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Willows are highly diverse catkin-bearing trees and shrubs of the genus Salix. They occur in many growth forms, from tall
trees to creeping alpines, and successfully occupy a wide variety of ecological niches. Shrubby willows (sub-genus Vetrix)
have many characteristics that render them suited to cultivation in much faster growth cycles than conventional forestry. They
respond well to coppicing, can be propagated vegetatively as cuttings and achieve rapid growth with low fertilizer inputs. As
a result, willows grown as short rotation coppice are now among the leading commercially grown biomass crops in temper-
ate regions. However, although willows have a long history of cultivation for traditional uses, their industrial use is relatively
recent and, compared with major arable crops, they are largely undomesticated. Breeding programmes initiated to improve
willow as a biomass crop achieved a doubling of yields within a period of <15 years. These advances were made by selecting
for stem characteristics (height and diameter) and coppicing response (shoot number and shoot vigour), as well as resistance
to pests, diseases and environmental stress, with little or no knowledge of the genetic basis of these traits. Genetics and
genomics, combined with extensive phenotyping, have substantially improved our understanding of the basis of biomass
traits in willow for more targeted breeding via marker-assisted selection. Here, we present the strategy we have adopted in
which a genetic-based approach was used to dissect complex traits into more defined components for molecular breeding
and gene discovery.

Keywords: bioenergy, breeding, genetics, genomics, Salix, quantitative trait loci.

Introduction _ . . .
niches, mostly in temperate and arctic zones, although some wil-

Willows are catkin-bearing trees and shrubs of the genus Salix.
Together with Populus (poplar, aspen and cottonwood), they con-
stitute the family Salicaceae s. str. of the order Salicales, class
Magnoliopsida, subclass Dilleniidae. They are extremely diverse
and show a wide variety of growth habits, from tall trees to
shrubs and creeping or dwarf forms. There are about 330-500
species (depending on the classification system adopted) that
are broadly grouped into the tree willows (sub-genus Salix), the
dwarf and alpine willows (sub-genus Chamaetia) and the shrubby
willows (sub-genus Vetrix) (Newsholme 1992, Argus 1997).
Collectively, these species occupy a wide variety of ecological

lows have adapted to subtropical and tropical regions and a few
are native to the Southern Hemisphere. Asia is considered to be
the centre of origin of Salix and around 275 species are found in
China, of which 189 are endemics. Around 120 species are
found in the former Soviet Union, over 100 in North America (one
species is native to South America) and around 65 species in
Europe (Argus 1997). This wide diversity is reflected in the
genetics, biochemistry, physiology and morphology of willow and
is expanded yet further by the wide degree of inter-specific
hybridization that occurs within the sub-genera and the plasticity
that can be shown by willows in different environments.
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Willows have a long history of cultivation that arises from
many historical and traditional uses (Karp 2013). The most
important and well known of these are: basketry, for which
there are records of willow cultivation dating back to Roman
times; cricket bats, in which the use of white willow dates back
to the late 1800s; and the treatment of ailments, which was
recognized by the Greeks in 5th century BC and culminated in
the manufacture of aspirin by Bayer in 1899. From these tradi-
tional uses, basic knowledge has accrued on growth and per-
formance and also on cultivation practises such as pollarding
and coppicing, in which willow stems are planted, allowed to
grow and then cut back in repeated cycles. In addition, many
species were grown locally under pseudo-varietal names par-
ticularly for basket-making, and although these were mostly
indigenous species, there was also export and import among
countries world-wide, and inter-specific hybridization occurred.
Basketry has utilized the shrubby willows, with their flexible
and often coloured stems, and ease of coppicing. Species such
as Salix triandra L., S. purpurea L. and S. viminalis L. are among
the many favourites cultivated in Europe, S. eriocephala Michx,
S. cordata Muhl. and S. purpurea L. in North America and the S.
kinuiyanagi Kim. in Japan. In other countries, such as India,
which has no native species, willows like S. viminalis L. were
imported from the UK for basket-making and S. alba L. (the
‘English willow’) for cricket bats.

More recently, willows have become of interest as a potential
source of sustainable and renewable biomass for the bioen-
ergy, biofuel and bioproduct industries. These applications
exploit some key properties of willow that are found especially
in the shrubby species of the sub-genus Vetrix: fast, vigorous
growth in coppicing cycles and ease of propagation and low
fertilization requirements (an average of 20-30 kg N ha™" year™
depending upon site). These properties render shrubby wil-
lows more suitable for cultivation on a wider scale and within
time frames that are much shorter than traditional forestry.
When grown in a typical short rotation coppice (SRC) cycle,
short cuttings of willow stem (~15 cm tall) are planted in spring
and grown for 1 year, during which time they can reach 2-3 m
in height. Once the leaves have dropped, the stems are cut
back to induce a coppicing response, in which multiple shoots
re-sprout from the cut base (stool) in the following spring.
Growth without harvest is allowed for typically three more
years, by which time the stems can reach in excess of 7 m tall.
The stems are harvested and chipped or billeted for storage
and use at industrial plants. In the following spring re-sprouting
of new shoots occurs from the cut stems (stools) and the cycle
is continued for ~20 years (Volk et al. 2006, Karp and Shield
2008).

The new interest in willow as an industrial crop encouraged
the initiation of breeding programmes, particularly in the UK,
Sweden and North America. As with all crops, emphasis was
placed on achieving yield gains through both agronomic and

genetic improvements. This included much early work on defin-
ing optimized planting densities, lengths of rotation and harvest
cycles (Verwijst 1996a, 1996b) as well as assessing the perfor-
mance of promising species or natural hybrids, and the progeny
of new genetic crosses in yield trials (Lindegaard and Barker
1997, Larsson 1998, Lindegaard et al. 2001). Over the years,
genetic and genomic approaches, combined with both extensive
and intensive phenotyping, have substantially improved our
understanding of the basis of biomass traits in willow for more
targeted breeding via marker-assisted selection (Karp et al.
2011). Here, we describe the genetics-based strategy that we
have adopted to dissect complex traits into more defined com-
ponents for molecular breeding and gene discovery.

Initial target traits

When willow first became recognized as a promising biomass
crop, Stott (1984) characterized 54 species from the UK
National Willow Collection (Figure 1a) for basic growth traits
and identified shrubby willows, particularly S. viminalis as the
most suitable. Similarly, in Sweden, Larsson (1998) identified
several shrubby species as promising biomass crops, including
S. viminalis L. but also S. dasyclados Wimm., S. schwerinii
E. Wolf., S. triandra L., S. caprea L., S. daphnoides Vill. and
S. eriocephala Michx. The primary target traits identified at this
time were biomass yield and resistance to rust. Yield was
assessed non-destructively as stem height and diameter (or
stem cross-sectional area) and destructively as biomass har-
vest, expressed yearly as oven-dried tonnes per hectare per
year (odt ha™ year™). Rust, caused by Melampsora spp., is the
major pathogen of willow and exists as several pathotypes of
both leaf-infecting and stem-infecting forms (Pei et al. 1996,
Ramstedt 1999a, 1999b, 2002). Most early selections were
based on field resistance, with little knowledge of the pathot-
ypes present. Secondary targets for crop improvement included
coppicing response (response to cutback, number of shoots
and shoot vigour), stem straightness (which is important for
machine harvesting) and resistance to pests (such as willow
beetles), other diseases (such as stem die back) and environ-
mental stresses (cold, drought) (Larsson 1997, 1998, 2001).
Due to efforts based on selection for all these traits, biomass
yields of willow doubled from <7 odt ha™' year' to exceed
14 odt ha™" year™ in ~15 years. These increases were mostly
achieved by selection on the direct hybrids of intra- and inter-
specific crosses, although recurrent selection strategies were
explored (Gullberg 1993). They were also achieved mostly on
the basis of gross phenotype, with limited understanding of the
genetics or physiology of any of the key traits.

Some attention also turned to assessment of compositional
traits, as willow biomass became utilized as a feedstock for
heat and power stations. The calorific value of willow wood
chips is 19.7 Ml kg™ (Ledin 1998), which is similar to wood
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Figure 1. Genetic resources developed in willow. (a) Partial view of the National Willow Collection (NWC) at Rothamsted Research (RRes). The
NWC was initiated in 1922 and now contains ~1400 accessions, including 100 pure species. It is maintained as a coppiced collection. (b) The K1
and K8 mapping populations at Long Ashton Research Station (LARS); adjacent in a single block. This trial was planted in 2000 and replicates of
K8 only were subsequently planted at RRes in 2002 and at the Rothamsted Woburn farm in 2009. (c) The dedicated trial planted for the BBSRC-
funded BSBEC project for destructive and non-destructive measurements, comprising four contrasting genotypes of willow and of Miscanthus and
planted at RRes (south-east) and IBERS (south-west). (d) Partial view of the 11 additional mapping populations at RRes. (e) Partial view of the
association mapping population after establishment at the Woburn site (well-drained nutrient-poor soils).

from conventional forests (19.4-21.2 MJ kg™). The ash, sul-
phur and phosphorus contents are low (1.0-1.2, 0.03 and
0.09%, respectively) compared with straw, for example, which
is advantageous as these elements cause problems in the
combustion process. Data were also collected on percentage
lignin, cellulose and hemicellulose, typically 25, 30 and 40%,

respectively, although genotypes vary (Ray et al. 2012,
Serapiglia et al. 2013, Stolarski et al. 2013). These traits have
not yet been subjected to intensive selection programmes
although they have become targets of greater interest, as
willow has been considered among the potential lignocellulosic
feedstocks for biofuels as well as bioenergy.
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Most of the traits relating to both biomass yield and compo-
sition, as well as to the plants’ ability to withstand stress, are
complex traits, for which many genes may be contributing
often minor effects and for which the environment may play a
key role. This makes the identification of key genes and the
practise of selection more difficult to achieve. For further
improvement of willows, such complex traits needed to be bro-
ken down into subcomponents for which environmental influ-
ences may be lower and the heritability higher and which can
therefore be mapped more precisely in genetic analyses for
marker and gene discovery purposes. Here, we demonstrate
that through the application of a genetics strategy it is possible
to uncover more about the biology of the traits themselves as
well as provide the tools for marker-assisted selection.

Challenges and opportunities for
genetic approaches in willow

There has been a technological revolution in the way that
genomes and their expression can be interrogated and
genomic regions affecting traits can be searched for. Three
main routes are often used in combination: (i) characterization
of transgenic lines or variants identified by screening germ-
plasm, natural or mutant populations and ecotypes; (i) genetic
mapping to identify quantitative trait loci (QTL) and genes
through linkage or association genetics; and (iii) comparison of
transcripts, metabolites or proteins from different tissues,
developmental stages and/or genotypes.

The huge diversity present in willow constitutes a gold mine
for efforts aimed at genetic improvement, but there are signifi-
cant challenges to be faced in deploying any of the above strat-
egies. Although some species of interest are diploid
(2n=2x=38), many New World and European species
(including many biomass varieties) are polyploid, with ploidy
levels that can reach up to dodecaploid (2n= 12x=228)
(MacAlpine et al. 2008). In addition, although most species
within the sub-genera hybridize readily, crossing barriers do
exist (MacAlpine et al. 2008) and the dioecy can be a problem
if it transpires that genotypes desired for crossing are of the
same sex. Few traits can be scored with any reliability in the
nursery and although non-destructive methods can be used to
estimate yield, true (harvested) biomass yield can only be
assessed after 2-3 years and then in successive SRC cycles
(Figure 2). Measuring in a mature coppice plantation is time
consuming and challenging, and trials are expensive to main-
tain on multiple sites and to assess for long periods of SRC
cycles. Since willows are dioecious and cannot be selfed to
form inbred lines, genetic and genomic approaches, and the
subsequent analyses of their outputs, have to deal with high
levels heterozygosity. Moreover, it is known from comparison
with poplar (Hanley et al. 2006, Berlin et al. 2010) that Salix
has undergone the same recent genome duplication event,

thus, being certain that sequences originate from the gene of
interest and not a paralogous locus can be problematic. Finally,
there is currently no robust method for transformation and thus
no means of validating gene function via the production of
transgenic plants of willow itself.

Given such challenges, genetic and genomic approaches
need to be smart and to exploit the advantages that willow
does offer over many other tree species. Unlike poplar, for
example, where it may take several years for plants to flower,
most willows will flower within the first year of growth from a
cutting or seed and it is usually easy to create large numbers
of progeny. Propagation via cuttings means that the same gen-
otypes can be replicated on different trial sites. Genetic analy-
sis has shown that recombination rates are high in willow and
linkage disequilibrium can be fairly low (Berlin et al. 2011),
facilitating mapping to high resolution. Although, at present,
the large number of markers that would be required for a com-
prehensive genome-wide screen has yet to be generated in
willow, and suitably high-throughput and cost-effective screen-
ing methods are not yet available, a candidate gene approach
is feasible and advances in sequencing technologies may facili-
tate the former in coming years (see later). With these points in
mind we have pursued the following genetic strategy to unravel
complex traits in willow.

Genetics and genomics strategy

Creation of an initial map anchored to the poplar genome

Although the first genetic maps for willow were published in the
early 2000s (Tsarouhas et al. 2001, Hanley et al. 2002,
Ronnberg-Wastljung et al. 2003), the limited progeny sizes of
the crosses used were considered too small for informative trait
mapping. To increase the chances of mapping QTL with a high-
enough resolution that would facilitate the identification of candi-
date genes, we recognized that it would be important to have a
sufficiently large population size. In the late 1990s, there was
little prior information on trait segregation in willow; therefore, to
generate an informative population with increased certainty, two
crosses were performed between parents carefully selected on
the basis of both pedigree and phenotypic traits, and two fami-
lies (K1 and K8; Table 1) of up to 1000 progeny reared from
each and planted in the year 2000 in a field trial at Long Ashton
Research Station (LARS: 51°2522”N, 2°40’12”W; 50 m above
ordnance datum (AOD)) in the UK. Both K1 and K8 families were
assessed for trait variation for a full SRC cycle, and based on the
patterns of segregation for the main traits of interest K8 was
selected for genetic mapping (Figure 1b). After some losses, K8
eventually comprised 947 progeny of a cross between two com-
plex hybrid full-sib S. viminalis x S.schwerinii individuals. The K8
population is still maintained at LARS, but replicates of the whole
trial were subsequently planted at Rothamsted Research (RRes:
51°48’30”N, 0°2122”W; 125 m AOD) in 2002 and at the
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Year 11
Year 12 Varieties ready for commercialisation
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Ashton and industrial partners.

Submission for Plant Breeders
Rights at CPVO

Destructive yield harvest & yield analysis

2-3 lines selected

Industrial partner trial hosts bid for rights to
commercialise varieties

Figure 2. Schematic representation of the willow breeding programme at Rothamsted Research, from initial crossing to multi-site trialling.

Rothamsted farm at Woburn (52°043”N, 0°35’36”W; 95 m
AOD), which has well-drained, nutrient-poor soils, in 2009.
These trials, on contrasting soils and in contrasting east-west
climatic conditions, have been the focus of detailed trait assess-
ments over successive coppicing cycles.

Using 467 of the K8 progeny, a detailed linkage map was
constructed using SSR, SNP and AFLP markers. To facilitate
transfer of information from poplar the K& map was directly
aligned to the poplar genome (Hanley et al. 2006). To achieve

this, we selected a set of genome-wide, expressed poplar
sequences and used these to design primer sets that efficiently
amplified homeologous regions in willow. Single-nucleotide
polymorphisms (SNPs) were used to map the loci and align the
willow linkage groups to the poplar genome sequence. This
was the first report of the high degree of macrosynteny
between willow and poplar (Hanley et al. 2006). At the time of
publication, coverage was 1856.7 cM with an average interval
of 6.3 cM, but this has since been improved significantly in
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Table 1. Bi-parental Salix mapping populations established at Rothamsted Research.

Population Pedigree

Field trial location n
(date established)

Created Map Markers

K32 S. viminalis L. (SW870084) x S. viminalis L. (SW87002) ‘Orm’ 1994/99 LARS (2000) 208 Y  SSR, AFLP

K1 Complex S. viminalis L. X S. schwerinii E. Wolf hybrid siblings ‘S1 x R13’ 1999 LARS (2000) 946 N -

K8 Complex S. viminalis L. X S. schwerinii E. Wolf hybrid siblings ‘S3 x R13’ 1999 LARS (2000), 947 Y¢  SNP, SSR
RResH (2002), AFLP
RResW (2009)

mpA K8-411 x S. viminalis L. (NWC674) 2007 RResH (2008) 480 Y SNP, SSR

mpB S. viminalis L. (NWC663) x K8-165 2007 RResH (2008) 480 N -

mpC S. viminalis L. (NWC655) x K8-165 2007 RResH (2008) 480 N -

mpD S. viminalis L. X S. purpurea L.(NWC789) x K8-165 2007 RResH (2008) 548 Y SNP, SSR

mpE S. caprea L. x S. cinerea L. X S. viminalis L. (NWC901) x K8-165 2008 RResH (2009) 626 Y SNP, SSR

mpF S. x alberti L. (S. integra Thunb. X S. suchownesis W.C. Cheng ex G.Zhu) x K8-290 2008 RResH (2009) 394 Y SNP, SSR

mpG K8-319 x (S. viminalis x S. repensd)(NWC1059) 2008 RResH (2009) 593 Y SNP, SSR

mpH (S. viminalis L. x S. schwerinii E\Wolf) ‘Tora’ x S. daphnoides Vill. (NWC432). 2008 RResH (2009) 494 N -

mpl S. aurita L.(NWC453) x K8-290 2008 RResH (2009) 407 N -

mp)J S. schwerinii EWolf. (NWC615) x (S. viminalis L. x S. schwerinii E. Wolf) ‘Bjorn’ 2008 RResH (2009) 261 N -

mpK (S. viminalis L. X S. schwerinii E. Wolf) ‘Tora’ X S. triandra L (NWC099). 2008 RResH (2009) 181 IP SNP, SSR

K8-xxx, member of K& family used as parent in later crosses; LARS, Long Ashton Research Station, Somerset, South West UK; RResH, Rothamsted
Research, Harpenden, South East UK; RResW, Rothamsted Research, Woburn Farm, South East UK; Nutrient poor, drought prone site, % irrigation;

IP, in production.

aQOriginal cross by Svaléf Weibull AB (Sweden) but cross later re-made at LARS to increase progeny size to 209 from 66.

bFull details available in Hanley et al. (2002).
Full details available in Hanley et al. (2006).

dNational Willow Collection Records incomplete—authority unknown and identification under enquiry.

targeted regions of interest. A subsequent study that employed
additional genome-wide connecting markers has added to our
knowledge in this area (Berlin et al. 2010).

Using K8, QTLs have already been mapped for a number of
traits, including biomass yield and some of its components
(i.e., shoot height, diameter and number), rust resistance
(Hanley et al. 2011) (Table 2), and more recently phenology,
water-use efficiency, drought tolerance, composition (S. J.
Hanley, unpublished results, papers in preparation) and sac-
charification potential (Brereton et al. 2010). A range of QTLs
in willow have also been mapped in this way by other research
groups, although population sizes have been smaller than K8,
(e.g., Barcaccia et al. 2003, Tsarouhas et al. 2003, Tsarouhas
et al. 2004, Ronnberg-Wastljung et al. 2005, 2006, 2008, Lin
et al. 2007, Liu et al. 2011, Samils et al. 2011).

Recognizing the importance of phenotypic
data from long-term trials

In an era of ‘omic’ tools and technologies, it can be easy to over-
look the importance of robust phenotypic data, but the value of
this could never be over-emphasized. Although they take many
years to accrue in perennial biomass crops and are extremely
resource intensive to generate (for example, a full biomass yield
assessment of K8 can take six people working for 4—6 weeks)
our phenotype data sets, collected as comparable measure-
ments over multiple years and harvest rotations, and from differ-
ent, contrasting field sites, remain one of our most important

assets. They enable us to continue to search for new QTL once
target traits of interest are identified, or better refined, and to
explore temporal stability as well as gene X environment (GxE)
interactions. In most cases, multiple QTL are revealed for the
same trait and information on the consistency of their contribu-
tion to explain the variation in the trait over time and environment
can help identify which ones to focus on as priority targets for
further study. Conversely, site-specific loci may prove particularly
informative if they can be linked to particular site characteristics.

Mapping multiple traits in the same population can also pro-
vide valuable insight into the contribution of different individual
QTL to the more complex overarching trait. For example, the
QTL data presented in Table 2 have allowed us to further dis-
sect biomass yield in terms of understanding the contribution
of particular genomic regions to various yield components,
through the co-location of QTL for different, but correlated
traits. For example, a QTL for biomass yield co-locates with the
major K8 rust resistance locus SRR1 (Hanley et al. 2011), on
linkage group Ib. Similarly, a biomass yield QTL on linkage
group X influences stem height and stem diameter but does
not exert a detectable effect on shoot number. Such results
can help focus the selection of candidate genes in situations
where the simpler component trait is better understood at a
fundamental level, with specific genes or gene classes already
implicated in the relevant processes.

It can be difficult to carry out all the phenotypic trait analy-
ses needed on mapping populations, as measurements of
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8 Hanley and Karp

some traits require complete destructive sampling and removal
of individual genotypes can compromise measurements of the
surrounding plants. To overcome such issues and provide
plants for intensive phenotyping, a dedicated trial of both wil-
lows and Miscanthus (Miscanthus spp.) was established at
RRes (south-east UK) and the Institute of Biological,
Environmental and Rural Sciences (IBERS), University of
Aberystwyth (south-west) in Spring 2009, as part of the
BBSRC Sustainable Bioenergy Centre programme on perennial
biomass crops (BSBEC). Four contrasting genotypes of willow
(Endurance, Resolution, Tora and Terra Nova) and of Miscanthus
(EMI-11 and Goliath (M. sinensis), Sac-5 (M. sacchariflorus)
Giganteus (M x giganteus)) were carefully selected to provide
contrasts in growth strategies (Figure 1c). The trial was planted
using a randomized block design with areas in each plot
reserved for non-destructive measurements as well as for
destructive measurements, where whole plants can be dug up
frequently over the full lifetime of the trial. Weather stations
were installed at both sites. The trials have been subjected to
intensive assessment of growth and composition. More than
2 years of these BSBEC phenotypic data have been used to
parameterize and validate process-based models. Together
with sensitivity analysis the models have both supported and
refined our original hypotheses, and helped identify the most
important parameters affecting yield for crop improvement
(Cerasuolo et al. 2013). Outputs from the models have been
important in selecting QTL for further study, for example rate of
leaf and stem extension, and above—below ground allocation
rather than biomass yield per se (Karp et al. 2013).

In recognition of the importance of gathering phenotypic
data, high throughput phenotyping technologies have been
developed for application in laboratory and field-based plat-
forms. It is not easy, at present, to see how the full set of avail-
able technologies could be applied to mature willow plots in
the field but there are procedures, for example, based on
remote sensing technologies that could be explored to facili-
tate data collection from large numbers of plants in different
environments (Vos et al. 2010).

Creation of multiple mapping populations

The K8 population has proven extremely useful for mapping a
large number of QTLs and for studying GXE interactions.
However, it is only one genetic population with a restricted
number of alleles segregating at any one locus. Thus, while
continuing to work on K8, which remains our most developed
willow map, we have expanded our QTL discovery pipeline to
include new and more diverse populations (Table 1). Eleven
more populations of up to 626 progeny were developed from
diverse parentage and have been established in field trials
(Figure 1d) and subjected to intensive phenotyping for traits of
interest. Initial framework maps were constructed for these
using a subset of 192 progeny and genome anchored SSRs

and QTL identified. Once QTL are detected, the regions are
saturated with targeted gene-derived SNP markers and
mapped to maximum resolution using all the progeny. This
approach has led to the generation of novel data on genome
diversity in Salix and also enabled us to make informed choices
about which QTL to target. QTL that are found across all popu-
lations are of particular interest, although population-specific
QTL can also be important in capturing variation that may not
have been segregating in the other families. Particular QTL that
are now being pursued further from this work include several
influencing timing of bud flush and senescence (S. J. Hanley,
unpublished results).

An advantage of the linkage mapping approach, used for K8
and the additional populations, is that the pedigree is known
but a disadvantage is that the number of recombination events
are limited and closing map distances between markers delin-
eating QTL can be difficult. Given the ease with which large
numbers of seeds can be produced in willow, one approach to
overcome these limitations is to remake mapping population
crosses and generate very large numbers of progeny, from
which seedlings can be selected using markers to identify
recombinant genotypes for the target region.

Another approach is association mapping, which utilizes
plants from natural populations and exploits the much larger
number of recombination events that have occurred histori-
cally, enabling mapping to be achieved at much finer resolu-
tion. Spurious associations can arise due to complications with
population structure, but methods exist to test and correct for
this. Rothamsted collaborated with Swedish groups to form an
association mapping population (n=369) comprised of S.
viminalis L. accessions from major European willow collections
and new material from natural populations of the Czech
Republic, Sweden and Poland. The population was planted at
four sites (two Swedish, two UK; Figure 1e) and has been
characterized in terms of diversity and population structure.
The multi-site nature of the project generated valuable new
information on GXE interactions, phenotypic stability and a
resource for future association studies. Variation in several
candidate genes, including loci associated with phenotypic
diversity in phenology and architecture traits, is currently being
analysed to identify markers for use in breeding programmes.

Development of a willow genome sequence
and ‘omics’ approaches

Genetic and genomic approaches in willow have benefited
from advances in poplar, which has been developed as both a
bioenergy crop and a model tree (Yang et al. 2009). In particu-
lar, the close relationship of willow to poplar has meant that the
derivation of the whole genome sequence of Populus tricho-
carpa Torr. & Gray. (Tuskan et al. 2006), and the development
of many ‘omic’ tools and data sets, has been highly beneficial
for marker development and candidate gene identification.
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Nevertheless, a full genome sequence of willow itself would
speed up gene discovery pipelines.

We have chosen to develop a reference sequence for willow
and then re-sequence a set of key genotypes. For the refer-
ence sequence, S. viminalis was our choice as taxonomically it
is relatively close to most of the other willow species used for
biomass in the UK and has been widely used in European bio-
mass breeding programmes. It is also the best studied species
in Europe in terms of mapping key traits by conventional bipa-
rental QTL mapping and is the species that comprises the
association mapping population. Sequencing of this species
has now been initiated in a collaborative effort between RRes
and TGAC (The Genome Analysis Centre in the UK) using a
S. viminalis L. parent of one of the large willow mapping popu-
lations. In addition, to promote the transition from the reference
genome sequence to the identification of key underlying genes,
the genomes of 32 additional willow genotypes and hybrids
will be re-sequenced. These genotypes include parents of the
11 mapping populations and members of a diversity panel of
the S. viminalis L. association mapping population. This will
provide the information required to characterize the genetic
variants in these populations and generate a genome-wide
catalogue of polymorphisms.

Transcriptomics, metabolomics and/or proteomics have
been used in many plant species, including poplar, to develop
a systems-based understanding of developmental changes
and to compare different tissues or genotypes (Andersson
et al. 2004, Bao et al. 2009, Cohen et al. 2010, Karlberg et al.
2010). The methods are resource intensive and do not nor-
mally lead to the causal genes determining a trait when used
on their own, but they are very informative in showing which
different sets of genes are up- or down-regulated in associa-
tion with a developmental change or genetic difference.
Transcriptomic studies can be achieved using microarrays in
which RNA is hybridized to large numbers of genomic DNA
probes (Olarte et al. 2013) or expressed sequences tags
(Beritognolo et al. 2011) spotted onto solid surfaces. Rapid
advances in sequencing technology have led to approaches
such as RNA-seq, which has the advantages that it provides
estimates of the numbers of genes and quantitative data on the
abundance of transcripts. It could also lead also to the identifi-
cation of novel transcripts, as the analysis is not restricted to
the genes or sequences that are represented on the arrays
(Marques et al. 2013, Wenger and Galliot 2013). We are now
conducting transcriptomic and metabolomic studies in willow
and are using these in combination with QTL analyses to iden-
tify (expression) e-QTLs (Snoek et al. 2012) or (metabolite)
m-QTLs (Joosen et al. 2009).

Application of in silico mining approaches

We have simultaneously been developing software and database
systems that can be used for the management and interpretation

Genetic strategies for dissecting complex traits 9

of data from genetics and genomics experiments of willow. For
capturing phenotypic data from the field experiments, we have
used the InterStore system (Love et al. 2012), while Ondex
(Kohler et al. 2006) has been developed as an open source soft-
ware framework for integrating biological data. Of particular use
has been a recently developed user-friendly web interface to an
Ondex application which was tuned for mining QTL and other
genetic intervals for functional candidate genes using semantic
data retrieval methods. This has been particularly well developed
in an application called QTLNetMiner (http://ondex.rothamsted.
ac.uk/QTLNetMinerPoplar), which supports the selection and pri-
oritization of functional candidate genes under QTL intervals in
the poplar genome. An example of the output generated is pro-
vided in Figure 3. Here, a QTL interval implicated in maximum
plant height in the K8 mapping population at Rothamsted in
2008 (Table 2) was interrogated using ‘plant height’ as a key-
word search and was limited to the genomic coordinates defined
by sequence-based QTL flanking markers. Analysis of the current
knowledge database highlighted a single gene in the interval as
being linked to the search term. The network generated indicates
that poplar gene POPTR_0008s00970 encodes a protein that is
highly homologous to Arabidopsis protein PEPR1 (encoded by
AT1G73080), which is known to interact with BAK1 (from
AT4G33430), a rice homologue of which (OsBAK1) is known to
influence architecture, including plant height, in engineered rice
plants (Li et al. 2009). We have used this approach to identify
candidate genes for screening in association mapping and down-
stream functional studies.

Validation of candidate genes

As mentioned earlier, a disadvantage of willow is that it cur-
rently lacks a robust transformation technology and there is no
direct way of validating that candidates are the causal genes
associated with a trait. However, the function of willow alleles
can often be assessed in Arabidopsis or poplar transgenics.

We have not yet transformed poplar with willow genes—
although if the target gene is present in poplar, RNAi could be
used to knock-down the corresponding poplar orthologue.
Conversely, over-expression studies may be informative in
some instances. Knowledge can also be gained from trans-
genic poplars that have already been generated. An advantage
of Arabidopsis is that transformation requires much less time
compared with poplar and an extensive stock centre of mutant
lines exists. Thus, lines that lack the gene of interest may
already have been identified, which enables willow genes to be
tested in a null background for the gene concerned. Additionally,
a huge body of knowledge exists in Arabidopsis on fundamen-
tal processes associated with growth and development. In col-
laboration with the Leyser group in the UK, we have successfully
transferred knowledge and methodologies from Arabidopsis to
investigate the possible role of MAX genes in coppicing
response and shoot branching in willow.
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Figure 3. A QTLNetMiner-derived network highlighting poplar gene POPTR_0008s00970 as a candidate gene within a willow plant height QTL.

For further explanation, see text.

Coppicing response is fundamental to the success of SRC as a
biomass production system. Although variation in the extent of
sprouting from cut stools is well known (Sennerby-Forsse and
Zsuffa 1995), the genetic regulation of this response has not
been identified. The More AXillary growth (MAX) genes are con-
served among most plant species and were of interest to us in this
context due to their potential role in branching. Genetic mapping
revealed some association of MAX loci with shoot and yield QTL in
willow, which is currently the study of further investigation (Table
2; positions denoted as yield QTL on linkage groups VIc and XIV).
Regrowth after stem cutback in willow occurs in response to the
removal of apical dominance, which has extensively been studied
in Arabidopsis. Assays developed to study the control of bud acti-
vation and apical dominance in Arabidopsis were transferred to
willow axillary meristems in order to assess the degree of similar-
ity of willow responses with the known hormonal regulatory sys-
tem in Arabidopsis (Ward et al. 2013). Despite the difference
between these two plants, bud hormone responses were found to
be very similar. The Arabidopsis bio-assay was then used for test-
ing the function of different MAX alleles cloned from willow in
Arabidopsis null lines lacking the corresponding MAX genes. The
approach was highly successful and revealed allelic differences in
willow strigolactone genes (Ward et al. 2013). We are now testing
other candidates in this way.

Using genetics to refine the key target traits

Of the main routes, referred to earlier, that could be used to
identify genomic regions influencing traits, our experience of the

most effective strategy in willow has, until now, been to integrate
knowledge from phenotyping of genetic mapping populations in
field trials to identify key component traits that contribute to use-
ful variation, and the developmental stages that are most critical
to them, and then plug in the appropriate ‘omic’ technologies to
identify the regulatory genes and markers for breeding (Karp
et al. 2013). This is an iterative process in which QTL mapping
can be a helpful tool in itself, enabling the co-location of more
refined components traits to be investigated (see Table 2 where
co-locating QTL are shown using equivalent superscript letters)
and/or the mapping of new traits identified by more in depth
physiological studies relative to known QTL. In addition, process-
based crop models can increase the selection of improved phe-
notypes by identifying key component traits on the basis of their
relative importance within the system.

A refined understanding of the key component trait to focus
on can be critical to achieving successful outcomes, particu-
larly in unravelling the genetic regulators of complex traits that
are influenced by many variables. Examples have already been
referred to earlier in discussing the advantages of mapping
multiple traits in the same population, and across populations,
as a means of dissecting complex traits into more defined
components that have higher heritabilities for molecular breed-
ing and gene discovery.

Canopy architecture is another complex trait in willow, which is
highly variable. Willows show variations in sub-component traits
such as leaf shape, leaf area, specific leaf area and leaf area index
(LAI). Willow varieties selected for high biomass yield can have
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quite different canopy architecture, suggesting that willows are
able to achieve high yield through different growth strategies. To
date results have not revealed any correlation between leaf area
and yield. Process-based modelling has confirmed that the key
parameters are the total leaf area (or total green area) of the plant
and what has been referred to as the ‘clumping index’ (Cerasuolo
et al. 2013). Efficient light penetration through the canopy can be
achieved for willows with large LA, if leaves also show a high
degree of clumping. These results provide guidelines with which
to assess canopy structures associated with different stem num-
bers and refined targets for breeding (Cerasuolo et al. 2013).
Another complex trait in willows of relevance to biofuels and
industrial products is sugar release from the biomass. In order to
identify the genes affecting this trait saccharification potential
was assessed in a subset of K8 and several QTL were mapped
(Brereton et al. 2010). Subsequently, QTL were mapped, also in
K8, for a range of composition traits, including percentage lignin,
xylan, glucan and mannan, etc. (N. J. B. Brereton, unpublished
results). However, this variation did not correlate in any meaning-
ful way with a variation in saccharification potential, nor did a
variation in stem biomass or growth traits, despite the extensive
number of total traits that were studied. Reaction wood (RW)
was then investigated as a possible factor. Reaction wood is a
fundamental response of trees to environmental and gravita-
tional stimuli. In angiosperm trees, it is characterized by tension
wood (TW), formed on the upper side of the stem, and opposite
wood (OW) on the lower side. In willows, as in many other spe-
cies, TW fibres may develop an inner gelatinous layer (G-fibres)
that is cellulose-rich. The molecular pathways that control RW
formation are little understood (Felton and Sundberg 2013), but
it has been demonstrated that sugars can be more easily
extracted from isolated TW compared with normal or OW
(Munoz et al. 2011). As part of the BSBEC programme, we also
established a beneficial saccharification effect associated with
willow TW (Brereton et al. 2011). We then demonstrated that
glucose release differed among the RW-induced plants, and this
variation was found to be strongly correlated with the glucose
release of mature field-grown trees. No such correlation was
found for sugar release from the controls in this study, in which
RW was not induced. The results suggest that genotypic differ-
ences in RW response may be a primary determinant of the
variation observed in sugar release from willow biomass
(Brereton et al. 2012). RNA-Seq is now being used to generate
global transcriptome profiles for TW, OW and normal wood in
two willow genotypes that differ in their response to RW induc-
tion to identify the genetic basis of the differences in response.

Future perspectives

Our Institute has been involved in willow research since 1922,
originally at the LARS site and then later at RRes. The genetic
improvement programme began in earnest in 1990, at a time
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when RFLPs and RAPDs were popular marker technologies, fol-
lowed by AFLPs and SSRs and then SNPs, to mention but a few
of the many marker technologies available at the time (Karp
etal. 1997, 2013). Over the years, different methods of detect-
ing DNA polymorphisms with increasing genome coverage, and
of investigating the expression of genes in more global ways,
have enabled new options for genetic analyses to be exploited.
Using these advances, in a combination of genetic-based
approaches, significant progress has been made in dissecting
complex traits and in identifying genes that play key roles.

The approaches we have used and have described here for
willow have a strong basis in the use of direct genetic
approaches, based on both linkage and association genetic
analyses, because reverse genetics has not been available in
Salix. In this respect, the strategies have been different from
those used in many other trees, where more emphasis has been
given to exploiting the benefits of transformation. It could be
argued that as a result of transformation being available the
development of equivalent extensive genetic resources (such as
the large K& willow mapping population, established in 2002)
occurred later for many trees species, including poplar. As new
methods for obtaining genome-wide polymorphisms have
become available, so more emphasis has been given to the col-
lection and assembly of large populations for direct genetic
approaches in a wide number of tree species particularly natural
populations for genome-wide association studies (see below).

Among the biggest technological advances of recent years,
now to be embraced, are those associated with genome
sequencing, which not only have had massive impact on
approaches for gene discovery but have also opened up oppor-
tunities to re-think strategies for genetic improvement and
breeding (Harfouche et al. 2012). While existing sequencing
technologies continue to evolve, and new ones emerge, the
development of two, widely adopted high-throughput next-gen-
eration sequencing (NGS) pipelines by lllumina (Bentley et al.
2008) and 454 Life Sciences (Margulies et al. 2005) has per-
haps been of particular significance in recent years. These latter
technologies differ in output, costs and error rates, all of which
have to be considered (Luo et al. 2012). Ways of using both to
achieve the best of both worlds have been described (Wenger
and Galliot 2013).

Next generation sequencing has revolutionized approaches
to genome analysis by enabling strategies aimed at detecting all
the genetic variation present to be pursued, for example, by the
re-sequencing of entire genomes of specific genotypes and/or
re-sequencing of specific genes or genomic regions in huge
numbers of individuals (Harfouche et al. 2012). For these rea-
sons we have now established NGS technologies at RRes.

Faster and cheaper sequencing has led to the development of
many new approaches to mapping and genotyping. In genome-
wide association studies, essentially large numbers of individu-
als are screened at very large numbers of loci for as many
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phenotypes as possible, to detect associations between loci and
specific phenotypes. Genome-wide association studies add con-
siderable power to both linkage genetics and association genet-
ics, as the highly dense genome coverage increases the chance
of associations being detected and of new targets being identi-
fied for marker-assisted selection. However, some fine mapping
is usually needed and validation through functional testing is still
required. Moreover, even if association genetics, rather than link-
age genetics is used, the approach is still limited by the strength
of linkage disequilibrium between marker and locus (causing the
phenotype) and by the range of alleles, and their frequencies, in
the study population(s). Interesting variation present at very low
frequency in the wider gene pool can be difficult to detect unless
vary large populations, with rare as well as common alleles, and
very large numbers of markers are used. These limitations
restrict the value of these approaches to breeding where being
able to capture and select for rare variation can be important
(Harfouche et al. 2012).

An elegant approach in which NGS and reverse genetics
were used in combination to capture rare defective alleles to
accelerate breeding was described recently by Vanholme et al.
(2013). A rare defective allele in lignin biosynthesis was identi-
fied by NGS in a natural population of Populus nigra. The mutant
allele had a premature stop codon in the gene encoding
hydroxycinnamoyl-CoA : shikimate hydroxycinnamoyl transfer-
asel (HCT1). These authors characterized the mutant pheno-
types by expressing HCT1 heterologously and also made
crosses to introduce the mutation in different genetic back-
grounds. Trees homozygous for the recessive allele had a
modified lignin composition characterized by a 17-fold increase
in p-hydroxyphenyl units. The proposed breeding strategy,
called ‘Breeding with Rare Defective Alleles’, should be widely
applicable, independent of the target gene or the species, and
could be a very powerful approach to use in willow.

Another method for accelerating breeding that has received
much attention recently is genomic selection (Grattapaglia and
Resende 2011). In this approach, a ‘training population’ is estab-
lished in which all loci that regulate a phenotype are in linkage
disequilibrium with at least one marker. The data from intensively
phenotyping and genotyping the training population are used to
develop a prediction model which is then used to predict the
genomic breeding value of progeny in future generations. The
genomic breeding value is essentially calculated by multiplying
the number of alleles at all markers and their effect on the phe-
notype estimated using various regression-based statistical
methods. It has been argued that based on these prediction
models, genomic selection could be used to select superior gen-
otypes early in the breeding process more effectively than
marker-assisted selection and could considerably reduce the
length of time required for completing a cycle of genetic improve-
ment (Grattapaglia and Resende 2011, Harfouche et al. 2012).
Success with genomic selection still has to be demonstrated in

practise, but the approach has much attraction for the future
breeding of willows. However, the success of using genomic
selection (for all tree species) will depend on how the training
population is constructed. This, in turn, requires good prior
knowledge of the genetic systems (and consequent genetic vari-
ation) of the species and the populations that could be used, on
the quality of the phenotypic data that are collected and on the
rigour of the statistical methods deployed.

Concluding remarks

Exciting, but challenging, times lie ahead for those who wish to
be successful in genetic improvement strategies beyond the
exploration of the technological options themselves to the deliv-
ery phase in which improved varieties sustain their expected
performance in a wide range of environments. The advance-
ments in technologies have massively increased the power to
detect polymorphisms at the DNA or transcript level and to gen-
erate vast quantities of data. Quantitative statistics and bioinfor-
matics need to catch up with the flood of new data being
generated. However, in our view, it is genetics that is still at the
crux of how these advances can be most effectively utilized and
the area where investment is still needed is in the creation of
new long-term genetic resources that provide intensive pheno-
typing platforms in a wide range of environments and enable
the correct trait-DNA polymorphism information to be obtained.
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