block 3 and block 5 and to
remove the outliers [37]. For the QTL analysis, spectral range
between 793 and 1834 cm ! was considered [36].

Pyrolysis-GC-MS

Wood powder from the samples representing the genotypes
with contrasting FT-IR signals at 1207 and 1605 cm™ ',
assigned to G-lignin and lignin, respectively, was analyzed
by pyrolysis-GC-MS according to [38] to verify the used
FT-IR assignments.

Evaluation of Biogas Potential

The biochemical methane potential (BMP) of the different
Salix clones was determined using an automatic methane po-
tential test system (Bioprocess Control AB, Sweden). Rough
dry powder from 50 randomly selected clones from two blocks
was pooled and 2.1 g was transferred to triplicate test vials.
The samples were mixed with 400 ml inoculum, taken from a
full-scale sludge biogas digester operated at a wastewater treat-
ment plant in Uppsala, Sweden. Before start, the inoculum was
incubated for 4 days at 37 °C to reduce the endogenous meth-
ane production (from inoculum). Total solids (TS) and volatile
solids (VS) of the inocula were measured according to inter-
national standard methods [39] and determined to be 2.6 and
1.6% of wet weight. Background methane from endogenous

material in the inoculum was determined in triplicate using the
same amount of inoculum but without addition of substrates.
Cellulose in the same amount as the Salix powder (SIGMA,
Cellulose fibres medium CAS 9004-34-6) was used as a stan-
dard in a separate set of triplicate bottles. The bottles were
incubated during 45 days at 37 °C and obtained accumulated
methane values were standardized to normal atmospheric pres-
sure (atm) and 0 °C (273.15 K, 1 bar). The accumulated
amount of methane was plotted over time and the methane
produced from the inoculum only was withdrawn. The final
value obtained after leveling off (4043 days) was considered
as the final methane potential (N mL CHy, (g vS) 1 [40].

Statistical Analysis and QTL Mapping

From the FT-IR spectra, wavelengths corresponding to main
spectrum peaks (Online Resource 1) and regions representing
interesting wood traits were selected (Table 1). Analysis of
variance was conducted to estimate variance components
(REML procedure) on water content and selected FT-IR
wavenumbers data using the program JMP ® 10 [51] and
applying the model:

Yik = p+ Bi + G + eij (1)

where Yy is the phenotypic value for the jth genotype in the
ith block, u is the overall mean, B; is a fixed effect of the ith
block, Gj is the random the effect of genotype, and ey is the
residual error.

Broad sense heritability (Hz) was estimated for each trait
using the formula:

H= Uzg/(O' 2g + (0 %/b)), where o 2g and o 2, equals the
genetic variance and error variance, respectively, b equals
number of blocks.

Phenotypic correlations between all traits were estimated
with Pearson product-moment correlations in JMP ® 10 [51]
based on mean values for each trait and genotype.

The S; linkage map presented in [30] was used in the QTL
analyses. The consensus linkage map consists of 495 markers
covering the 19 linkage groups in willows. In a few cases,
markers segregating in both parents were not available in part
of a linkage group and thus the map for this part consists of a
male or a female map [30]. QTL analyses were performed on
mean values for each genotype and trait (water content, select-
ed FT-IR wavenumbers, biogas potential, and number of days
to reach 50 and 80% of the final biogas potential (the biogas
data were from a subset of the mapping population)) using
MapQTL 6.0 [52]. In a stepwise analysis starting with interval
mapping (IM) and a regression model, the genome was
scanned at 1 c¢cM intervals to determine putative QTLs in-
volved in the variation of each trait. A significance threshold
value, estimated as the logarithm of odds ratio (LOD), to de-
termine significant QTL was estimated with a permutation test

@ Springer



354

Bioenerg. Res. (2018) 11:351-363

Table 1 Assignment of different

compounds measured by FT-IR FT-IR wavenumber  Assigned compound Description® Reference
(cm ™)
1128 S-lignin Aromatic C-H in-plane deforma-  [41]
tion
1169 Acetyl groups in esterified C-O-C stretching [42]
hemicelluloses
1207 G-lignin C-O stretching [43]
1229 G-lignin Aromatic ring breathing with [41]
C-O stretching
1254 Acetyl groups in esterified C-O-C stretching [42]
hemicelluloses
1271 G-lignin Aromatic ring and C=0 stretch [44]
1360 Cellulose/hemicellulose/acetyl CH-bending [45]
groups
1429 Cellulose/hemicellulose C-H deformation, (CH,) [45, 46]
symmetrical bending
1466 Lignin CH; asymmetric bending [45]
1510 Lignin Aromatic C=C stretching [41, 44, 45,
(skeletal vibration) 47-50]
1593 and 1605 Lignin Aromatic C=C stretching [41, 45,
(skeletal vibration) 47-49]
1666 Water O-H deformation [44, 46]
1709 Unconjugated carbonyl/carboxyl  [44]
stretch
1734 Acetyl groups in esterified C=0 [45]
hemicelluloses
1128/1207 S/G ratio
1510/1593 Lignin cross-linking (G/S ratio) [49]

» The description is based on information provided in [36]

of 1000 repetitions. A genome-wide threshold for a significant
QTL was setat p = 0.05. In a second step, to get a more precise
QTL estimate, the markers closest to the significant QTLs
based on the IM analysis were used as cofactors in a multiple
QTL model (MQM) analysis with a regression model. One
and two LOD confidence interval for each QTL were estimat-
ed using the LOD drop-off method [53] based on the LOD-
value at the peak position of the QTL. The proportion of the
phenotypic variation explained by each significant QTL was
estimated (% Expl.). The difference between maternal alleles
were estimated as the absolute effect of A, = ((ftac + ftag) —
(tve + pa))/2, the difference in paternal alleles were estimated
as the absolute effect of Ap = ((ftac + ftoe) — (Haa + Hba))/2 and
the paternal-maternal interaction effect was estimated as the
absolute effect of A; = ((ttac + tinq) — (Had + Hpe))/2 Where L,
Ibes Mads and pipg are the estimated phenotypic means of the
four genotypic classes ac, bc, ad, and bd obtained from an ab x
cd cross [52].

Candidate Genes from QTL-Regions
The DNA-sequence of the markers closest to the flanking 2-

LOD QTL-regions was BLAST searched towards the Populus
trichocarpa genome v. 3.0 (http://www.phytozome.net/poplar.
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php) to identify their positions in the Populus genome. If the
marker was an AFLP-marker, no DNA-sequence was available
and thus the second closest marker was used. Using these
positions, gene models within the QTL-regions (Fig. 2) were
subtracted with the Biomart tool from Phytozome v 9.0 data-
base. Candidate genes defined as “genes related to cell wall
biosynthesis” were identified based on the predicted gene
function available from the annotation, and from the
CAZyme classification [54].

Results
Variation of Wood Traits

The phenotypic distribution of FT-IR traits as well as water
content are presented in Fig. 1. For all analyzed traits, a con-
siderable phenotypic variation existed in the offspring popu-
lation that in many cases exhibited mean values above or
below the parental mean values. The water content of the
wood samples for offspring population varied between 37
and 54% of the total sample weight (Fig. 1).

The heritability (H?) estimates for the traits were low to
medium (Table 2). The highest heritabilities (30-41%) were
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Fig. 1 Phenotypic distributions and box plots of selected FT-IR
wavenumbers and water content for the offspring population S;, based
on mean values for each genotype. Mean values for the female parental

seen for FT-IR signals assigned to cellulose, hemicellulose
(1429 cm™ 1), G/S ratio, G-lignin (1271 cm ), and lignin
(1510 cm "), and for the water content (Table 2). The pheno-
typic variation seen in Fig. 1 for the low heritability traits is
mainly due to environmental causes. A small difference be-
tween the environments (blocks) in the FT-IR study is illustrat-
ed by the principal component analysis (Online Resource 2).
Phenotypic correlations between all traits are reported in
Table 3. Correlations between selected FT-IR wavenumbers
(in cm ") and the water content are low and mostly nonsignif-
icant (Table 3). Significant positive correlations are found be-
tween different FT-IR signals, for example between
wavenumbers assigned to acetyl (1169) and S-lignin (1128),
between acetyl (1169) and G-lignin (1207, 1229, 1271), be-
tween wavenumbers assigned to cellulose and hemicellulose
(1360 and 1429), lignin (1510, 1466), G-lignin (1271), and
G/S ratio (1510/1593) Significant negative correlations were
found between wavenumbers assigned to cellulose and hemi-
cellulose (1360) and water (1666), and expectedly between G-
lignin (1207) and the S/G ratio (1128/1207). Similarly, be-
tween lignin (1510) and S/G ratio (1128/1207) as well as be-
tween lignin (1605) and G/S ratio (1510/1593). Expectedly,
signals assigned to acetyl at 1169 and 1254 cm ™' were posi-
tively correlated. However, the vibrations at 1734 cm_l, which
were also assigned to acetyl, were not significantly correlated

T
20 40 60

Count

genotype (78183) and the male parental genotype (Bjomn) are indicated in
the figure. Abbreviations: Cell, hemi - cellulose and/or hemicellulose

with those signals but they were positively correlated with
signals assigned to carboxyl/carbonyl (1709) and lignin
(1510). This suggests subtle difference exists either in different
molecular forms or in molecular context, or in contribution of
other compounds between 1169 and 1254 versus 1734 cm’
signals. Similarly, the lignin forms corresponding to signals at
1128, 1207, 1229, 1271, and 1466 appear not to be correlated

with those represented by signals at 1593 and 1605 cm ™.

QTL Mapping

In total, 27 QTLs were identified for FT-IR wavenumbers
assigned to different compounds, and for water content
(Table 4, Fig. 2). The phenotypic variation explained by each
of the different QTLs varied from 3.4 to 6.9%, showing a
quantitative genetic background where each of the QTL ex-
plains a small part of the total variation. Several QTLs were
identified for many of the traits, e.g., for acetyl (1169 cmﬁl)
three QTLs at linkage groups (LGs) III, VII, and IX were
found, for lignin (1510) two QTLs at the LGs VI-1 and XII
were found. No QTL were identified for FT-IR wavenumber
1743 cm™" assigned to the acetyl esters. A grouping of the
assigned FT-IR wavenumbers by the compounds such as S-
lignin, acetyl, G-lignin, cellulose or hemicellulose, and lignin
identified one, five, four, four, and five QTLs, respectively
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Table 2 Mean values, variance

components (using model 1) and FT-IR wavenumber (cm ') Mean values x 107 Var genotype (%) Var gor (%) H o™ (%)

heritabilites (H?) for FT-IR

signals, water content and acetic 1128 234.0 1 99 3

acid estimated for the S, 1169 1112 12 88 22

population 1207 537 11 89 20
1229 143.9 13 87 24
1254 120.7 12 88 21
1271 80.5 26 74 41
1360 116.9 16 84 28
1429 161.9 18 82 30
1466 162.3 16 84 28
1510 151.2 28 72 43
1593 260.6 11 89 20
1605 265.5 14 86 25
1666 194.4 16 84 27
1709 164.1 5 95 10
1734 358.7 5 95 10
1128/1207 ¥ 4.369 12 88 22
1510/1593 7 0.581 21 79 35
Water content 45.15 24 76 38

D 2 mean = o’ g/(02 ot (0? /b)), where b equals number of blocks, see also the “Materials and Methods” section

® Not multiplied with 107

(Table 4, Fig. 2). At six regions, co-location of different QTLs
were found. Especially at LG XIV, a cluster of QTLs
representing lignin (1466, 1605 cm ™), cellulose or hemicel-
lulose (1360, 1429 cm '), and water (1666 cm™ ') were co-
locating and in a region on LG VI-1 QTLs for G-lignin
(1207 cm™ "), lignin (1510 ¢cm™ '), and the S/G ratio
(1128/1207 cm™ ") were positioned within the same region

(Table 4, Fig. 2). For ten regions, all at different LGs, unique
QTLs were positioned. For the biogas data, no QTL could be
identified, most probably due to the limited number of clones
that were phenotyped for biogas potential.

The allelic effects of the different QTLs are presented in
Table 4. In most cases, the effects corresponded to a few
percentage of the mean value of the trait. For 14 QTLs, the

Table 3 Pearson product-moment correlations based on mean values for each genotype between FT-IR wavenumbers and water content
Trait 1128 1169 1207 1229 1254 1271 1360 | 1429 1466 | 1510 1593 ] 1605 | 1666 | 1709 | 1734 | 1128/ | 1510/ | Water
S- | Acetyl G- G- | Acetyl G- Cell/ Cell/ | Lignin | Lignin | Lignin | Lignin | Water | Carbo | Acetyl | 1207 1593 content
lignin lignin | lignin lignin hemi | hemi nyl S/G G/S %
ratio ratio

1128 076 | 042 047] 049| 034] 0.6 012 012 -0.11 024 | -0.15 0.42
1169 027 | 040 0.1 042 025]| o021 0.13 026 | -028] -011| -029| -0.12 0.36 0.15
1207 0.81 0.68 | 061 028] 020 029 042 -0.15 017 | 018 | -0.64 0.36
1229 086 069 052] 032 040] 033] -013| -040] -029 0.41 0.43 -0.10
1254 088 | 057 041 038 | 022 -026]| -045]| -039| -0.15 2026 0.44
1271 058 046 042 039 -022| -037| -042 032 0.57
1360 076 | 076 | 037 ] -0.18| -047 | -0.63 0.14 [ -0.13 0.52
1429 092 047 014] -017| -046] 015] 033| -013 035 0.12
1466 0.61 018 | -021| -045| 024 | 040| -024 0.46
1510 0421 013 034 | 053] -0.51 0.64
1593 0.87 | 0.51 050 | 061 | -0.16 -0.42
1605 068 | 033 037 -0.60
1666 0.31 0.26 048 0.13
1709 0.73 | -0.39
1734 2032

1128/1207 036

1510/1593

Gray font indicates nonsignificant correlations, correlations where 0.01 <p < 0.05 are in black, correlations where 0.001 <p <0.01 are in blue, and
correlations at p < 0.001 are in red. Numbers in bold are correlations above 0.5 or below —0.5
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Table 4 QTLs identified for wood compounds measured by FT-IR, acetic acid, and for water content. Mean values for each genotype is used in the

analysis
FT-IR wave Compound® Linkage Peak Marker LOD” LOD PVE% Diff. between  Diff. between  Interaction
number for FT-IR group position  closest to thresh maternal paternal effect of
(em™h analysis (cM) peak position GW? alleles? x 107°  alleles? x 107°  alleles? x 107°
1128 S-lignin IX 62.2 IX 7om_ sa 53 43 53 2.1 24 3.1
1169 Acetyl 111 78.1 SB1048 4.7 4.4 4.4 0.08 1.7 0.02
1169 Acetyl Vil 953 VII 120m sa 4.7 44 43 1.1 1.3 0.45
1169 Acetyl IX 64.3 L16b.159 5.9 4.4 5.4 0.92 1.4 0.98
1207 G-lignin VI-1 46.0 SB868 6.1 45 6.1 0.82 0.70 0.01
1229 G-lignin I 130.1 1I-17 sa 4.4 44 45 1.1 1.3 1.5
1254 Acetyl 111 129.3 1I-17_sa 4.4 45 42 0.70 1.6 1.3
1271 G-lignin Ib 261.0 SB226 4.5 44 44 1.7 0.54 0.02
1271 G-lignin 111 109.6 L31gr.177 5.4 4.4 54 1.3 1.8 0.68
1360 Cell/hemi/acetyl IX 449 L4b.148 4.5 44 42 0.03 2.1 0.81
1360 Cell/hemi/acetyl XIV_male 8.0 XIV-1_sa 49 44 45 0.45 2.0 1.6
1429 Cell/hemi X 674 IX 16 sa 4.9 44 45 0.12 2.1 1.5
1429 Cell/hemi XIV_male 11.0 L8gr.140 7.1 44 6.5 1.6 2.7 1.9
1466 Lignin XIV_male 5.5 XIV-1_sa 5.5 4.5 5.6 1.8 2.6 2.2
1510 Lignin VI-1 46.0 SB868 7.0 45 6.6 1.8 2.4 0.34
1510 Lignin X1 29.9 R 54 sa 4.9 45 45 0.22 2.6 1.4
15939 Lignin I 110.2 I {70 4.9 44 5.0 32 0.52 2.0
1605 Lignin XIV_male 9.0 XIV-1_sa 5.1 4.4 5.2 0.002 6.1 0.58
1666 Water XIV_male 3.0 L14b.198f 6.2 44 5.7 2.0 6.2 23
1666 Water XIV_male 843 XIV_18 sa plll 4.9 4.4 45 6.0 5.0 2.1
1709 Carbonyl/carboxyl ~ XVIII 1.3 XVII 7 sa plll 5.7 44 5.7 0.66 3.7 0.95
1734 Acetyl - - - - - - - - -
1128/1207° S/G VI-1 46.0 SB868 5.0 45 5.1 0.06 0.06 0.0009
1128/1207° S/G XV 5.0 B33.gr2 59 4.5 5.6 0.03 0.08 0.019
1510/1593" G/S, lignin V_male 51.7 V_8om sa pl 6.8 4.4 6.9 0.002 0.01 0.003
cross-linking
Water content”  — 11 102.6 1I-12_sa 4.7 43 43 0.10 0.91 0.16
Water content”  — XVl 474 R 36 sa 6.3 43 6.1 1.13 041 0.11

¥ For description, see Table 1
®LOD = the logarithm of odds
9 Genome-wide LOD threshold value

9 For formulas for estimation of differential effects, see the “Materials and Methods” section

® Analysis only with Interval mapping
D Effects estimates should not be multiplied with 10~

difference between paternal alleles were considerably larger
than the difference between the maternal alleles, e.g., for lig-
nin (1605 cm™ ') at LG XIV_male (Table 4). Maternal effects
were considerably larger than the paternal effect only for three
QTLs (e.g., lignin QTL (1593 cm ') at LG II; Table 4). In one
region (LG XIV), all co-locating QTLs had a large difference
between paternal alleles compared to between the maternal
alleles, indicating that the same locus/loci are involved in the
genetic background of the traits (Table 4). For other clustered
QTLs (LG II, LG III, LG VI-1, LGIX), the individual QTL did
not show the same pattern in allelic effects, possibly indicating
that the individual QTL in the same cluster had different ge-
netic background (Fig. 2, Table 4).

To validate the approach, we used pyrolysis-GC-MS for
the samples representing the contrasting genotypes corre-
sponding to QTL for FT-IR signal at 1207 cm ' (assigned to
G-lignin) and 1605 cm™ " (assigned to lignin). The genotypes
showed expected trends in the pyrolysis signals corresponding

to G-lignin and to lignin (Online Resource 3), validating the
proposed assignments of these FT-IR signals. It is however
possible that the FT-IR signals also reflect changes in cell wall
architecture among the genotypes, which are difficult to define
and which are not simply correlated with the content of the
assigned compounds.

Candidate Genes in QTL Regions

For each QTL region marked in black in Fig. 2, the corre-
sponding genes lists in Populus were prepared and analyzed
for the presence of cell wall-related genes. Approximately 200
such genes were identified (Online Resource 4). The most
interesting finding was the presence of clusters of genes func-
tioning in similar biochemical processes at some loci. For
example, clusters of genes responsible for homogalacturonan
degradation were found in the vicinities of two QTLs related
to lignin, on LG II, and on LG VI-1. There was also a cluster
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Fig. 2 QTLs for selected FT-IR wavenumbers, water content (WC) and
acetic acid content for a F, population between Salix viminalis and
S. viminalis x S. schwerinii. Each QTL is indicated to the right of the
linkage group with a bar for 1-LOD and a line for 2-LOD confidence
intervals, respectively, if no line the 1 and 2-LOD intervals overlap.
Markers closest to the peak position of the QTL are in bold. Black parts

of'xylanase genes associated with QTL for S-lignin coinciding
with a QTL for cellulose or hemicellulose on LG IX (Fig. 2,
Online Resource 4), and a group of several GT2 processive
glycosyl transferases along with two cellulases in the vicinity
of the QTL for acetyl on LG III.

Cellulose biosynthetic genes were found in several ana-
lyzed loci. The secondary wall—CesA7A—was associated
with the QTL for G-lignin and lignin on LG VI-1, and primary
wall CesA genes were associated with QTLs for S-lignin,
acetyl, and cellulose or hemicellulose on LG IX, and G-
lignin on LG I-b (Online Resource 4).

Several lignin biosynthetic genes were also identified within
the examined regions. Two genes encoding cinnamyl-alcohol
dehydrogenase (CAD) enzyme were found within QTLs for G-
lignin on LG Ib and G-lignin/lignin on LG IV-1 (Online
Resource 4). A gene encoding 4-coumarate-CoA ligase (4CL)
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of the linkage groups represent the corresponding regions in the Populus
trichocarpa genome from where gene lists have been subtracted. For FT-
IR wavenumber description, see Table 1. Linkage group names and
markers as in [30] but markers have been removed where dense positions
for a clear figure. For abbreviations, see Fig. 1

was located within a QTL for G-lignin on LG III. A cluster of
cinnamoyl-CoA reductase (CCR) encoding genes was found to
be associated with cellulose or hemicellulose QTL on LG IX.

Biogas Potential and Correlation with FT-IR

The different Salix clones showed large variation in final bio-
chemical methane potential and values varied between 43.1
(SD 9.9) and 242.2 (SD 21.6) N mL CH4/g TS, with a mean
value of 149.7 (SD 45.2) (Online Resource 5, Fig. 3). The
cellulose control reached 327.5 (SD 9.9), an expected value
for a well-functioning inoculum. The degradation rates were
estimated by determining the time needed to reach 50 and
80% of the final potential and here the values varied between
7-20 and 20-30 days, respectively (Online Resource 5,
Fig. 3). The time to reach the full potential ranged from 39
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Fig.3 Phenotypic distributions of
final methane potential (methane
potential, 100%), number of days
to reach 50% of the final methane
potential (no. of days to 50%),
and number of days to reach 80%

250 I

of the final methane potential (no. 200
of days to 80%) for a subset of
clones in the mapping population
and the parents. The clones with 150
the highest final methane
potential are shaded in dark gray

100

50:|
02 46 810
Count

to 47 days. The distribution of the BMP values, i.e., 100% of
the final value, and the days to reach 50 and 80% of the
potential, illustrated that the clones showing highest (>

225 ml CHy/g TS) or lowest (<100 ml CH,/g) yields did
not have the highest and lowest production rate, respectively
(Fig. 3). Still, clones with high yields had rate similar or higher
than the average. Results from the FT-IR analysis were corre-
lated to the BMP values, both the final values and the time
needed to reach 50, 80, and 100% of the final BMP value. The
results showed the same pattern but for the 50% values, the
significance was slightly better and thus this result is presented
in Fig. 4. A positive correlation (P <1%) was seen between

Methane potential, 100%

No. of days to 50% No. of days to 80%

30 30
25 25
20 T 2
15 @ 15
10 10

SH 5

0 5 10 15 20
Count

0 5 10

Count

15

the methane production and FT-IR wavenumbers 1220-
1265, 1165, and 905 in centimeter '. These
wavenumbers include signals from acetyl (1254, 1165),
G-lignin (1229), and cellulose (905). A negative correla-
tion was seen for wavenumbers 1545, 1530, and 1190—
1200 cm™', most of them including signals corresponding
to lignin (1510, 1207). For the days to reach 50% of the
BMP values, a weak negative correlation (P <10%) was
seen for signals corresponding to hemicellulose and cel-
lulose (1300-1375 cm™ ), i.e., a higher content of hemi-
cellulose and cellulose resulted in a faster methane
production.

Fig. 4 Correlations between the a Methane 50 %
FT-IR signals and a methane 05 5901965 505 ol
production at 50% of final i _ L - 1165 cellulose
production level, and b number of gg 1 . G-lignin, acetyl =3/7 k
days to reach the 50% methane '
production level, in analyzed 02 1 o
Salix clones. Coefficients of 0.1 1 ﬂ i
correlations (Y-axis) for different 0.0 ‘f"’,\\&'\-’,; < oYl wow—o N
wave numbers in centimeter | -0.1 o8 RLTIBSYY o
(X-axis) are shown. Data are 02y~ v DL AR
based on average data obtained -0.3 1 L
for clones selected for the biogas 044 4545 % Z 1530, lignin & 11 90-1200G-I|gn|n
measurements, N =155. Broken -0.5
lines indicate boundaries for the
significance levels shown. The b Number of days to 50 %
peaks crossing the broken lines 0.4
have P values < than indicated | 815, G-lignin
and are considered significant. 089 w08 T 9 ————— =
Suggested assignment of the 0.2 1 X
significant wavenumbers 0.1 o
discussed in the text is displayed 0.0 /\ M\A AN DR
T N~ [ee] A,H < ONNMNNOM [e2] (o] A
o1 ERREEREES ISEIBEBESRAEY (o
-0.2 -
1300-1375, cellulose,
0.3 1 < hemicellulose
-0.4
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Discussion

In this study, we have identified QTLs for different FT-IR
signals representing wood traits important for different appli-
cations of woody biomass as, e.g., production of biogas.
Knowledge of the genetic variation and the genetic back-
ground of the phenotypic variation of traits is a prerequisite
for understanding the possibilities to direct breeding towards
specific goals connected to wood characteristics. FT-IR is a
sensitive method to detect chemical composition of cell walls,
although the interpretation of the spectra is usually very com-
plex. We have applied an assignment of the peaks that are
typically used for cell wall studies in different lignocellulosic
materials, derived mostly from woody species [36]. Expected
correlations between signals from different wavenumbers
assigned to the same or similar compounds, for example pos-
itive correlations for G-lignin and lignin assigned signals
(1207, 1229, 1271 cm ") and their negative correlation with
S/G ratio assigned signals (1128/1207 cm™ "), or a high corre-
lation between different signals for acetyl (1169 and
1254 cm™'; Table 3) provide confidence for the proposed in-
dividual assignments. An independent verification of the
wood composition of the contrasting genotypes from QTL
1207 and 1605 cm ' by pyrolysis-GC-MS showed the expect-
ed change in lignin contents in these genotypes (Online
Resource 3). However, low correlations between signals
assigned to the same compound were also recorded, most
likely reflecting their different molecular form, context, or
contributions from other compounds. The FT-IR spectra
should thus be treated as chemical “fingerprints” of samples
rather than specific indicators of concentrations of different
compounds.

We have found broad sense heritabilities for the different
traits of low (3—20%) to moderate (21-43%) size that indicate
that we have genetic variation that could be utilized in breed-
ing. Comparing these values with clonal studies of Salix and
Populus is difficult since these estimates are based on the
population and the environment in which they are measured,
but earlier clonal studies of Salix have identified variation
between clones for wood traits as lignin, cellulose, and hemi-
cellulose [24, 25], and for enzymatic saccharification [24]
even though no heritabilities have been estimated. An early
study of wood traits in Salix estimated narrow sense heritabil-
ities to 17-28% for wood density and to 46% for dry matter
content [23] also showing possibilities for a directional breed-
ing for these wood traits. The highly significant and positive
correlations between FT-IR signals assigned to acetyl and S-
or G-lignin, and between cellulose/hemicellulose/acetyl and
lignin observed in this study (Table 3) are expected since they
reflect the proportion of different cell wall layers in the willow
stem biomass. The chemistry of this type of biomass was
shown to be primarily affected by the content of tension wood
in woody stems [55, 56]. Low-tension wood individuals have
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high lignin and acetylated xylan contents, which are charac-
teristic for the S-wall layers, while individuals with high pro-
portion of tension wood have low lignin and acetylated xylan
contents and high crystalline cellulose and galactan contents
typically found in the G-layers [57].

QTLs for Different Wood Traits

We identified 27 QTLs representing different wood chemical
traits on 12 of the Salix LGs. Four QTLs of different
wavenumbers were identified for each of lignin, G-lignin,
and acetyl. No other study in Salix has identified QTLs for
wood components. In the study by Brereton et al. [26] where
they also used a population with a S. viminalis x S. schwerinii
background, they identified four QTLs for enzymatic sacchar-
ification on the LGs V, X, X1, and XVI and a collocating QTL
on LGV for glucose. We also found one QTL on LG V for the
S/G ratio but if this is in a similar genomic region is not
possible to judge since there are no common markers between
the two linkage maps. In several Populus studies, there have
been reported QTLs for different wood traits as lignin, cellu-
lose, and hemicellulose and S/G ratio [13—15, 17]. In the study
by Muchero et al. [17], several QTLs were found on linkage
group XIV and several of the traits had QTL peaks around the
position of 7 Mbp. The QTL cluster that we identified on LG
XIV was between 1.5 and 2.1 Mbp on the corresponding
region of the Populus chromosome and thus not overlapping
with the collocated QTLs found by Muchero etal. [17]. On the
other hand, Ranjan et al. [14] found QTLs for root lignin and
stem S/G content in the region around 2 Mbp on chromosome
XIV.

The higher number of QTLs with larger difference between
paternal alleles compared to maternal alleles is probably an
effect of the hybrid origin of the male parent and an allelic
difference between the two species. This is also what could be
expected and seen earlier for other traits for the same popula-
tion [58].

The markers closest to the peak position of the different
QTLs in the cluster at LG XIV-male all have high differential
paternal effects for cellulose, hemicellulose, and for lignin
which could indicate a pleiotrophic effect of a locus influenc-
ing all the traits. Also, for the collocating QTLs at LGs VI-1
and IX, the individual QTLs in the clusters have a similar
pattern regarding differential effects of maternal and paternal
alleles, indicating a similar genetic background of the traits in
the cluster. Interesting candidate genes related to cell wall
properties were also identified in the clusters of QTLs.

Candidate Genes in QTL Regions
Although as many as 200 candidate genes were identified

within the QTL regions, based on gene annotation, we note
that most genes remained unannotated or without any known
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biological function so this analysis is not complete. Any of
these genes could be responsible for the detected variability.
Therefore, additional studies are required to draw any conclu-
sions about the genes responsible for the observed variation. It
is also intriguing if the presence of gene clusters in the iden-
tified regions has any functional meaning for the observed
effects, for example by affecting cross-over and thus gene
segregation.

Biogas Production Potential

The biogas potential of willow has been reported around 50—
310 ml CH4/g VS, depending on pre-treatment and variety [7],
values in line with results from the present study. For an eco-
nomically feasible biogas production, values around 200 ml
CH,/biomass have been suggested, which were observed for
many analyzed progenies in the current analyses, altogether
illustrating that willow in this regard represent a possible sub-
strate for biogas production [59].

A high conversion rate is essential for the process as a
material with slow degradation rate will not be fully convert-
ed, and the BMP will not be reached, within the hydraulic
retention time of the biogas process, typically ca 20-40 days.
In this study, the clones had different degradation rates but still
all reached their BMP values within 37-47 days. A positive
correlation was seen for the degradation rate and the content of
cellulose and hemicellulose while a negative correlation was
seen between lignin content and the final BMP value. These
results were in line with a recent study showing a positive
correlation between BMP and the sum of non-lignin fractions
versus lignin for various lignocellulosic material, including
forest residues [60].

Anaerobic digestion to biogas, in contrast to ethanol pro-
duction, proceeds through a series of reactions involving dif-
ferent microbial groups, including microorganism having hy-
drolytic activity [61]. Thus, lignocellulosic materials such as
willow can be degraded without a preceding sacharification,
as required for ethanol production. Still, to achieve rates and
yields sufficiently high for an industrial process, a pre-
treatment is required to break up lignocelluose, otherwise dif-
ficult to reach for microbial degradation [62]. Pre-treatment
investigated for willow to be used for biogas include both
mechanical, thermal, and chemical pre-treatments [7]. In this
study, the Salix clones were milled to a rough powder before
evaluated, to be comparable to a mechanical pre-treatment.

For optimal utilization of willow in a biogas system, co-
digestion with complementary material would be required
[63]. Willow is characterized by a high C/N quota as well
as low levels of buffering components and possibly also
trace metals, essential for microbial activity, and thus with-
out complementary material the biogas process would fail
due to nutrient deficiency [61]. Still, willow has a high
energy content per mass and can thus be used as a

complement to less carbon-rich and more diluted material,
such as manure [63, 64]. Addition of willow to a manure-
based biogas system would allow a higher organic load
with only marginal effects on retention time and, conse-
quently, result in increased volumetric gas yields and a
more efficient use of digester volume. All are of critical
importance for the economy of a farm-based biogas plant
[65]. Moreover, addition of willow to the biogas process
would generate a digestion residue with a high proportion
of recalcitrant carbon not degraded in the process. When
using this residue as a fertilizer, a positive effect on climate
change mitigation can be obtained as stable carbon is
returned to the soil [66].

Breeding for Different Wood Applications

This study demonstrates genetic variation for different wood
components and also identify many genome-wide significant
QTL regions for the traits. This is an important step towards
understanding the genetic background in Salix wood traits but
further studies are required to verify candidate genes and pos-
sibly causative SNPs in the genes. In Populus, such attempts
have been conducted using a combination of QTL and asso-
ciation mapping approaches [17] or by using candidate genes
or genome-wide marker approaches in association mapping
[16, 20, 21]. Breeding towards different application of Salix
wood as, e.g., biofuels seems as a realistic alternative since the
phenotypic variation in most of the traits has a genetic com-
ponent. Even though there were too few clones analyzed for
biogas potential to identify QTLs, we found a lot of variation
between the different clones in the biogas traits as well as a
negative and positive correlation to lignin and acetyl signals,
respectively, which indirectly indicate that selection for high
acetyl or for a lower content of lignin would be positive for
biogas production. For example, the QTL-markers for FT-IR
signals 1254 and 1207 assigned to acetyl and lignin could
possibly be used in selection for higher biogas production
due to the positive and negative correlation, respectively. An
implementation of molecular techniques in the selection and
breeding of these traits would be of high value since wood
traits as well as biogas potential are difficult, costly, and time
consuming to phenotype.
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