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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES 

Centre for Biological Sciences 

Thesis for the degree of Doctor of Philosophy 

ELUCIDATING THE GENETIC BASIS OF BIOMASS YIELD, LEAF DEVELOPMENT AND 

DROUGHT TOLERANCE TRAITS IN POPULUS NIGRA 

Mike Robert Allwright 

In the face of global climate change and the need to urgently transition from fossil fuels to a low 

carbon economy, bioenergy derived from plant biomass has the potential to provide a diverse 

range of renewable and sustainable solid and liquid fuels. Second generation (2G) lignocellulosics 

are dedicated bioenergy crops; ideally cultivated on marginal lands with minimal agricultural 

inputs or competition with food production. The model tree poplar is a fast growing, genetically 

diverse and widespread hardwood and has great potential for commercial development as a 

feedstock for cellulosic biorefineries. At this time however, lignocellulosics such as poplar have 

not received the same research and breeding effort as many food crops. Chapter 2 of this work 

demonstrates that a substantial yield gap exists for 2G bioenergy crops, which will hamper 

commercialisation. This yield gap may be closed through sustainable intensification and advanced, 

molecular breeding techniques offer the potential to increase the efficiency and timeliness of this 

improvement process. These advanced breeding techniques require an understanding of the 

genetic basis of traits of interest. To this end Chapters 3 and 4 are centred on a natural, wide 

population of Populus nigra Linnaeus (black poplar) genotypes, drawn from across the western 

European range of this species. This highly diverse population has been cultivated under short 

rotation coppice (SRC) in two field trials in the UK and Italy and phenotyped for important 

bioenergy traits related to biomass yield, wood quality, leaf development and drought tolerance. 

The population has also been genotyped; firstly using an Illumina 12K BeadChip array and 

secondly with targeted, sequence capture genotyping by sequencing (GBS) of the annotated gene 

space. These single nucleotide polymorphisms (SNPs) have been employed to analyse the 

population genetic structure of European P. nigra and in genome wide association genetics; 

identifying trait-marker associations and candidate genes for quantified phenotypes. These data 

will be valuable for the molecular breeding and commercialisation of bioenergy poplar.  
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Chapter 1: General Introduction 

1.1 Overview 

In the face of global climate change there is an urgent need for the identification, development 

and deployment of sustainable energy resources to reduce and ultimately eliminate global 

dependency on high-carbon and non-renewable fossil fuels. Bioenergy from plant biomass is one 

such resource with the potential to supply feedstocks suitable for heat, power and electricity 

generation; liquid fuels for transport; syngas; bio-based plastics and chemicals and animal 

bedding. Populus (poplar) has significant scientific, environmental and commercial importance 

both for research purposes, owing to the adoption of poplar as a model tree and extensive use for 

the study of tree biology and biochemistry, and for bioenergy. This introduction outlines the 

current state of play for bioenergy and second generation (2G) biofuels with particular focus on 

progress and opportunities in poplar. Poplar may be cultivated under both short rotation coppice 

(SRC) and short rotation forestry (SRF) and this review examines the credentials of this tree as a 

renewable source of high quality, lignocellulosic feedstock for biochemical conversion to ethanol; 

as a provider of competitive biomass yields in temperate environments and as an environmentally 

and energetically sustainable bioenergy tree. This includes a discussion of genetic and genomic 

resources and findings in poplar, many of which have sought to elucidate the basis of traits that 

are relevant to bioenergy; including biomass production, wood quality, disease resistance, 

resource-use efficiency and drought tolerance. Such studies provide a platform for both 

traditional selection and advanced molecular breeding for the genetic improvement and 

sustainable intensification of this species; as researchers and breeders seek to produce high 

yielding, low-input pedigrees adaptable to different and changing climates.  

1.2 The History of Poplar as a Model Tree 

Trees of the genus Populus (commonly known as poplars, aspens or cottonwoods) are forest 

angiosperms (hardwoods), widespread throughout the northern hemisphere; with around 30 

separate species (comprising six distinct sections) residing under a range of environmental 

conditions (Eckenwalder, 1996). Poplars have been widely used for research purposes for several 

decades; the species (or hybrids thereof) most commonly utilised being P. deltoides, P. 

trichocarpa (Bradshaw and Stettler, 1993), P. nigra (Arens et al. 1998; van der Schoot et al. 2000), 

P. alba (Fillatti et al. 1987), P. balsamifera, P. maximowiczii (Riemenschneider et al. 2001),  P. 

tremula and P. tremuloides (Sterky et al. 1998). The adoption of poplar as a model tree reflects 
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the physiology, genomics, propagation and international significance of these species and has 

been extensively reviewed elsewhere  (Taylor, 2002; Jansson and Douglas, 2007) however, a brief 

synopsis of the suitability of poplar for the role is provided below.  

The adoption of Arabidopsis thaliana as a model plant was based upon the short generation time, 

wide distribution and availability, small size, small and extensively mapped and sequenced 

genome (Cao et al. 2011) and ready  transformation (Meinke et al. 1998) of this species; these 

traits being invaluable for model organisms in general. The usefulness of A. thaliana was 

restricted however, in the study of tree species, due to the latter’s long life spans; slowness to 

flower; environmentally regulated phenology and, perhaps most importantly, production of 

lignified, secondary cell walls that confer the structural strength and stability needed to reach 

significant heights (Taylor, 2002). Poplar is relatively fast growing (Zsuffa et al. 1996) with an 

extensive geographical distribution. It was shown to be transformable by Agrobacterium to 

produce genetically modified individuals; stably expressing a recombinant DNA construct (Fillatti 

et al. 1987). Furthermore; at around 550 Mbp poplars were found to possess a strikingly small 

genome for a tree species (Bradshaw and Stettler, 1993); only four times the size of that of A. 

thaliana and a nearly identical physical/genetic distance ratio of 200kb/cM; making them very 

suitable for positional cloning (Bradshaw et al. 2000). Aided by the uniform chromosome number 

of all species (2n = 38); poplars cross-breed readily to produce largely fertile interspecific hybrids 

(Stettler, 1980). Poplar hybrids were also known to frequently demonstrate heterosis or hybrid 

vigour (Heilman and Stettler, 1985). Early genetics studies demonstrated that poplars show a high 

degree of genetic polymorphism (van der Schoot et al. 2000; Cole, 2005) and the significant level 

of genetic variation between species ensures that such hybrids show notable trait segregation in 

the F2 generation; an important quality for effective genome mapping (Bradshaw et al. 1994). 

Their readiness to propagate vegetatively (Bradshaw, 1996) rendered them ideal for the 

production of standardised, comparable populations for phenotypic assessment and unlimited 

biological replicates of genotypes of interest (Bradshaw et al. 1994; Bradshaw and Stettler, 1995). 

These properties enabled the construction of the first genetic linkage map for Populus by 

Bradshaw et al. (1994) covering 50% of the genome using RAPD, STS and RFLP markers in a three 

generation mapping pedigree; the F1 generation being produced by the interspecific hybridisation 

of a P. trichocarpa (black cottonwood) female and a P. deltoides (eastern cottonwood) male. The 

inbred (to the maximal degree tolerated by poplar’s dioecious outbreeding system) F2  generation 

became known as family 331 and has been a highly utilised research family throughout the past 

two decades; especially for quantitative trait loci (QTL) mapping and verification (Wu et al. 1997; 

Frewen et al. 2000; Wullschleger et al. 2005; Rae et al, 2007, 2009). (Table 1.1 provides a 

summary of the currently available mapping pedigrees for Populus.) Denser genetic linkage maps 
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for several Populus species were subsequently produced (Cervera et al. 2001; Yin et al. 2002) and 

are useful for genomics studies; QTL identification and consensus mapping which may be valuable 

in marker assisted selection (MAS) (Wang et al. 2011). Poplar was the first forest tree to be fully 

sequenced and the publication of the entire P. trichocarpa genome (Tuskan et al. 2006) was vital 

for the final acceptance of poplar as a true model organism and for subsequent mapping, 

comparative genomic (Wang et al. 2011) and phylogenetic studies (Jansson and Douglas, 2007; 

Ismail et al. 2012). Sequencing also revealed that the Populus genome had undergone three 

whole genome duplication events; the first and second of which were shared with A. thaliana 

(Tuskan et al. 2006; Ranjan et al. 2010). The Populus Genome Interactive Explorer (PopGenIE), 

designed by Sjödin et al. (2009), increased accessibility to the Populus genome by providing an 

integrated tool set for exploring genetic and genomic data and sits alongside several tools that 

enable the researcher to take benefit from the genetic and genomic resources available in 

Populus (Table 1.2).  

Poplar’s rapid growth; extensive geographical and environmental range; wide genetic diversity; 

ready transformation and ultimate adoption as a model tree (Brunner et al. 2004) bestow it with 

great potential as a commercial crop. Industrial plantations and poplar breeding programmes for 

the enhancement of desirable traits exist in a number of countries where poplar wood may be 

used in the manufacture of paper and plywood and as a construction material (International 

Poplar Commission 2012). Perhaps most significantly however; poplar became considered an 

attractive prospect as a bioenergy tree; a source of lignocellulosic biomass for 2G bioethanol 

production (Gray et al. 2006; Sannigrahi et al. 2010). 
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Table 1.1: Available Mapping Pedigrees for Populus  

Name Pedigree Origin, F Map Density Key Traits Mapped 
Family 331; 
POP1  

P. trichocarpa ‘93-
968’ (F) x P. 
deltoides ‘ILL-129’ 
(M)   

USA, F2 343 markers 
(Bradshaw Jr et al. 
1994); 183 markers, 
8cM per marker Rae 
et al. 2007); 1138 
markers, 2.1cM per 
marker – consensus 
map with Family 13 
(Yin et al. 2008) 

Leaf morphology and 
development, (Wu et al. 1997); 
bud flush and bud set, (Frewen et 
al. 2000); CO2 response (Ferris et 
al. 2002;  Rae et al. 2006); 
biomass distribution, 
(Wullschleger et al. 2005); stem 
traits, total biomass, (Rae et al. 
2007); sex determination, 
consensus mapping (Yin et al. 
2008); ozone response (Street et 
al. 2011); biomass productivity 
under contrasting environments 
(Muchero et al. 2013); insect 
association (DeWoody et al. 
2013); water use efficiency (Viger 
et al. 2013) 

POP2 P. deltoides 
‘73028-62’ (F) x P. 
trichocarpa ‘101-
74’ (M)  

France, F1 P. deltoides -16.3 ± 
9.4 cM per marker; P. 
trichocarpa –  
17.6 ± 9.7 cM per 
marker  (Jorge, et al. 
2005) 

Leaf rust resistance (Jorge et al. 
2005); ectomycorrhizal symbiosis 
(Labbé et al. 2011); biomass 
productivity, architecture and 
water-use efficiency (Monclus et 
al. 2012)   

POP3a P. deltoides ‘S9-2’ 
(F) x P. nigra ‘Ghoy’ 
(M)  

Belgium, F1 P. deltoides – 566 
markers; P. nigra – 
369 markers (Cervera 
et al. 2001) 

Growth and sylleptic branching 
(Marron et al. 2006); leaf 
structural and growth traits 
(Marron et al. 2007); biomass 
productivity (Dillen et al. 2009) 

POP3b P. deltoides ‘S9-2’ 
(F) x P. trichocarpa 
‘V24’ (M)  

Belgium, F1   P. deltoides – 566 
markers; P. 
trichocarpa – 339 
markers (Cervera et 
al. 2001) 

Growth and sylleptic branching 
(Marron et al. 2006); leaf 
structural and growth traits 
(Marron et al. 2007); biomass 
productivity (Dillen et al. 2009) 

POP4 P. alba ‘14P11’ (F) 
x P. alba ‘6K3’ (M)  

Italy, F1  Sex determination (Paolucci et al. 
2010) 

POP5 P. nigra ’58-861’ 
(F) x P. nigra ‘Poli’ 
(M)  

Italy, F1 368 markers (F); 317 
markers (M) (Gaudet 
et al. 2008) 

Sex determination (Paolucci et al. 
2010); growth cessation 
(seasonal phenology) and bud set 
(Fabbrini et al. 2012) 

POP31 P. trichocarpa x P. 
deltoides 

Belgium, F1 

 
  

POP32 P. trichocarpa x P. 
deltoides 

Belgium, F1   

Family 13 [P. trichocarpa ’93-
968’ x P. deltoides 
‘ILL-101’] ’52-225’ 
(F) x P. deltoides 
‘D109’ (M) 

USA, F2 556 markers, 20cM 
per marker  (Yin et al. 
2004); 1138 markers, 
2.1cM per marker – 
consensus map with 
Family 331 (Yin et al. 
2008) 

Biomass distribution, 
(Wullschleger et al. 2005); sex 
determination and consensus 
mapping (Yin et al. 2008); cell 
wall traits (Ranjan et al. 2010) 

Family 545 P. trichocarpa 
‘Nisqually-1’ (F) x 
P. deltoides ‘ILL-
101’ (M)  

USA, F1  Sex determination and consensus 
mapping (Yin et al. 2008)    

Family 822 P. trichocarpa ’93-
968’ (F) x P. 

USA, F2 279 markers, P. 
trichocarpa – 13.6 

Bud flush and bud set (Frewen et 
al. 2000) 
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deltoides ‘S7C4’ 
(M)  

cM per marker; P. 
deltoides – 12.3 cM 
per marker (Frewen 
et al. 2000)  

- P. tremula ‘Brauna 
11’ (F) x P. 
tremuloides 
‘Turesson 141’ (M)  

Germany, 
F1 

P. tremula – 344 
markers; P. 
tremuloides – 385 
markers (Pakull et al. 
2009) 

Sex determination (Pakull et al. 
2009) 

- P. adenopoda (F) x 
P. alba (M) 

China, F1 P. adenopoda – 140 
markers, 20.5cM per 
marker; P. alba – 175 
markers, 20.2 cM per 
marker (Wang et al. 
2011) 

Comparative genome mapping 
(Wang et al. 2011)  

- P. deltoides ‘I-69’ 
(F) x P. 
euramericana (P. 
deltoides x P. 
nigra) ‘I-45’ (M)  

USA / Italy, 
F1  

P. deltoides – 329 
markers, 7.5cM per 
marker; P. 
euramericana – 300 
markers, 8.9cM per 
marker (Yin et al. 
2002; Zhang et al. 
2009) 

Sex determination and consensus 
mapping (Yin et al. 2008); root 
growth trajectories and 
adventitious rooting (Zhang et al. 
2009) 

Family BCN P. angustifolia 
(clone996) (F) x 
natural hybrid 
(clone WSU-6) a P. 
fremontii x P. 
angustifolia (M)    

USA, F1  Sex determination and consensus 
mapping (Yin et al. 2008) 
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Table 1.2: Available Genetic and Genomic Resources for Poplar 

Resource Description  Released / Published  
P. trichocarpa 
full genome 

sequence 

Full genome sequence to 7.5x depth using 
Sanger sequencing. 
 
 

Published by Tuskan et al. (2006); most 
recent version available at Phytozome. 
www.phytozome.net/poplar 

Genotyping 
SNP chip for P. 

trichocarpa 

Illumina Infinium 34K array using high-
throughput next generation sequencing (NGS) 
data to identify SNPs in 3543 candidate genes 
for association genetics applications. 

(Geraldes et al. 2013)  
 
 

Genotyping 
SNP chip for P. 

nigra 

Illumina Infinium II 12K BeadChip array using 
NGS data to identify SNPs in candidate gene 
and QTL regions for association genetics 
applications. 

(Faivre-Rampant et al. 2016) 

MapMan ‘A user-driven tool that displays large datasets 
(e.g. gene expression data from Affymetrix 
arrays) onto diagrams of metabolic pathways or 
other processes.’ 

From the laboratory of Mark Stitt 
(Thimm et al. 2004)  
 
www.mapman.gabipd.org  

PopGenIE Populus Genome Interactive Explorer – 
provides an integrated tool set for exploring 
genetic and genomic data. 

(Sjödin et al. 2009) 
 
www.popgenie.org  

Evoltree 
Databases 

Centralised ‘eLab’ allows queries to be defined 
against all partner’s distributed data sources. 
Tools include a BLAST service for sequence 
comparison between project species (including 
Populus); SSR and SNP marker databases; a 
DNA repository centre and ‘PopulusMap’; 
designed for the management of genotypic and 
phenotypic data used for construction of 
genetic maps and QTL detection. 

Launched in April, 2006; extended under 
the European Forest Institute’s (EFI) 
network in January, 2011.  
 
www.evoltree.eu/index.php/databases  

Expressolog 
Tree Viewer 

Allows identification of homologous genes in 
seven species namely: A. thaliana, soybean, M. 
truncatula, barley, maize, rice and Populus. 
Ranks genes by similarity of both sequence and 
expression profile. 

(Patel et al. 2012) 
 
www.bar.utoronto.ca/expressolog/ 
treeviewer_v2    

TreeTFDB Houses the transcription factor repertoires of 6 
economically important tree species: Jatropha 
curcas, papaya, cassava, poplar, castor bean 
and grapevine. ‘Aimed at integrating 
knowledge on the TFs of sequenced industrially 
important tree members, and providing public 
resource for transfactoromics and comparative 
genomics of TFs of tree species, model plants 
and other organisms.’ 

(Mochida et al. 2013)  
 
www.treetfdb.bmep.riken.jp/index.pl   

POParray Populus transcriptomics profiling platform for 
whole-genome microarray analysis. 

(Tsai et al. 2011)  
www.aspendb.uga.edu/poparray  

STPD The Salinity Tolerant Poplar Database (STPD) is 
an integrative database for salt-tolerant poplar 
genome biology.    

(Ma et al. 2015) 
http://me.lzu.edu.cn/stpd/  
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1.3 Introduction to Bioenergy 

1.3.1 Energy and Global Climate Change 

The expanding human population has extensive and increasing energy needs thanks to population 

and economic growth; especially in developing nations (U.S. Energy Information Administration, 

2011). This trend is highlighted by the 2015 Key World Energy Statistics (International Energy 

Agency 2015) which show total world energy consumption increasing between 1973 and 2013 

from 4667 to 9301 Mtoe (million tonnes of oil equivalent) with predictions that under a likely 

‘New Policies’ scenario world consumption by 2040 will stand at 12,487 Mtoe. This prediction of 

increased energy consumption is set against a backdrop of growing concern regarding 

anthropogenic global warming and climate change as a result of the excavation and combustion 

of fossil fuels; liberating huge quantities of the greenhouse gas (GHG) CO2 from long term carbon 

sinks (Hansen et al. 1981; Raupach et al. 2007; New et al. 2011). Worryingly, the ‘New Policies’ 

scenario above would see annual CO2 emissions rise from 32,190 to 38,037 Mt y-1 by 2040; almost 

double the 19,300 Mt y-1 permissible under the ‘450 Scenario’ in which atmospheric CO2 

concentration is restricted to 450 ppm (parts per million) and global average temperature 

increases are restricted to 2˚C (International Energy Agency 2015). Both unilateral and 

international treaties and energy policies have been initiated to try to reduce global greenhouse 

gas emissions which also include methane and nitrous oxides. Examples include the UK’s ‘Climate 

Change Act’ (HMSO, 2008) and the EU’s commitment to reduce CO2 emissions by 20% by 2020 

(European Parliament, 2009a). More recently the United Nations COP21 climate talks resulted in 

an international agreement to restrict global climate change to, “well below”, 2˚C; albeit with 

limited legal mechanisms for enforcement (United Nations 2015). At this time however coal, oil 

and natural gas remain the main sources of energy for heat, power and transport. This is troubling 

since modelling from McGlade and Ekins, (2015) suggests that 80% of coal, 50% of gas and 33% of 

known oil reserves must remain unburnt to be consistent with restricting global warming even to 

2˚C. Even if there were no environmental concerns regarding our continuing dependency on these 

fuels it is also apparent that known, available stocks will be depleted in the not-so-distant future, 

possibly within a generation (Maggio and Cacciola 2012). Abas et al. (2015) predict that 2017 will 

mark peak oil with peak gas in 2025 and peak coal in 2055. If GHG emissions targets are to be met 

and future energy security assured therefore, it is essential that renewable and sustainable 

alternative energy sources are developed and utilised on a global scale; a view supported by the 

Intergovernmental Panel on Climate Change’s (IPCC) special report on renewable energy sources 

and climate change mitigation (IPCC 2012).  
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1.3.2 Liquid Biofuels for Transport 

One area in which a promising alternative to an established fossil fuel is presenting itself is 

transport fuel; where currently petroleum-based, liquid fuels dominate. In contrast to electricity 

and heat, few alternatives that use current infrastructure are available to replace fossil fuels other 

than liquid biofuels. This is particularly true for aviation and heavy goods vehicles where 

electrification is likely to prove challenging (Kivits et al. 2010; Smith, 2010). Biofuels are produced 

from biomass; utilising either thermochemical or biochemical conversion technologies to produce 

combustible gases (biogas), simple alcohols (e.g. bioethanol) or heavier hydrocarbons (biodiesel / 

bio-oils). This general introduction will focus primarily on biochemical conversion to bioethanol; a 

relatively mature technology which uses microorganisms or enzyme mixes to release fermentable 

sugars from biomass followed by fermentation to ethanol by specialised yeasts (Slade et al. 2010). 

Biofuels can be blended with petroleum or used alone by present-day vehicles (Cansino et al. 

2012) and stored and transported by existing infrastructure (Strogen and Horvath 2013). This has 

allowed for the displacement of oil in the transport sector to already begin; albeit primarily with 

first generation (1G) biofuels (Chum and Warner 2014; Souza and Seabra 2014). It is hoped that 

biofuels will provide a renewable and environmentally sustainable alternative to petroleum since; 

by operating within the short-term carbon cycle from cultivation to combustion (Figure 1.1); they 

have the potential to achieve a significant carbon emission saving relative to conventional fossil 

fuels (Mathews 2008; Rose et al. 2014; Puigjaner et al. 2015). Researchers have cautioned 

however, that the magnitude of this benefit is dependent upon the crop under cultivation and the 

land use change undertaken (Don et al. 2012; Smith and Searchinger 2012; Youngs and Somerville 

2014). Appropriate bioenergy crops should be selected for the climatic and environmental 

conditions of a given region; allowing more localised fuel production (Daianova et al. 2012) and 

thus reducing import and transport costs and providing domestic, as well as international, energy 

security. 

1.3.3 First Generation Biofuels  

The vast majority of liquid biofuel production is currently from 1G sources, i.e. the oils, starch or 

sugars for conversion are extracted from food crops (REN21 2015). Soy beans can be utilised for 

biodiesel (Souza and Seabra 2014) and Brazil has built a strong bioethanol industry extracting 

fermentable sugars from sugarcane (Moreira et al. 2014). The largest biofuel programme in the 

world however, is the USA’s use of corn-derived starch as a bioethanol feedstock (Wallington et 

al. 2012). The technology for the cost-effective hydrolysis of uncooked starch to glucose has been 

established for some years (Shetty et al. 2005; Gray et al. 2006; Sánchez and Cardona, 2008) and 
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in 2015 production reached 14.7 billion gallons with a majority of US petrol blended with at least 

10% ethanol (Renewable Fuels Association 2016). 

 

Figure 1.1: Major sources of greenhouse gas (GHG) emissions and energy costs in a typical 

bioethanol fuel chain from ‘cradle to farm-gate to plant’. Reviews by Whitaker et al. (2010) 

and Djomo et al. (2011) discuss the energy and GHG emissions balance of bioenergy fuel 

chains from cultivation to conversion and a graphic summary of such is provided in this 

figure. Processes or products which result in direct or indirect GHG emissions are highlighted 

in red and those which act to sequester carbon or offset such emissions are highlighted in 

green. Both reviews single out fertilisation (primarily due to the costs associated with its 

production) as a major source of emissions along with harvest (Djomo et al. 2011), emissions 

from the field and the fuel conversion process (Whitaker et al. 2010). There is evidence that 

land-use transitions to SRC and perennial energy grasses such as miscanthus can increase C-

sequestration in soils (Clifton-Brown et al. 2007; Hillier et al. 2009; Don et al. 2012) however, 

Whitaker et al. (2010) identified the greatest sources of uncertainty in biofuel LCAs related to 

soil carbon emissions and sequestration as well as the effect of land use change on soil carbon 

stocks. These issues are discussed more fully in the course of this chapter and hence 

‘belowground carbon sequestration’ is highlighted here in red and green to lay emphasis to 

the complexity of its accounting in the entirety of a fuel chain. 

1G biofuels have been widely criticised with respect to their environmental impact, energy 

efficiency and effect on global food prices. High energy food crops such as corn require a high 

input of water, fertilisers and pesticides. Nitrogenous fertilisers can impact the local environment 

through leaching and eutrophication of local water sources (Erisman et al. 2013) and result in the 

release of nitrous oxide; itself a greenhouse gas (Smith et al. 2012). Pesticides reduce the diversity 
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of insect life and hence cause a reduction in the numbers of birds and other higher consumers 

(Goulson 2014). High input, monoculture farming also results in a loss of biodiversity due to the 

habitat loss associated with intensification (Phalan et al. 2011; Stoate et al. 2001). There is also a 

risk of imposing water stress on habitats surrounding heavily irrigated corn crops and corn 

ethanol production plants (Yang et al. 2012).  

To be considered truly viable biofuels must have a positive net energy balance (NEB) i.e., ‘biofuel 

energy content exceeds fossil fuel energy inputs’, and provide a reduction in GHG emissions 

relative to an equivalent fossil fuel energy source (Hill et al. 2006; Morales et al. 2015). Life cycle 

assessments (LCA) seek to account for the energy and GHG emission costs associated with the 

cultivation, conversion and combustion of a biofuel. These can be offset by the benefits of carbon 

sequestration by the growing crop and by the energy value of any by-products of the conversion 

process. The overall energy costs and GHG emissions of the biofuel can then be compared to fossil 

fuel excavation, processing and combustion to estimate its true environmental benefit. Significant 

numbers of such LCAs have been conducted and have tended to reach varying and even 

contradictory results due to the large number of variables involved. Hill et al. (2006) reported that 

corn-based bioethanol achieves a positive 25% NEB and may reduce GHG emissions by 12% by 

comparison with fossil fuels while Wang et al. (2012) suggested a more optimistic 19-48% GHG 

emissions reduction relative to petroleum. By contrast, a worldwide agricultural model used by 

Searchinger et al. (2008) for the same crop suggested that accounting for land use change there 

was a doubling of emissions over 30 years and an increase in GHGs for 167 years. Smith and 

Searchinger (2012) also suggested that LCAs suggesting an emissions benefit from crop-based 

biofuels may have been flawed if they failed to consider the question of whether biomass is 

“additional” to that which would have been cultivated regardless and underestimating N2O 

emissions from fertiliser use. A systematic review by Whitaker et al. (2010), which analysed the 

energy balance and GHG emissions data from 44 such LCAs (also see Figure 1.2), concluded that 

the main sources of uncertainty were associated with land-use change and the lack of information 

on the effect of energy crop cultivation on soil carbon sequestration. Land use change may be 

direct (LUC) for the cultivation of bioenergy crops or indirect (ILUC); to provide replacement land 

for other crops displaced by bioenergy. In either instance there is a significant, up-front release of 

GHGs as existing grassland or forest is removed; with a resultant loss in carbon sequestration 

potential (Gelfand et al. 2011). This initial release has been termed, “carbon debt”, (Fargione et al. 

2008) and estimates for the payback period (before the biofuel crop begins to provide a GHG 

emission saving) can be extremely long; ranging from 15 to 200 years for corn-ethanol (Khanna et 

al. 2011; Yang and Suh 2015). Searchinger et al. (2015) highlighted that some LCA models for GHG 

emissions claim emissions reductions by assuming that displaced food production is not replaced. 
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If true this has negative implications for food security but if false it hinders informed policy 

making on the environmental benefits of a given biofuel. The authors proposed that the best 

solution would be to increase yield on existing cropland and encourage modellers to make all such 

trade-offs transparent in their methodologies. 

 

Figure 1.2: Life Cycle GHG Emissions for First and Second Generation Bioethanol after 

Whitaker et al (2010) and Wang et al (2012). In their systematic review of 44 biofuel LCAs  

Whitaker et. al., (2010) sought to quantify GHG emissions data for 1st (sugarbeet and wheat) 

and 2nd (energy grasses and woody crops) generation bioethanol production from ‘well-to-

tank’; that is to say from crop sowing to fuel delivery to the filling station. For comparison 

Wang et al. (2012) take a modelling approach; utilising their GREET (Greenhouse gases, 

Regulated Emissions and Energy use in Transportation) model to estimate emissions for 

corn, sugarcane and cellulosic (corn stover, miscanthus and switchgrass) bioethanol from 

‘well-to-wheel’; i.e. including the end combustion of the fuel. They also include an estimate for 

gasoline GHG emissions which is included in the above figure along with an estimate for the 

solid fossil fuel coal (Frischknecht et al. 2007; Djomo et al. 2011). Emissions for each 

feedstock are presented as grams of CO2 equivalent per megajoule (MJ) of energy produced 

and data includes co-product credits awarded where applicable for by-products of the 

production process such as animal feed (sugarbeet, corn and wheat) and excess electricity 

(cellulosics). In both publications 2G cellulosic fuel chains are shown to represent a 

significant emissions saving relative to the 1st and to gasoline / coal.  
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1.3.4 Policy and Legislation 

The UK’s Climate Change Act (HMSO 2008) set a legally binding target for a 26% reduction in UK 

CO2 emissions by 2020; a 50% reduction by 2027 and an 80% reduction by 2050 based on 1990 

levels. It also created the Committee on Climate Change (CCC) and requires this body to advise on 

carbon budgets; the levels of which are to be published by the government on a five-yearly basis, 

and to report on progress made in meeting them. The CCC’s 5th carbon budget review (the 

covering the period of 2028-2032) was published in late 2015 (CCC 2015) and recommended 

setting the carbon budget for this period at 1725 MtCO2e. For comparison the first carbon budget 

for the period 2008-2012 was a far greater 3018 MtCO2e and was met (actual emissions for this 

period were 2982 MtCO2e according to the CCC’s 2014 progress report to parliament) 

representing a 12% and 28% reduction on the 2007 and 1990 levels respectively (CCC 2014).  

It is also important to consider EU regulations as the UK is a member state. The EU Biofuels and 

Renewable Energy Directive (2009/28/EC) states that members should achieve a 10% share for 

renewables in the transport sector by 2020 and that biofuels produced or imported by the EU 

must offer a 35% carbon saving compared with fossil fuels; rising to 60% by 2018 (European 

Parliament, 2009b). A more recently enacted revision to this directive forbade the cultivation of 

biofuels on high diversity land; imposed a 5% cap on the target share that may be met with 1G 

feedstocks and permitted multiple credit counting for 2G feedstocks while introducing mandatory 

ILUC reporting for fuel producers (European Commission, 2012). To assist in meeting this directive 

the UK government has established the Renewable Transport Fuel Obligation (RTFO) under which 

owners or providers of more than 450,000 litres of transport fuel per annum must obtain a 

proportionate number of Renewable Transport Fuel Certificates (RTFCs) to demonstrate policy 

compliance. RTFCs may be traded between companies with a view to ensuring an overall national 

increase in the proportion of UK transport fuel derived from renewable and sustainable sources. 

The Department for Transport (DfT) has, since 2009, published an annual report on RTFO statistics 

to track progress in meeting the 10% target share by 2020. The most recent report (2014) shows 

the UK falling short with 3.29% (1671 million litres) of renewable fuel supplied (of which 99.8% 

met sustainability requirements) when at least 4.75% was targeted by this stage (Department for 

Transport 2016).      

In the US the Energy Independence and Security Act (U.S. Congress, 2007) extended the 

Renewable Fuels Standard and mandated the blending of 36 billion gallons of bioethanol by 2022; 

also setting a minimum, relative GHG emissions saving of 20% for all new renewable fuel 

production (Powers, 2009). It is established that to achieve such an emissions reduction 

compared with fossil fuels the benefits of using land for biofuels must minimise and exceed the 
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effects of land use change. A review by Sanchez et al. (2012) emphasised the need for biofuel 

producing nations to agree a universal accounting mechanism for ILUC to ensure that their policy 

objectives for the sustainability of bioenergy programmes are met. Finkbeiner (2014) suggests 

that the robustness of ILUC impact modelling is insufficient and that policy focus should be placed 

on, “real world mitigation” of land use change. In any instance, sustainability assessments for 

biofuels should be considered as part of the decision making process by all policy makers 

(Efroymson et al. 2013). There is a need for integrated policies to address energy production, 

competing land-uses and the preservation of water resources (Popp et al. 2014). Downstream 

factors must be considered when evaluating the economic viability and commercial potential of a 

biofuel. Hosseini and Shah, (2011) and Vimmerstedt et al. (2012) emphasise the importance of 

supply chain modelling to integrate data on the production, processing, distribution and sale of 

bioethanol and biofuels.  

Considering corn (the primary 1G bioenergy crop) bioethanol’s small (or even negative, Pimentel 

et al. 2008) NEB it seems unlikely that ambitious targets for sustainable biofuel production can be 

met by 1G sources alone (Powers, 2009). A conclusion supported by the EISA’s stipulation that 21 

of the 36 billion gallons of bioethanol blended in 2022 should be from 2G; i.e. cellulosic, sources 

(U.S. Congress, 2007). Even if 1G biofuels were sufficiently environmentally sustainable; the use of 

food crops for energy has created a ‘food vs. fuel’ debate amid suggestions that the diversion of 

staple crops and land away from food production increases prices and contributes to food scarcity 

(Laborde and Siwa, 2012; Searchinger et al. 2015). Media attention was drawn to the issue in the 

summer of 2012 due to severe drought in the USA and Russia and its negative impact on crop 

yields and food prices (Condon et al. 2015). 

1.3.5 Second Generation Bioenergy 

The issues with 1G biofuels have led to an increased focus on 2G, lignocellulosic bioenergy crops. 

Sources of lignocellulosic biomass under active consideration over the past decade include energy 

grasses such as miscanthus (Hastings et al. 2008; Jørgensen 2011) and switchgrass (David and 

Ragauskas, 2010); crop residues such as stalks or chippings (Gomez et al. 2008), fast growing 

forestry (Tullus et al. 2012) and coppiced trees (Tuskan, 1998; Aylott et al. 2008) of which poplar is 

a prime example. These are species appropriate to the climate and region in which they are to be 

deployed and able to grow on marginal lands to minimise competition with food crops or the loss 

of existing, mature ecosystems (Gelfand et al. 2013; Quinn et al. 2015). They are low input; both 

to minimise the economic and energy costs of their production and to reduce the environmental 

impacts associated with the fertilisers and pesticides utilised by intensive farming regimes (Davis 

et al. 2012; Rose et al. 2014). A review by Manning et al. (2014) suggested that the biodiversity 
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and ecosystems services provision of an area could even be improved by 2G bioenergy cultivation. 

They advised the implementation of wildlife-friendly farming practices within plantations and that 

they be located strategically with consideration to the landscape to encourage positive 

interactions with surrounding crops and other land resources. Conceivable benefits of well 

managed and intelligently located perennial bioenergy crops include the provision of habitat 

corridors between regions of more intensively farmed arable land; harbouring biodiversity 

including pollinators and other insect populations; preventing soil erosion and buffering water 

sources against nutrient run-off and sedimentation (Holland et al. 2015; Manning et al. 2015). 

Land use change impact modelling from Milner et al. (2015) agreed that planting perennial 

lignocellulosics can enhance ecosystems services. A review by Don et al. (2012) showed dedicated 

perennial crops produce significantly less N2O emissions than conventional annuals as a result of 

reduced fertiliser application. They also have the potential to sequester more carbon in soil 

biomass if established on former arable land though transitions from grassland can be neutral or 

even slightly negative (Don et al. 2012; Harris et al. 2015).   

1.4 Energy Applications for Second Generation Biomass 

There are multiple energy applications for 2G biomass crops; with respect to both conversion 

methods and the end fuel produced. Biomass can be utilised by direct combustion; either alone or 

co-fired with fossil fuels (Andric et al. 2015). Alternatively it may be upgraded to denser solid fuels 

using pelletisation (Stelte et al. 2011) or, in the case of wood, thermochemical, anaerobic 

torrefaction to produce a dry, coal-like product (Li et al. 2012). These products may be employed 

for heat, power or combined heat and power (CHP) applications (International Energy Agency 

2009; Chen et al. 2015). Thermochemical conversion of biomass can also be utilised to produce a 

mix of combustible fuel-gases (gasification) which can be used directly for heat or power or 

upgraded to syngas which may then be converted to liquid synfuels for transport; either alkanes 

(using the Fischer-Tropsch process) or methanol (Jahangiri et al. 2014; Nanda et al. 2014). Both 

biochemical and thermochemical anaerobic conversion routes are also available; namely 

digestion and pyrolysis. Digestion is used to produce methane rich ‘biogas’; while this is most 

commonly utilised for waste products such as sewage sludge it may be applied to dedicated 

lignocellulosic feedstocks (Sawatdeenarunat et al. 2015). Pyrolysis occurs at around 500˚C (higher 

temperatures and for longer than torrefaction) and produces syngases, bio-oils (bio-crude) and 

biochar (Stefanidis et al. 2014). Biochar can be used for co-firing or soil amendment for carbon 

sequestration however, a LCA by Peters et al. (2015) suggested co-firing to displace coal was the 

better overall environmental option in most systems. Robbins et al. (2012) suggested that many 

of these thermochemical conversion pathways may be suitable for prominent 2G biomass crops 
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suitable for cultivation in northern Europe; including miscanthus, switchgrass and SRC willow and 

poplar. 

Lignocellulosic biomass may also be converted to bioethanol for transport fuel using either 

biochemical or thermochemical techniques with biochemical conversion being the more widely 

discussed pathway in the literature. LCA modelling of biochemical versus thermochemical 

lignocellulose conversion to bioethanol by Mu et al. (2010) suggested advantages for both 

techniques; with biochemical conversion performing slightly better with regards to GHG emissions 

and fossil fuel use but thermochemical conversion having significantly reduced water 

requirements. A review of biorefinery economics by Wright and Brown (2007) suggested that 

likely capital costs for advanced generation thermochemical refineries are competitive with 

equivalent biochemical refineries.  

When planning the development of SRC bioenergy poplar it is important to give consideration to 

the intended end use as this may well impact which traits are priorities for breeding. For example, 

total wood calorific value would be of greater importance than wood chemistry if pyrolysis or co-

firing, rather than biochemical conversion to ethanol, was the intended application for the 

biomass. It is imperative then that the entire intended processing and conversion process, from 

feedstock to fuel, is appreciated by breeders if the greatest energy value is to be obtained from 

bioenergy poplar at the lowest possible economic and environmental costs. This introduction 

focusses primarily on wood quality (which is of particular importance for biochemical conversion 

to bioethanol) alongside biomass yield and drought tolerance (important traits for bioenergy 

irrespective of end-use). 

1.5 Lignocellulose and Saccharification  

1.5.1 The Cell Wall 

Biomass is both a cheap and abundant (Perlack et al. 2005) raw material and being comprised 

primarily of plant cell walls is an excellent source of polysaccharides. These can be hydrolysed to 

release their component, monosaccharide monomers (Gray et al. 2006; Gomez et al. 2008) and 

thus represent a large reserve of fermentable sugars. Primary cell walls are comprised primarily of 

cellulose, hemicelluloses and pectins. Cellulose is an unbranched polymer of hundreds or 

thousands of β-1,4-linked D-glucose units; with each monomer rotated 180˚ relative to that 

preceding such that the true repeat unit of cellulose is cellobiose. Approximately 36 polyglucan 

chains align in a parallel orientation through hydrogen bonding and Van der Waals interactions to 

form crystalline microfibrils; the main structural element of the wall (Somerville, 2006). The 
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nature of the hemicelluloses present is species dependent; in hardwoods such as poplar 

xyloglucan dominates; consisting of a glucan backbone with xylose branches on 3 out of 4 

residues which may be terminally decorated by galactose or fucose. This branching prevents 

hemicelluloses forming microfibrils and instead they act as linkers; binding cellulose microfibrils 

and cross linking them to form a strong network (Cosgrove, 2005; Pauly and Keegstra, 2008). This 

network is filled by a hydrated gel; formed by the exceedingly complex, hydroscopic pectins.     

Secondary plant cell walls have two main compositional differences from primary walls. Firstly, (in 

poplar and other hardwoods) the dominant hemicelluloses are glucuronoxylan (a xylan backbone 

with uronic acid side chains) and glucomannan; rather than xyloglucan (Brett and Valdron, 1996; 

Pu et al. 2008; Pauly and Keegstra, 2008). Secondly, they are fortified by lignin, a phenolic 

polymer which is comprised of p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) phenylpropanoid 

units; derived from p-coumaryl, coniferyl and synapyl monolignol alcohols respectively. In 

hardwoods, G and S units dominate with only a trace amount of H-lignin (Vanholme et al. 2010). 

Lignin provides waterproofing; physical strength; resistance for xylem to the negative pressures 

imposed on the vascular tissue during water transport and resistance to chemical and parasitic 

attack (Campbell and Sederoff, 1996; Boudet, 2000; Boerjan et al. 2003; Rogers et al. 2005). 

Unfortunately, these characteristics render it recalcitrant to the enzymatic saccharification used 

to liberate sugars from the polysaccharides it protects (Fu et al. 2011) with lignin content strongly 

correlated with the saccharification potential of the feedstock (Davison et al. 2006; Studer et al. 

2011). This presents a problem for harnessing lignocellulosic biomass for biofuel production and 

the lack of an economically competitive technology for the production of bioethanol from 2G 

feedstocks has historically prevented  deployment on a commercial scale; the cost of producing a 

litre of ethanol from biomass being greater than from starch (Wyman, 2003; Gomez et al. 2008). 

In recent years however, technological improvements to processing pathways have seen the 

beginnings of commercialisation (Brown and Brown 2013; Guo et al. 2015). 15 commercial 2G 

plants are expected to be built by 2024 but significant public and private investment will be 

required for cellulosic ethanol to transition to a mature technology (Valdivia et al. 2016).  

1.5.2 Improving Pre-Treatment Technologies 

Many lignocellulose processing pathways require financially expensive and high-energy pre-

treatments to allow efficient enzymatic saccharification of the polysaccharides. Ammonia 

(alkaline, high pH) and high temperatures are used in the ammonia fibre explosion (AFEX) 

technique to hydrolyse hemicelluloses, solubilise lignin and decrystallise cellulose while increasing 

its surface area for enzymatic attack (Teymouri et al. 2005; Maurya et al. 2013). Alternatively, 

dilute acid (low pH) and more moderate temperatures (160-220˚C) can hydrolyse hemicelluloses 
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and disrupt lignin structure sufficiently to increase cellulose digestibility (Yang and Wyman 2004; 

Timung et al. 2015). Kumar and Wyman (2009) contrasted multiple methods in the preparation of 

poplar biomass and found low pH pre-treatments were superior to AFEX; likely due to higher 

xylose removal. They also found that washing the solids improved digestion in all cases and 

particularly for controlled pH pre-treatments. More concentrated acid may also be used however, 

Hu et al. (2012) have demonstrated that low pH pre-treatments of poplar holocellulose can result 

in the formation of pseudo-lignin from the dehydration products of pentose and hexose sugars. 

Pseudo-lignin can inhibit the subsequent saccharification of cellulose by direct interactions with 

cellulases and its formation increases with treatment severity. Other techniques use only water 

and high temperatures such as liquid hot water (LHW) pre-treatment (Ko et al. 2015) and steam 

explosion (Jacquet et al. 2015). Steam explosion is currently the most widely used commercial 

pre-treatment (Brethauer and Studer 2015) and can enhance the enzymatic digestability of 

lignocellulose (Pielhop et al. 2016). All of these methodologies however, have both financial and 

environmental costs. High temperatures are energy intensive to maintain and lead to the 

production of toxic compounds from the biomass; specialist equipment is needed to cope with 

high pressures or corrosive liquids and both strong acids and alkalis are expensive (Maurya et al. 

2013).  

Reducing the costs and energy inputs associated with lignocellulose pre-treatment and 

saccharification is a significant commercial priority. A large number of recent publications have 

focused on novel ways to de-lignify feedstock more cheaply and efficiently whilst minimising 

pollutants when the process is scaled-up to a commercial, 2G biorefinery setting (Dale and Ong 

2012; Moreno et al. 2015). Gutiérrez et al. (2012) demonstrated fungal laccase-based de-

lignification of woody feedstock. Other reports have also focused on the potential of brown 

(Schilling et al. 2012) and white rot fungi (Khuong et al. 2014) in processing lignocellulose; in some 

cases producing ethanol directly from the feedstock (Kamei et al. 2012). Jagtap et al. (2012) found 

that the fungus Pholiota adiposa secretes a wide range of efficient, lignocellulosic enzymes; 

possessing laccase, xylanase and lignin peroxidase activities. Of seven plant biomass types tested 

poplar was the most readily saccharified; with P. nigra (black poplar) producing the greatest yield 

of reducing sugars. Sekar et al. (2016) described a microbially driven Fenton reaction achieving 

the successful conversion of cellulose and hemicellulose to fermentable sugars in a single 

bioreactor system. This was achieved at neutral pH without the addition of additional 

lignocellulosic enzymes. Anaerobic microbial communities also have potential for lignocellulose 

processing. Ji et al. (2012) identified a bacterial community enriched from marine sediment that 

possesses anaerobic lignocellulase activity and van der Lelie et al. (2012) reported on the 

metagenome of a spontaneously assembled (naturally present on the biomass) anaerobic 



Chapter 1 

18 

microbial community decomposing poplar woodchips. Sawatdeenarunat et al. (2015) suggest that 

rumen microorganisms, which are specialised for cellulose digestion, may be valuable for 

anaerobic biomass processing.  

In addition to efficient saccharification it is further desirable to identify methods for fermenting 

the entire holocellulosic fraction of the feedstock opposed to cellulose only; both to prevent 

hemicellulosic inhibition of cellulases and to increase the yield of fermentable sugars (Dodd and 

Cann, 2009). This requires fermenting microbes that can utilise both hexose (e.g. glucose) and 

pentose (e.g. xylose) sugars. The development of genetically modified (Oreb et al. 2012; Nijland et 

al. 2016), fusant (Kumari and Pramanik, 2012) and novel discovered (Dubey et. al. 2016) yeasts as 

well as recombinant E. coli (Huffer et al. 2012) for this purpose have been reported. Radecka et al. 

(2015) review the potential of non-conventional yeast species for 2G bioethanol fermentation and 

highlight species possessing desirable characteristics; especially with regards to tolerances to high 

solution osmolality, high temperatures, ethanol and acetic acid. Not all methodologies for 

feedstock deconstruction are biological. Lucas et al. (2012) demonstrated room temperature, 

chemical delignification of poplar wood using hydrogen peroxide and a manganese acetate 

catalyst. In their review Wan and Li, (2012) suggest a combined chemical and fungal approach; 

fungal pre-treatment alone being environmentally friendly but comparatively slow. Singh et al. 

(2014) reviewed the full range of physical, chemical, biological and physico-chemical 

pretreatment methods for lignocellulosic biomass. They found that different pretreatments have 

significantly different efficacies in different crops with regards to ethanol yield and conclude that 

the assessment of pretreatment techniques must be based on the trade-off between operating 

costs, capital costs and biomass costs.  

Finally, with regards to lignocellulose processing in general, it is hoped that 2G biorefineries will 

be able to flexibly process a range of feedstocks to allow greater biodiversity in bioenergy 

plantations; security of supply and greater freedom in the location of facilities (Valdivia et al. 

2016). To this end a novel feedstock-independent pre-treatment, cellulose solvent and organic 

solvent-based lignocellulose fractionation (COSLIF), has been successfully applied to a range of 

lignocellulosic feedstocks, including poplar; both alone and mixed with miscanthus 

(Sathitsuksanoh et al. 2012). 

1.5.3 Poplar Wood Composition  

The compositional characteristics that make poplar so suitable as a lignocellulosic feedstock have 

been reviewed by Sannigrahi et al. (2010) whose publication brings together data on the 

polysaccharide, lignin and elemental composition of biomass from multiple poplar species and 
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hybrids. Some key highlights of their report are considered below. Regarding the make-up of the 

cell wall, poplar has a cellulose content ranging from 42-49% which is comparable with other 

hardwood feedstocks and greater than that found in switchgrass or corn stover. Hemicellulose 

and lignin content also show interspecific variation; ranging from 16-23% and 20-29% 

respectively. Whilst lignin content is higher than non-woody feedstocks, it is certainly very 

competitive for a tree species. The comparatively high holocellulose and low lignin contents of 

poplar have been identified as assets for some time (Balatinecz and Kretschmann, 2001).  

With regards to elemental composition, poplar species and hybrids show a consistently low 

sulphur content (also see Brown, 2003) which is important for ensuring low SOx emissions from 

the biofuel produced. Ash content shows significant interspecific variation (0.6-2.7%) and is an 

important factor to consider since elements such as Na, Ca, Mg and K are essential for plant 

growth in low concentrations (Haydon and Cobbett, 2007) and must be replaced if depleted from 

the soil (Paine et al. 1996; Brown, 2003).  

1.5.4 Genetic Modification of Lignin Content and Composition  

A complementary approach to improving feedstock processing is to improve feedstock quality by 

selective and advanced molecular breeding and thus reduce the need for severe pre-treatments. 

The adoption of poplar as a model organism and the research efforts invested in sequencing 

(Tuskan et al. 2006) and mapping (Cervera et al. 2001; Yin et al. 2002; Wang et al. 2011) its 

genome mean that a substantial number of genetic and genomic studies into the basis of 

lignocellulose biosynthesis and improvement have been conducted in this species. This is an 

excellent example (discussed below) of the use of poplar to inform understanding of tree biology 

and biochemistry which has also proven of significant benefit to developing poplar for bioenergy.     

Both wood lignin content and composition are important predictors for feedstock saccharification 

efficiency. Total lignin content correlates strongly with recalcitrance to enzymatic saccharification 

(Davison et al. 2006). With respect to composition; Studer et al. (2011) demonstrated that the 

ratio of S-lignin to G-lignin was significant to saccharification efficacy in an undomesticated 

population of P. trichocarpa. For an S/G ratio greater than 2/1 sugar release (glucose and xylose) 

was generally higher and the significance of lignin content on yield was reduced. This may be due 

to reduced covalent cross-linking between lignin polymers with a high S-lignin content (Davison 

et. al. 2006). Without pre-treatment sugar release correlated much more strongly with lignin 

content with a marked increase in yield from samples with less than 20% lignin. S-lignin content 

has also been shown to correlate negatively with total lignin content (Porth et al. 2013a).   
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Efforts to elucidate the control of lignin formation in poplar have primarily focused on functional 

genetic analyses to identify the effects of the up or down-regulation of a given enzyme, both 

within the lignin biosynthetic pathway and beyond through altered metabolic and gene 

expression pathways. Leplé et al. (2007) conducted an extensive analysis in a transgenic poplar 

hybrid (P. tremula x P. alba) on the effects of down- regulating cinnamoyl-CoA reductase (CCR); 

the enzyme responsible for the conversion of feruloyl-CoA to coniferaldehyde in the penultimate 

step of monolignol synthesis. They reported a 50% decrease in lignin content alongside reduced 

hemicellulose. They also saw an orange colouration of the xylem due to increased incorporation 

of ferulic acid into lignin; a decrease in the S-lignin to G-lignin (S/G) ratio and the increased 

expression of phenylalanine ammonia lyase (PAL); the first enzyme in the monolignol pathway. 

The decrease in lignin and hemicellulose content saw a proportional increase in cellulose content 

in the transgenic lines; resulting in improved pulping characteristics but with a negative impact on 

cell wall cohesion and field growth (>30% reductions). More recently Van Acker et al. (2014) 

demonstrated improved saccharification and increased ethanol yield from CCR deficient 

transgenic poplars but like Leple et al. (2007) observed a biomass yield penalty (16-24% 

reduction) under field conditions. These results were informative for improving understanding of 

lignin biosynthesis in a model woody species and the potential for manipulating the monolignol 

pathway for enhanced saccharification traits in bioenergy poplar.  

Similar studies in transgenic poplar have found a dramatic increase in the S/G ratio as a result of 

ferulate 5-hydroxylase (F5H) overexpression (Stewart et al. 2009); a 30% reduction in total lignin 

content when cinnamate 4-hydroxylase (C4H) is down-regulated (Bjurhager et al. 2010) and a 40% 

reduction in lignin in lines transfected with an antisense 4CL construct (Voelker et al. 2011). 

Similar analyses have been conducted in alfalfa and sugarcane with results informative for both 

an understanding of lignin biosynthesis (Chen et al. 2006) and for increasing fermentable sugar 

yields for biofuels (Chen and Dixon, 2007; Jung et al. 2012). Reviews of the effect of lignin 

modification in a variety of bioenergy crops have been provided by Li et al. (2008), Hisano et al. 

(2009) and Vanholme et al. (2012a). A two year trial of transgenic switchgrass with caffeic O-

methyltransferase (COMT) downregulated showed increased ethanol yield in the transgenic lines 

without negative impacts on yield or disease susceptibility (Baxter et al. 2014).  

Whilst reduced lignin is optimal for saccharification; it is important that low-lignin trees are 

thoroughly field-tested to ensure that they remain viable. Leplé et al. (2007) and Voelker et al. 

(2011) found field growth to be adversely affected by 50% and 40% reductions in total lignin 

content respectively; with Voelker et al. (2011) suggesting that lignin x environment interactions 

were governing tree morphogenesis, mediated by the stresses experienced by growing cells. It is 

also noteworthy that reduced lignin does not guarantee increased cellulose. A systems biology 
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approach to the response of A. thaliana to lignin biosynthesis perturbations by Vanholme, et al. 

(2012b) examined the inflorescence stems of 20 mutants each mutated in 1 of 10 genes in the 

lignin biosynthesis pathway. Metabolomics and transcriptomics revealed widespread responses to 

the pathway disruption with monolignol synthetic pathways being upregulated in response to 

mutations which reduced lignin content and downregulated in those which altered lignin 

composition. Importantly however, whilst reduced lignin was observed in c4h, 4cl1, ccoaomt1 and 

ccr1 mutants, none showed increased cellulose content. Improvements in saccharification 

efficiency were observed in many of the lignin biosynthesis mutants however, alongside increases 

in the content of matrix polysaccharides other than cellulose (Van Acker et al. 2013). Vanholme et 

al. (2013) also showed up to fourfold improvement in glucose conversion in A. thaliana Caffeoyl 

Shikimate Esterase (CSE) mutants; an enzyme they demonstrated as central to the lignin 

biosynthetic pathway. Field grown low-lignin transgenic poplars also showed comparable 

cellulose contents to wild type trees (Van Acker et al. 2014).  

A review by Polle et al. (2013) provides an in-depth discussion of attempts to  genetically modify 

the lignin biosynthesis pathway to reduce and/or modify lignin content in poplar. They also 

highlight the improved feedstock properties for saccharification and fermentable sugar yield in 

low-lignin transgenics but emphasise the need for more extensive field trials of such potentially 

vulnerable trees; especially with regards to their response to biotic stresses such as rust. Poplar’s 

defence against rust infection is based upon the increased expression of genes within the 

phenylpropanoid pathway and the accumulation of monolignols (Miranda et al. 2007; Rinaldi et 

al. 2007); it follows that genetic modifications targeting this pathway could unintentionally 

increase rust susceptibility in bioenergy poplar plantations if rigorous field testing is not applied 

(Polle et al. 2013). Lignin also functions to strengthen the vasculature (xylem) (Voelker et al. 2010) 

and thus low lignin transgenics could be rendered more vulnerable to cavitation or embolism 

under the negative pressures resulting from transpiration. Finally, lignin engineering (CCR 

downregulated) in field grown poplar has also been shown to impact the composition and 

metabolic capabilities of the trees’ associated endosphere microbiome (Beckers et al. 2016). The 

contributions of the endosphere microbiome to plant health and productivity, and thus the 

possible implications of such a shift, are not well understood.     

QTL identification and mapping has been used to identify regions of the poplar genome 

associated with lignin content in shoots and roots; with Ranjan et al. (2010) combining normal 

QTL mapping with a bioinformatics based approach. Observing that QTL can often cover large 

physical genetic distances and contain hundreds of genes (thus preventing the formation of a 

manageable list of candidate genes for functional genomic analysis) they took advantage of the 

genomic data available for Populus to identify high probability candidate genes within QTL. They 
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conducted a comparative intragenomic analysis; identifying paralogous gene pairs (resulting from 

whole genome duplication events) and using BLAST to estimate gene divergence. This approach 

seeks to use evidence of sequence divergence and / or differential expression between gene pairs 

to identify those genes that underlie QTL for a given trait (here lignin biosynthesis). To this end 

they also generated microarray expression data profiling gene expression in developing roots and 

xylem and thus identified differentially expressed genes between root and stem. Selection for 

genes to shortlist from within QTL for lignin content was firstly; for non-duplicated genes which 

showed enhanced expression in the target tissues (developing roots or xylem) and secondly; for 

duplicated genes within the poplar genome which showed enhanced expression relative to their 

paralogs (suggesting neo-functionalization). Genes that had been previously predicted to have a 

role in cell wall biosynthesis were also promoted; producing a much shortened list of candidates 

(15-20), many of which had not been previously associated with monolignol synthesis. (It is not 

clear from the subsequent literature citing this study if any of the genes on this shortlist were 

subject to successful proof of concept work.) The ability to exert tissue specific control of lignin 

deposition in bioenergy poplar would be extremely valuable; since low lignin in stems is desirable 

for reducing recalcitrance to saccharification but higher lignin in roots may be advantageous for 

healthy growth and increasing the carbon sequestration potential of the crop (Wullschleger et al. 

2005).     

One final point to note on lignin and recalcitrance is a surprising result arising from the work by 

Studer et al. (2011); namely that some samples featuring average lignin and S/G ratios exhibited 

exceptional sugar release suggesting that other influences beyond these factors effect 

recalcitrance and sugar yield. Work in willow (Brereton et al. 2012) suggested that targeting an 

increased production of reaction wood by angiosperms could be a key factor in overcoming cell 

wall recalcitrance to enzymatic saccharification. Reaction wood is formed in response to 

mechanical stress and is high in cellulose and low in lignin.  Trees of the same genotype showed 

increased glucose yield in a field trial where they faced regular exposure to high winds and 

saccharification potential in pot-grown trees only correlated with field-grown trees when tension 

wood formation was induced. An RNA-Seq study in P. tomentosa identified more than 2400 genes 

differentially expressed between tension wood and normal wood including transcription factors; 

hormone signal transducers; secondary metabolite synthesis and cell wall metabolism (Chen et al. 

2015). These genes represent candidates for molecular breeding for wood quality. 

The examples above outlined work in reduced lignin transgenics mediated through classic 

knockouts or downregulations but in recent years there have been more novel approaches taken 

to create a less recalcitrant feedstock. Poplar has been shown to be an efficient bioreactor for the 

production of foreign enzymes (Kim et al. 2012) and one of the most promising current research 
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avenues in genetically modifying Populus is the expression of recombinant cell wall degrading 

enzymes in planta. This could have a significant impact in reducing costs associated with enzyme 

production for saccharification and the need for pre-treatment (Taylor et al. 2008; Jung et al. 

2012). The expression of thermophilic enzymes can prevent premature cell wall degradation in 

the field (Oraby et al. 2007; Jung et al. 2012).  Wilkerson et al. (2014) have reported on an 

ambitious transgenic approach to introducing readily hydrolysable ester linkages into the lignin 

backbone by the incorporation of monolignol ferulate conjugates into the polymer through the 

expression of the enzyme monolignol ferulate transferase. Poplars expressing this enzyme 

possessed an improved cell wall digestability but with the same total lignin content as wild-type 

controls and without phenotypic abnormalities in a glasshouse environment. Lignin modification 

approaches such as this, which take advantage of the plasticity of lignification, could avoid the 

yield penalties discussed earlier to impact some field grown low-lignin transgenics (Mottiar et al. 

2016). 

1.5.5 Association Genetics and its Application to Wood Quality Traits 

The interspecific, phenotypic variation present within the Populus genus provides potential for 

selective, marker-assisted breeding to produce optimised pedigrees for bioenergy without the 

need for genetic engineering. This requires mapped genetic polymorphisms known to be linked 

with traits of interest. Causative alleles (those making a direct contribution to a phenotype) may 

act by impacting gene function or gene expression. Non-synonymous SNPs within the exome may 

directly affect gene function by altering the amino acid sequence and impacting upon final protein 

structure; protein-substrate interactions and / or protein-protein interactions (Zhao et al. 2014). 

By contrast SNPs within non-coding regions such as introns, 5’ and 3’ untranslated regions (UTR) 

and intergenic regions can impact gene expression (Cubillos et al. 2012) by altering the function of 

promoters, enhancers or suppressors which control transcription. Non-coding SNPs may also 

affect post-transcriptional modifications such as splicing and impact the number or ratio of 

protein isoforms coded by a single gene (Meurs et al. 2012). In human genome wide association 

studies (GWAS) trait-marker associations in non-coding regions have outnumbered those in 

coding regions (Zhang and Lupski 2015); emphasising the importance of the regulation of gene 

expression as well as gene function.     

QTL mapping can identify broad genomic regions associated with quantitative traits however; in 

recent years sequencing technology has developed to allow association genetics approaches. 

Association mapping is a powerful forward genetic approach for elucidating the genetic basis of 

qualitative and quantitative traits; seeking statistical associations between genotyped SNPs and 

phenotypes of interest within a population (Ingvarsson and Street, 2010). Association genetics has 
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the potential to achieve far higher resolution mapping of a trait than can be achieved by QTL 

mapping; potentially to the single gene level. Achieving such high resolution is dependent upon 

two variables however; genotyped marker density and the extent of linkage disequilibrium (LD). 

LD is defined as the non-random association of alleles at different loci and in natural populations 

may result from genetic linkage (i.e. physical proximity on the genome), natural selection or 

admixing (Gaut and Long 2003). If an allele is contributory to a trait of interest then a trait-marker 

association may be detected for any genotyped SNP that is in LD with that allele; the genotyped 

marker itself need not be causative for the trait. Since genetic linkage is a major contributor to LD 

it follows that LD declines with physical distance (Flint-Garcia et al. 2003) as the likelihood of 

recombination events separating alleles during meiosis increases; allowing them to be inherited 

independently of one another. Outbreeding species (including poplar, eucalyptus and willow) 

have a higher effective degree of recombination than inbreeders (Gaut and Long, 2003) and 

hence LD decays more rapidly in these species (Neale and Savolainen 2004). This rapid decay of 

LD permits higher resolution association mapping (assisting in the identification of candidate 

genes) but concomitantly means a higher marker density is required as each individual SNP can 

only ‘tag’ a small region of the genome (Neale and Kremer 2011). 

This need for high marker density meant that initial association studies in bioenergy trees tended 

to take a candidate gene approach which were not genome-wide but useful for narrowing down 

genes of interest within a broader QTL region or identifying candidates within a group of genes of 

putatively similar function (Teare, 2011). Subsequent genome resequencing efforts in P. 

trichocarpa showed linkage disequilibrium to be somewhat more extensive than anticipated 

however (Slavov et al. 2012); with pairwise r2 between marker allele frequencies falling below 0.2 

within 3-6 Kbp. Similar estimates were more recently obtained for P. nigra (Faivre-Rampant et al. 

2016). This is encouraging for GWAS in poplar as it suggests that fewer SNPs will be required to 

identify associations between markers and traits of interest (Lexer and Stolting 2012); albeit at 

the expense of the finest scale resolution.  

Association genetics has been employed successfully within candidate genes for lignocellulosic 

biosynthesis in both P. trichocarpa (Wegrzyn et al. 2010) and P. nigra (Guerra et al. 2013). 

Association populations were phenotyped by pyrolysis molecular beam mass spectrometry for 

pentose and hexose sugar contents, lignin content and S/G ratio and trait-associated SNP markers 

within the genes of interest were identified. On a larger scale a 34K SNP genotyping array for P. 

trichocarpa drawn from 3543 candidate genes related to cell wall biosynthesis, wood properties 

and environmental and developmental plasticity has been developed for association genetics 

applications in P. trichocarpa (Geraldes et al. 2013). Porth et al. (2013a) utilised this array for the 

genotyping of 334 P. trichocarpa individuals spanning a wide latitudinal range. 9342 SNPs were 
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employed in the estimation of heritability and genetic correlations (estimates of the additive 

genetic variance shared between a trait pair) for cell wall chemistry and ultrastructure traits. The 

17 measured traits included soluble, insoluble and total lignin content; lignin S-monomer content, 

cellulose and hemicellulose content and wood density. Significant phenotypic variation was 

observed for all traits with moderate to high heritabilities found in most cases. 61 significant 

genetic and phenotypic correlations were identified and negative genetic correlations were 

observed between cellulose and both lignin and hemicellulose content and between S-lignin 

content and both the total and insoluble lignin fractions. These important results suggest that 

breeding efforts directed to increasing the cellulose content of the feedstock will likely also see 

favourable reductions in lignin content. The authors also point out the implied feasibility of 

breeding for high mol. % S-lignin and low total lignin to produce a less recalcitrant feedstock for 

biofuel production. Subsequent work by Porth et al. (2013b) utilising the 29,233 high quality SNPs 

generated by the array; identified 141 SNPs (within 105 genes) significantly associated with 16 of 

these 17 traits. Furthermore, 59% of the significant SNPs were within genes not previously linked 

to wood or secondary cell wall formation.  

Studies such as these are valuable in elucidating the genetic basis of complex traits and can be 

applied for the selective breeding of an improved feedstock. Trait-marker associations can be 

used in MAS in which target traits are indirectly selected for by performing targeted crosses 

within a genotyped breeding population on the basis of the presence or absence of desirable / 

undesirable allelic variants (Xu and Crouch 2008). Genetically superior plants can be identified for 

breeding much faster than in a traditional breeding approach and large numbers of progeny can 

be readily screened in each subsequent breeding cycle so that plants with undesirable gene 

combinations can be rapidly excluded (Collard and Mackill 2008). MAS has been successfully 

applied in the breeding of a number of staple food crops including wheat, barley (Miedaner and 

Korzun 2012), rice (Wang et al. 2011) and potatoes (Ortega and Lopez-Vizcon 2012). Particular 

success has been achieved in breeding for disease resistance; possibly as these traits are often 

monogenic in nature with substantial gains achievable from a single high-value allele (Suh et al. 

2011; Miedaner and Korzun 2012). It has been noted for several years however, that MAS may 

not be as effective for more complex, polygenic traits (Xu and Crouch 2008) which are controlled 

by large numbers of loci each of a small effect size (Jannink et al. 2010; Ashraf and Foolad 2013). 

This, together with reduced sequencing costs allowing the calling of larger and denser marker 

sets, means that more attention is now being given to genomic selection (GS) (Zhao et al. 2014). 

GS involves phenotyping for traits of interest in a training population then assigning breeding 

values for individuals based upon the cumulative effect of all available genotyped markers 

(Grattapaglia and Resende 2010). This approach requires sufficient genome wide marker density 
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to ensure that most or all causative loci are in LD with a genotyped marker (Resende et al. 2012). 

GS is thus considered as a more promising method for selecting for traits controlled by multiple 

small effect loci than MAS (Xu et al. 2012; Ashraf and Foolad 2013; He et al. 2014) and could be 

highly effective for accelerating forest tree breeding (Resende et al. 2012). Table 1.3 provides a 

summary of currently available natural, association mapping populations for poplar. 

Table 1.3: Available Natural Populations for Poplar 

Species Location Notes 

P. nigra UK / 
Belgium 

948 genotypes drawn from multiple, riparian populations across 
western Europe (France, Spain, Germany, Italy, Netherlands and 
Hungary). Planted in common gardens in Geraardsbergen, Belgium 
(50.5˚N); Northington, England (51.1˚N) and Savigliano, Italy 
(44.6˚N). 

P. nigra USA Population includes 599 genotypes drawn from 17 different open-
pollinated families collected from Italy, Belgium and Serbia and 
established at a test-plot in Boardman, Oregon (45.8˚N) in 2008. 
Genotyped using 433 SNPs in 39 candidate genes for chemical 
wood properties by Guerra et al. (2013). Rapid within-gene linkage 
disequilibrium (LD) was observed suggesting close association 
between marker SNPs and causative polymorphisms.  

P. nigra China 134 genotypes sampled from across 15 European countries 
(Romania, Yugoslavia, Spain, Italy, Bulgaria, Croatia, Turkey, 
Russia, UK, Netherlands, Belgium, Czech Republic, Slovakia, 
Germany, and Hungary) and established at 3 field sites in Beijing, 
inner Mongolia and Shaanxi (Ding et al. 2006).   

P. trichocarpa USA 1100 genotypes established at multiple field sites in the USA. 1052 
genotypes from P. trichocarpa’s core range in northern Oregon, 
Washington and southern British Columbia with an additional 48 
from northern California, central Oregon and central British 
Columbia. Utilised by Slavov et al. (2012) in their study of 
geographical structure and LD in P. trichocarpa and subsequently 
by Geraldes et al. (2013) for the development of a 34K SNP 
genotyping array for this species.  

P. tremula Sweden The Swedish Aspen (SwAsp) Collection – 116 genotypes taken 
from 12 populations across Sweden from 56˚- 66˚N and planted in 
2 common gardens in Ekebo and Savar at 55.9˚ and 63.4˚N 
respectively (Luquez et al. 2007).  

P. balsamifera Canada Agriculture Canada Balsam Poplar (AgCanBaP) collection – 525 
genotypes sourced from 65 provenances and under cultivation at 
Canadian field sites in Vancouver (49.3˚N) and Indian Head, 
Saskatchewan (50.5˚N) (Soolanayakanahally et al. 2013). 
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1.6 Biomass Distribution and Yield 

In all breeding programmes the enhancement of yield is a major objective as growers seek to 

maximise crop productivity. In the case of bioenergy species a central aim for breeding is 

sustainable intensification; increasing yield in a given area without degrading the land or resorting 

to energy intensive cultivation practices. The concept of a “yield gap” is widely considered in the 

breeding and development of food crops (Affholder et al. 2013; Kassie et al. 2014) and is 

measured as the difference between the potential crop yield under optimal, non-limiting 

conditions (water, nutrients, pest control) and the average yield under typical field conditions 

(Van Ittersum et al. 2013). It follows that understanding yield gaps and their causes can help in 

driving the sustainable intensification of agricultural systems; for example by improved water and 

nutrient management (Mueller et al. 2012). There is at present a yield gap for poplar and other 

key bioenergy species and this is discussed in detail in Chapter 2 (Allwright and Taylor 2016). 

Ensuring that the full potential of poplar is reached with regards to yield traits will be essential if it 

is to be widely adopted as a 2G feedstock on a commercial scale. 

Wullschleger et al. (2005) observed phenotypic variation in proportional above and belowground 

biomass distribution within and between two P. trichocarpa x P. deltoides pedigrees; family 331 

and family 13. Extensive genetic diversity between these species allows significant trait 

segregation in advanced generations of hybrid populations; with family 331, an inbred (TD x TD) 

pedigree, being developed by Bradshaw et al. (1994) for constructing the first genetic linkage map 

for Populus. Family 13 is an outbred backcross (TD x D). Root/shoot ratios showed an extremely 

wide variation; from 0.23 to 1.92 in family 331 and from 0.24 to 1.25 in family 13. Age was found 

to be a factor in both; with a greater proportion of biomass directed above ground in the second 

year of growth as compared to the first. A genetic linkage map was constructed for family 13 from 

171 genotypes using MS and AFLP markers and used to detect 31 QTL (14 for first year and 17 for 

second year) related to recorded traits linked to biomass distribution. These included QTL for total 

biomass as well as total and proportional aboveground, belowground, leaf, stem and fine/course 

root biomass for both years. Generally first and second year QTL were not co-located within the 

genome suggesting independent genetic control of biomass traits in one and two-year old trees. 

Predictably co-location of biomass QTL both within this study and with those previously identified 

by other authors for growth traits (e.g. Wu et al. 1998) was recorded. Arguably the most 

noteworthy finding however, was the absence of co-location between biomass and fractional 

biomass QTL suggesting independent genetic control of above and belowground biomass traits; 

though genotype by environment (G x E) interactions may also play a role. A crop with the 

proportion of belowground biomass increased would be of value for carbon sequestration 

(Berhongaray et al. 2015) however; increased aboveground distribution would provide a higher 
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yield for biofuel production. Variation in above and below-ground biomass yield and allocation 

has been observed between poplar genotypes in subsequent studies with different species and 

hybrids showing alternative growth strategies in field trials (Berhongaray et al. 2015; Verlinden et 

al. 2015). Biomass production and allocation have also been shown to be impacted by coppicing 

and the frequency of the coppice cycle (Nassi O Di Nasso et al. 2010; Berhongaray et al. 2015; 

Verlinden et al. 2015). This means that long term trials over multiple years and cycles are 

necessary to adequately assess performance for the assignation of breeding values (Verlinden et 

al. 2015).    

Rae et al. (2009) mapped QTL for yield that remained consistent across multiple SRC cycles and 

identified five robust (identified for multiple traits and across coppice cycles) QTL hotspots on 

linkage groups III, IV, X, XIV and XIX; christening them ‘poplar biomass loci’ (PBL). Mapped QTL 

explained 20% of variation in the final harvest yield. It was also shown that early biomass was 

indicative of subsequent coppice yield; potentially permitting the focus of such efforts to be 

directed to promising pedigrees more rapidly. An average of 600 genes in each PBL is prohibitive 

of functional genetic analysis however; association genetic approaches may enable the 

identification of causative DNA polymorphisms within these QTL. Such studies may seek to 

harness the natural variation contained within populations such as those listed in Table 1.3 and 

GWAS has now been employed in poplar for biomass traits. McKown et al. (2014) identified trait-

marker associations for yield within 53 genes in P. trichocarpa using the same 34K chip described 

above (Geraldes et al. 2013).   

Plasticity of yield traits and G x E interactions have been observed repeatedly in poplar field trials 

at contrasting sites (Sixto et al. 2011; Toillon et al. 2016). Rae et al. (2007) identified QTL for stem 

and biomass traits for family 331 across three contrasting European sites; observing significant 

variation in average yields from the warmer, drier Italy (high yield) through to the colder, wetter 

England (lowest yield). This study set out to understand the genetic control of the observed 

phenotypic plasticity as regards biomass; resulting from G x E interactions. This information is 

important for a successful selective breeding programme (Sixto et al. 2011) where decisions must 

be made whether to stabilise traits across a range of environments or to optimise a crop for 

particular conditions (Cooper and DeLacy, 1994; Rae et al. 2007). To this end stability parameters 

for mapped traits were also plotted as QTL. The majority of stability QTL did not co-locate with 

trait QTL undergoing G x E interactions and this provided evidence for a gene regulation model 

(Schlichting and Pigliucci, 1993) for the control of yield stability in different environments. I.e. 

genes controlling biomass production within the trait QTL identified were not primarily, directly 

sensitive to the environment but were rather experiencing indirect environmental regulation via 

other, environmentally sensitive, genes within specific control loci. Many of these QTL regions 
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were confirmed by Muchero et al. (2013) who identified biomass productivity QTL that were 

largely stable across contrasting environments. It is important that breeding for new poplar 

pedigrees protects phenotypic plasticity to ensure that commercial plantations are responsive to 

different and changing climates. To this end studies that improve understanding of the genetic 

basis of plasticity and G x E interactions of poplar in the field are extremely valuable.  

With respect to current commercial yield potential for SRC / SRF poplar in the UK, Aylott et al. 

(2008) upscaled data from 49 willow and poplar SRC field trial sites in England and Wales and 

assessed productivity under different land use scenarios. Yields varied from 4.9 – 10.7 oven-dry 

tonnes per year (odt ha-1 yr-1) and they suggested that committing 10% of arable land, 20% of 

improved grassland and 100% of set-aside grassland to SRC could provide 13 Modt of biomass a 

year, equivalent to 7% of UK annual electricity usage at that time. This estimate is consistent with 

the 10.3 odt ha-1 yr-1 reported by Rae et al. (2007) at their UK site. Modelling from Hastings et al. 

(2014) out to 2050 suggested likely yields for SRC poplar ranging from 8.2 – 15.8 and 9.0 – 11.6 

odt ha-1 yr-1 for SRC and SRF poplar respectively based on the 2011 baseline conditions. Based on 

the 2051 medium emissions scenario these estimates were altered; 7.2 – 14.9 and 11.9 – 13.9 odt 

ha-1 yr-1 for SRC and SRF respectively.  

1.7 Drought Tolerance 

1.7.1 Introduction to Drought 

Anthropogenic global warming resulting from the continuing emission of CO2 and other 

greenhouse gases (GHGs) is predicted to have a significant impact on climate and weather 

patterns around the world; likely within the next 20 to 30 years (Hansen et al. 1981; New et al. 

2011; Watts et al. 2015). One such likely impact is an increase in both the frequency and intensity 

of drought conditions (Dai 2013; Diffenbaugh et al. 2015) experienced by vulnerable regions as a 

result of changes to global hydrological cycles (Oki and Kanae 2006). Water scarcity may also be 

compounded by increased demand due to global population increases (Vörösmarty et al. 2000; 

Bongaarts, 2009) and the continuing industrialisation of developing nations (Vairavamoorthy et al. 

2008; Jiang, 2009). This has negative implications for human wellbeing in a wide range of areas 

but especially with regards to food security (Kang et al. 2009; Ingvordsen et al. 2014) as in many 

nations maintaining and increasing crop yields for both human and animal consumption is 

dependent upon reliable seasonal rainfall and/or supplementary irrigation.  

Hoekstra and Mekonnen (2012) reported that 92% of humanity’s water footprint (WF) is the 

result of agriculture with consumption of cereals, meat and dairy products the biggest predictors 
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of a consumer’s WF. It follows that the need to increase irrigation intensity or the area of land 

committed to agriculture may have serious environmental impacts (Kang et al. 2009). Vörösmarty 

et al. (2010) found that 80% of the world’s population is exposed to a high level of threat to water 

security and that less wealthy nations (and their biodiversity) remain the most vulnerable as rich 

nations invest to, “offset high stressor levels without remedying their underlying causes”. The 

economic and ecological consequences of water scarcity are substantial (Hoekstra, et al. 2012) 

and with the resultant risk of famine and subsequent mortality from thirst, starvation, disease and 

possible conflict (Salehyan 2008) there is a strong imperative to develop new strategies to 

maximise water-use efficiency in all aspects of agricultural practice (Morison et al. 2008; Linquist 

et al. 2015) while closing crop yield-gaps (Lobell et al. 2009). This is most commonly discussed in 

relation to food crops and in the coming decades it will be essential to continue to increase 

production while reducing agriculture’s water footprint (Foley et al. 2011). 

1.7.2 Addressing Agriculture’s Water Footprint 

Improvements to the water-use efficiency of agriculture may be made through progress in 

engineering and the mechanistic aspects of irrigation systems to decrease water losses in transit, 

storage or delivery (Clemmens et al. 2008; Zou et al. 2012). Water sourcing can also be targeted; 

for example through the development of state-of-the-art desalination plants in water stressed 

regions (Elimelech and Phillip 2011). Further gains may also be made from the more sophisticated 

monitoring of crop water status to permit the quantity and frequency of irrigation to be adjusted 

to ensure only what is necessary is applied and that in the most targeted and controlled manner 

possible. For example, deficit (Geerts and Raes 2009) and partial root-zone drying (Sepaskhah and 

Ahmadi 2010) irrigation methods depend upon such close crop monitoring and can serve to 

maintain yields with reduced water application. Technology for effecting such crop remote 

sensing (Atzberger 2013) includes the use of soil water sensors and wireless relaying of data from 

the field (Greenwood et al. 2010) and thermal imaging to monitor increases in plant temperature 

in response to water stress (Vadivambal and Jayas 2011).  

Perhaps the best hope however, is for the development of novel, more water-use efficient (WUE) 

germplasm; suited to water stressed environments and with high yield potential and high yield 

stability (Cattivelli et al. 2008) under more drought prone future climatic conditions. As is to be 

expected research in this area has been very widely reported in recent years with multiple 

reviews (Reynolds and Tuberosa, 2008; Ashraf, 2010; Xoconostle-Cázares et al. 2010; Mir et al. 

2012) concluding that next generation sequencing (NGS); advanced molecular breeding and 

genetic engineering (GE) will contribute significantly towards these goals (Hu and Xiong 2013). It is 

important to state that what is sought is drought tolerance (the ability to maintain yield stability 
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under drought) as opposed to drought avoidance; characterised by responding to drought by 

reducing growth (Shanker et al. 2014). Where the response or adaptation to water limited 

conditions are discussed in this thesis the focus is drought tolerance under moderate drought 

conditions and hence the phrase, “drought tolerance”, (or variants thereof) are used to describe 

any aspect of tree morphology or physiology that allows yield to be maintained under these 

conditions.  

1.7.3 Understanding Drought Tolerance in Crop Plants 

Neumann (2008) reviewed coping mechanisms for crop plants under drought and highlighted the 

importance of genes related to flowering time (reproductive growth); vegetative growth (both 

roots and shoots); leaf senescence and desiccation resistance in the drought response. The review 

noted however that substantial reduction in the growing season for vegetative and reproductive 

growth may impact negatively on yield; an outcome not desirable in food or bioenergy crops and 

meeting the characterisation of drought avoidance rather than tolerance as defined by Shanker et 

al. (2014). In general terms plant responses to drought have been described as mediated through 

altered gene expression (the transcriptome); changes to the dynamics of protein turnover and 

post-translational modification (the proteome) and metabolomic responses characterised by 

adjustments in the levels of hormones, secondary metabolites and osmobalancers such as sugars 

and ions (Yang et al. 2010; Shanker et al. 2014). Later reviews also emphasise the more recently 

identified importance of epigenetics, histone modifications and micro-RNAs (Cabello et al. 2014; 

Shanker et al. 2014). At this time however, a large number of studies on the drought response 

have been conducted in the model plant A. thaliana (Shanker et al. 2014). Cominelli et al. (2013) 

point out that work in model species is not always readily applicable to species of commercial 

importance and that this issue may be exacerbated due to many studies being carried out in 

laboratory conditions with drought events that are “agronomically unrealistic”. Specifically; they 

contrast the rapid, severe dehydration and osmotic shock that may be imposed under controlled 

conditions with the more moderate and gradual water stress likely experienced in the field; such 

stress being unlikely to prove terminal but still negatively impacting yield. One other reason for 

the need to field test for drought tolerance phenotypes within species of interest themselves is 

that overexpression of the effectors of plant defence can result in yield penalties (Cabello et al. 

2014) which are intolerable when the overarching aim is to increase production.       

A diverse range of food crops have been the subject of studies of drought stress and water 

relations; ranging from tomatoes (Li et al. 2014) to peaches (Rahmati et al. 2015). Much of the 

work however, has been conducted in cereals which form a large proportion of the staple diet of 

many nations. In maize it has been found in field level datasets that yield increases in the US 



Chapter 1 

32 

Midwest from 1995-2012 were accompanied by an increased sensitivity to drought (Lobell et al. 

2014). Modelling work from Harrison et al. (2014) suggested that European maize crops are likely 

to experience more frequent severe water deficits during grain filling and a reduction in the 

length of the growing season. They found that early maturation and a reduced anthesis-silking 

interval (increases ear growth rate) could assist in providing greater yields with an emphasis on 

avoiding or reducing stress at the time of flowering. With regards to functional studies Peng et al. 

(2012) built on work in A. thaliana and identified 68 CCCH-type zinc finger genes in maize; 12 of 

which grouped with other known stress responsive genes and contained stress responsive 

elements in their promotors. Seven of these genes were differentially expressed in qRT-PCR 

experiments in response to ABA and drought treatments. This is a good example of work moving 

from model species to crops; albeit in a glasshouse setting. On a larger scale a field trial of 240 

accessions of subtropical maize genotyped for nearly 30,000 SNPs enabled a GWAS to identify 

functional mechanisms of drought tolerance (Thirunavukkarasu et al. 2014). Water stress was 

imposed at the flowering stage (the most vulnerable time for yield penalties) and the authors 

report 61 significant associations for tolerance in important agronomic traits. The largest numbers 

of these SNPs were located in genes implicated in stomatal closure (28) and flowering (15). A 

smaller GWAS has also been reported for drought tolerance in barley (Wehner et al. 2015). Rice 

production is highly water intensive and its production is responsible for 50% of fresh water usage 

in China (Luo, 2010); while drought is a major constraint to production in areas where 

supplementary irrigation is not feasible (Serraj et al. 2011). The development of water saving and 

drought resistant (WDR) lines is a priority and some such varieties have already been developed 

through field screening and molecular breeding programmes (Luo, 2010). Large scale GWAS have 

also been undertaken in rice (Huang et al. 2012) for a variety of agronomic traits including 

drought tolerance (Huang et al. 2010). The response of barley to the combined factors of drought 

and increased CO2 has also been investigated with wide variation in response between accessions 

suggesting the potential for selective breeding (Ingvordsen et al. 2014). It is noteworthy however, 

that an increased abundance of CO2 could not compensate for drought conditions in a future 

climate; with a 29% yield decrease when both temperature and CO2 were raised.  

The issue of yield gains from higher atmospheric CO2 being tempered by drought and / or heat 

stress is also of concern for 2G biofuel crops which must be suited to changeable future climates if 

they are to provide a secure, low-carbon alternative to fossil fuels for transport (Oliver et al. 

2009). Work in this area in bioenergy crops is not that extensive at this time however, there are 

some examples from recent years alongside a consensus that QTL and association mapping; 

transcriptomics and proteomics can unlock the mechanisms of drought tolerance in bioenergy 

species as they have in model species and food crops (Yin et al. 2014). Xie et al. (2013) identified 
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several hundred drought-stress responsive micro-RNAs (miRNAs) in switchgrass with gene targets 

in numerous important pathways including starch, fatty acid and lignin biosynthesis and xylem 

formation. The important role of miRNAs in the drought response has also been shown in the 

related bioenergy crop sugarcane (Ferreira et al. 2012; Gentile et al. 2015). A large GWAS with 

more than a million SNPs in 220 genotypes of the model legume and prospective bioenergy crop 

Medicago truncatula was recently published (Kang et al. 2015). They characterised biomass, leaf, 

stomatal and drought related traits including carbon-isotope discrimination and leaf performance 

under dehydration stress. Associations were found for all traits and candidate genes were 

identified that had previously been shown to be regulated by drought; including metal tolerance 

and disease resistance proteins. 

1.7.4 Drought Tolerance in Poplar 

Poplar’s adoption as a model tree (Jansson and Douglas 2007) and earlier sequencing (Tuskan et 

al. 2006) means that it has been the subject of more research effort than other bioenergy 

feedstocks. Poplar is a riparian species and is known to be vulnerable to drought induced xylem 

cavitation (Plavcova and Hacke, 2012; Fichot et al. 2015). Galvez et al. (2013) demonstrated that 

drought also restricts root reserve accumulation in young poplars leading to an increased risk of 

winter mortality. Recently however, Wang et al. (2015) were able to show that P. euphratica 

seedlings respond plastically to water table depth by altering both root length and total root 

biomass allocation. Rancourt et al. (2015) found genotypic variation in leaf mesophyll 

conductance (gm) in response to drought and reported increased WUE in individuals which 

delayed reducing gm following stomatal closure and in which gm recovered more rapidly following 

rehydration. This variation within the genus suggests that potential exists to breed for a more 

WUE and drought tolerant poplar feedstock. Hamanishi et al. (2015) characterised the 

metabolomic response to drought in P. balsamifera and demonstrated variation in a genotype 

and time-of-day dependent manner. A drought metabolome was identified with 40 metabolites 

significantly more or less abundant under water stress; though these were not grouped into any 

general class. Jia et al. (2015) identified a negative, synergistic effect between high temperature 

and drought stress in impacting carbon and water metabolism in poplar saplings with increased 

ABA signalling and reduced root carbon storage. Heat and drought stimulated the transcriptional 

regulation of genes related to the heat stress response, ABA production and sugar transport. The 

exacerbation of the drought response by high temperatures in poplar is unfortunate as these 

conditions are likely to increasingly occur together under the effects of future climate change and 

it is therefore important to understand the genetic basis of drought and heat tolerance to inform 

breeding programmes. This is underlined by glasshouse research indicating that the total biomass 
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yield benefits conferred by a higher CO2 atmosphere do not offset the yield costs of greater water 

stress predicted under climate change (Perry et al. 2013). This is consistent with the results in 

barley discussed above (Ingvordsen et al. 2014).    

Street et al. (2006) subjected a family 331 population as well as the grandparental P. trichocarpa 

and P. deltoides genotypes to soil drying and mapped QTL for observed drought adaptive 

responses. These included the percentage of leaves showing necrosis or abscission, leaf 

chlorophyll content and leaf extension and expansion rates. P. trichocarpa and P. deltoides 

showed significantly different responses to water-stress. P. deltoides was able to decrease water 

loss through transpiration by rapidly closing stomata and reducing photosynthesis rates as well as 

reducing leaf area and preferentially initiating senescence in older leaves. This allowed P. 

deltoides to delay xylem cavitation and leaf abscission for longer than P. trichocarpa which saw a 

faster onset of necrotic lesions, owing to an inability to reduce leaf area and less pronounced 

reductions in stomatal conductance and photosynthetic rate. The F2 generation showed 

transgressive segregation (i.e. phenotypic variation above and below parental values as a result of 

the recombination of additive alleles in the offspring) for all traits allowing the identification of 

highly divergent extreme phenotypes for leaf abscission. Microarray analysis identified 215 and 

125 genes differentially expressed between these extreme genotype groups under control and 

drought conditions respectively; of which 13 co-located with mapped QTL for leaf abscission in 

response to drought. Work by Berta et al. (2010) also identified changes in gene expression in 

response to water stress, this time in P. alba. Again, there was a reduction in stomatal conduction 

and photosynthesis accompanied by stem shrinkage; encouragingly these changes were almost 

entirely undone by re-hydration. Microarray analysis identified transcriptome changes during 

water stress and recovery with categories of differentially expressed genes including 

photosynthesis, secondary metabolism, cell signalling, aquaporins, cell wall metabolism and the 

stress response (Berta et al. 2010). Viger et al. (2013) identified QTL for stomatal conductance and 

carbon isotope discrimination in an F2 mapping population (P. trichocarpa x P. deltoides) and 

combined these data with microarray expression profiles to identify 23 novel candidate genes on 

4 linkage group hotspots. Yoon et al. (2014) also employed microarrays to identify a large number 

of genes up or down-regulated in response to drought and salt stresses in a P. alba x P. glandulosa 

hybrid. Gene categories of note included signalling proteins and transcription factors but 25% of 

those identified where of unknown function and represent novel opportunities for further study. 

Moving up to the level of transcriptome resequencing, Tang et al. (2013) showed significant 

changes in expression of genes related to stress perception and signalling; transcriptional 

regulation and stomatal closure inhibition between control and drought-stressed leaves from P. 

euphratica. This latter observation was consistent with the observation that under moderate 
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drought P. euphratica stomata did not close; with the authors suggesting that this may provide a 

physiological explanation for the ability of this more arid tolerant Populus to maintain normal 

growth under more stressful conditions. The following year Tang et al. (2014) conducted a similar 

study in the more widely researched P. trichocarpa and found more than 5000 genes differentially 

expressed under drought; with an increased proportion of alternative splicing events also seen 

under water stress. In contrast to P. euphratica (Tang et al. 2013) stomatal conductance and 

photosynthetic rate were significantly reduced under drought in this species. Long intergenic non-

coding RNAs (lincRNAs) may also be important in regulating the stress response with the 

expression of more than 500 found to be drought responsive in P. trichocarpa (Shuai et al. 2014). 

Members of the AP2/ERF family of transcription factors (TF) have been implicated in the ABA 

dependent drought stress response in the cereal crop millet (Lata et al. 2014) and genome wide 

analyses of this family have now been reported in eucalyptus (Cao et al. 2015) and willow that 

may assist in functional analysis of these TFs in bioenergy trees (Rao et al. 2015).  

From a genetic modification (GM) perspective the ectopic or over-expression of certain enzymes 

has been shown to enhance drought tolerance in transgenic lines. Han et al. (2012) showed the 

expression of the GSK3/shaggy-like kinase AtGSK1 from A. thaliana in a P. alba x P. tremula hybrid 

resulted in improved drought tolerance mediated through higher photosynthetic rate and 

stomatal conductance under stress. The expression of an Acyl-ACP thioesterase (involved in fatty 

acid export from plastids) in a P. deltoides x P. euramericana hybrid was also shown to increase 

drought tolerance (Zhang et al. 2012). In this case transgenic plants displayed higher activity for 

antioxidant enzymes associated with the free-radical scavenging pathways and possessed higher 

leaf chlorophyll content. Mitogen-activated protein kinase (MAPK) cascades have also been 

implicated in the plant stress response. Wang et al. (2014) mapped the expression profiles of the 

MAPK kinase (MAPKK) family in P. trichocarpa but also demonstrated that the overexpression of 

one family member (PtMMK4 – selected because it was substantially upregulated under drought) 

enhanced drought tolerance. Again, a higher activity for antioxidant enzymes was observed in 

transgenic lines and this appeared to result in reduced wilting as a result of oxidative stress under 

drought. The role of oxidative stress defence in droughted poplar has also been reported in P. 

nigra (Regier et al. 2009). Both drought and salt tolerance were improved in cotton and poplar by 

the transgenic expression of the A. thaliana EDT1/HDG11 transcription factor (Yu et al. 2015). In 

the leaves of the transgenic cotton there was evidence of upregulated oxygen species-scavenging 

enzymes as before. In both cotton and poplar stomatal density was reduced with stomatal and 

epidermal cell size increased. 
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1.8 Additional Traits for a Sustainable Feedstock 

1.8.1 Nitrogen-Use Efficiency 

Achieving competitive yields in low input plantations on a commercial scale is important for 

sustainable, 2G bioenergy feedstocks with reduced reliance on inorganic fertilisation; 

supplemental irrigation or pesticides. Poplar does show both significant potential and diversity in 

resource-use efficiency traits. For example, a Canadian field trial (Labrecque and Teodorescu 

2005) saw high average yields over four years of 16.6 – 18.1 odt ha-1 yr-1; achieved without the 

application of fertilisers or irrigation. There have been a number of studies on the physiological 

response and genetic variation of poplar’s adaptation to changes in nitrogen availability. Novaes 

et al. (2009) mapped 63 QTL for 20 traits pertaining to growth and wood chemistry in a P. 

trichocarpa x P. deltoides hybrid under high and deficient nitrogen (NH4NO3) conditions. 

Predictably the growth rate was greater under high-nitrogen and was accompanied by a 

significant increase in the aboveground to belowground biomass allocation ratio; having positive 

implications for yield but potentially negative implications for belowground carbon sequestration 

under fertilisation. Nitrogen fertilisation also increased feedstock quality with increased 

holocellulose and decreased lignin; albeit with a slight decrease in S/G ratio. 51 of the QTL 

mapped were unique to one-or-other treatment suggesting that nitrogen availability is a major 

regulator of many aspects of growth, biomass allocation and wood chemistry in Populus. Fast 

growing trees generally had higher cellulose and lower lignin content and the identification of two 

pleiotropic loci for fast growth and low lignin provide excellent targets for the selective breeding / 

engineering of bioenergy poplar for both these highly desirable outcomes.  

Work by Li et al. (2012) found fast growing poplars to be more greatly affected by N-fertilisation 

than slow growing with respect to biomass yield, leaf area and photosynthetic rate. It has been 

proposed however that high N can result in an increased susceptibility to drought. A study by 

Plavcová et al. (2012) found high N availability and uptake led to increased radial growth and 

wider vessels and fibres in the secondary xylem (a consequence of fertilisation also noted by Li et 

al. 2012). Fibre walls were also thinner; resulting from the down regulation of a number of 

transcriptional regulators of secondary cell wall deposition. Xylem was thus rendered more 

transport efficient but also more vulnerable to drought induced cavitation. This means that 

fertilisation could have negative consequences in a bioenergy poplar plantation where tolerance 

to drought is an important trait for the maintenance of stable yields in the face of global climate 

change.  
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Luo et al. (2013) identified variation in the sensitivity of two poplar species under limited nitrogen 

availability. They also showed reduced N acquisition and assimilation; decreased ammonium, 

nitrate and nitrite influxes and decreased total N concentration in roots and leaves but increased 

fine root surface area and increased abundance in roots of transcripts for a number of ammonium 

and nitrate transporters. In view of the desire to cultivate bioenergy on marginal lands the 

authors concluded that N tolerance should be considered when selecting poplar for nutrient poor 

sites. Toillon et al. (2016) identified plasticity of N removal over two SRC rotations at two sites in a 

population of P. deltoides x P. nigra hybrids. Both genotype and G x E interactions were found to 

be significant for nitrogen-use efficiency (NUE). The highest yielding genotypes also had high NUE 

but greater biomass yields still saw them export greater absolute quantities of N from the soil 

than smaller genotypes.  

Selective breeding with diverse germplasm may drive the development of bioenergy poplar with 

higher NUE but novel approaches are also under investigation. Genetic engineering can play a role 

with the overexpression of cytosolic glutamine synthetase reported to have a positive impact on 

NUE; though outcomes have been inconsistent (Thomsen et al. 2014). Symbiosis has also been 

proposed as a pathway to reduce dependence on fertilisation. Endophytes extracted from native 

poplar in nutrient poor soils were used to inoculate P. trichocarpa clones in glasshouse and field 

trials. Inoculated trees showed enhanced biomass yield compared to controls in low N conditions 

(Knoth et al. 2014).  

1.8.2 Carbon Sequestration 

Soil organic carbon (SOC) represents a significant carbon sink (Schmidt et al. 2011) and is 

important both for soil fertility, and hence agricultural yields, and for climate change mitigation 

(Stockmann et al. 2013). SOC sequestration has been most frequently discussed with regards to 

energy and high diversity grasses (Tilman et al. 2006; Anderson-Teixeira et al. 2009) however, 

there is also evidence that SRC stands may increase SOC as well as total belowground carbon 

sequestration through their extensive root networks (Rowe et al. 2009). Modelling of soil carbon 

changes in the UK under four different bioenergy crops (miscanthus, SRC poplar, oilseed rape and 

winter wheat) by Hillier et al. (2009) found that both miscanthus and SRC poplar were most likely 

to have a beneficial impact on GHG emissions but that initial soil carbon stocks and previous land-

use were highly pertinent to the final GHG balance. Unsurprisingly, the conversion of arable land 

to perennial bioenergy crops was preferable to the conversion of grasslands and the replacement 

of mature forest was undesirable. This pattern was also identified in a subsequent meta-analysis 

of bioenergy land use change by Harris et al. (2015). Some reports disagree however, suggesting 

that SRC does not increase general carbon sequestration (Walter et al. 2015) or that it is offset by 
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increased methane and nitrous oxide emissions (Zenone et al. 2016). Land use change can incur 

an upfront carbon debt (Zenone et al. 2011) and this suggests that any carbon sequestration 

potential of bioenergy poplar will only be met if a commitment is made to maintain plantations in 

the medium to long-term once established. The potential to increase below ground biomass 

allocation (which may increase total system C sequestration) by SRC trees was discussed above 

(Wullschleger et al. 2005; Berhongaray et al. 2015).  

1.8.3 Salinity and Heavy Metal Tolerance 

Sea level rise resulting from climate change may see saltwater intrusion in coastal areas and so 

research in poplar has also focused on the response salt stress and salinity tolerance (Chen et al. 

2012; Janz et al. 2012). Soil amendment, mycorrhization (fungal inoculation) and genetic 

engineering have all been proposed as mechanisms to improve salt tolerance in poplar (Chen et 

al. 2014; Yang et al. 2015). Another trait related to growth on degraded land is heavy metal 

accumulation and tolerance (Guédard et al. 2012; Migeon et al. 2012); qualities of value in the use 

of poplar for phytoremediation purposes on damaged lands such as metallurgic landfill. Clearly, 

such lands are ideal for bioenergy in the sense that they are of little value for other purposes and 

absolutely cannot be used for agriculture. P. nigra has been demonstrated to be of value in 

reclaiming land contaminated by metals, hydrocarbons and polychlorobiphenyls (Doni et al. 2012) 

and a review by Yadav et al. (2010) discusses the potential for genetically engineering poplar for 

enhanced abilities in this regard. Transgenic poplar hybrids expressing yeast cadmium factor 1 

were recently shown to possess an enhanced ability for the accumulation of toxic metals (Cd, Zn 

and Pb) in mine tailing soil (Shim et al. 2013). Zinc stress tolerance has also been quantified in 

commercial clones under a hydroponic system (Romeo et al. 2014). A poplar plantation that 

assisted in land reclamation in addition to providing bioenergy feedstock would be of significant 

additional environmental value; especially at a local level (Pandey et al. 2016). An area of 

uncertainty and possible concern regarding dual purpose phytoremediation and bioenergy crops 

is the release of heavy metals or other pollutants from the feedstock during processing or 

combustion and this is a topic that requires further research to ensure public safety and 

environmental protection (Gomes, 2012).   

1.8.4 Pathogen Resistance 

Pathogens can be a cause of significant losses in agriculture and bioenergy crops are no exception. 

Major and Constabel (2006) identified wound and insect damage responsive genes in a P. 

trichocarpa x P. deltoides hybrid. Most literature relating to poplar and pathogens however 

focuses on rust infection (Melampsora), which is the pathogen responsible for the greatest losses 



Chapter 1 

39 

in commercial poplar plantations. Research to elucidate the genetic effectors of rust resistance 

have included the genome wide profiling of microRNAs differentially expressed under rust 

infection (Chen and Cao 2015) and genome wide association genetics (La Mantia et al. 2013). 

These approaches may yield markers for selective breeding or candidates for genetic engineering 

for a more rust resistant feedstock. Commercial poplar hybrids under cultivation for biomass in 

Umbria, Italy showed significant variation in rust resistance between genotypes (Covarelli et al. 

2013); suggesting potential for further improvement does exist within the genus.  

1.8.5 Seasonal Phenology 

Populus possesses a wide environmental range (Eckenwalder 1996); and has provided competitive 

yields at sites ranging from the warm, southern Italy (Di Nasso et al. 2010) to the boreal climes of 

Canada (Labrecque and Teodorescu, 2005). In the light of global climate change it will be 

important that pedigree lines maintain sufficient genetic diversity to ensure adaptability and 

phenotypic plasticity is maintained within commercial populations in the face of new 

environmental challenges. Poplar’s potential to adapt to drought was discussed above (Street et 

al. 2006) but other seasonal phenology traits are also important. One example is bud set the 

timing of which must be responsive to environmental conditions, especially temperature, so as to 

maximise the growing season whilst avoiding frost damage in early spring or late autumn. The 

underlying QTL controlling bud set have been mapped (Fabbrini et al. 2012) and, unsurprisingly, 

the trait was found to be additionally regulated by significant G x E interactions. Olson et al. 

(2013) identified loci for bud flush as well as bud set in P. balsamifera and found generally high 

broad-sense heritabilities (H2 > 0.5) for these traits. Associations for phenology traits, including 

bud set, bud flush and leaf drop, have also been found through GWAS in P. trichocarpa (McKown 

et al. 2014). Ensuring that bioenergy poplar plantations are not overbred for particular, high-value 

traits to the detriment of their adaptive responses to environmental cues will be essential if they 

are to provide a secure energy supply in a changing climate. 

1.9 Summary 

The energy inefficiencies and environmental and ethical concerns surrounding 1G biofuels, in 

conjunction with the now widely accepted need to move away from petroleum in the transport 

sector, are likely to lead to large scale deployment of lignocellulosic energy crops and 

biorefineries within the next decade. An analysis that is supported by national and international 

energy and biofuel policies and legislation passed by many developed nations in recent years. In 

this general introduction SRC poplar’s strong credentials for such commercial bioenergy 

production have been outlined with regards to feedstock quality, yield and environmental 
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sustainability and these would suggest that poplar will likely have a significant role to play as a 2G 

bioenergy feedstock. Populus possesses a wide genetic and phenotypic variance for important 

traits including lignin content and S/G ratio; biomass accumulation and distribution and drought 

tolerance. This, in synergy with the enormous breadth of genomic data available for poplar as a 

model tree, leaves it well placed for selective breeding to produce commercial hybrids. These 

efforts may be assisted by novel, marker-assisted breeding technologies (Nieminen et al. 2012) 

and genetic engineering (Wilkerson et al. 2014); techniques which are further discussed with 

respect to the sustainable intensification of bioenergy in Chapter 2. It is hoped that these 

pedigrees will show enhanced traits for bioenergy production beyond those of native genotypes. 

They must be adaptable to climate change and tolerant to associated abiotic stresses; particularly 

drought. They must also be able to provide stable and competitive biomass yields year-on-year 

under low-input agricultural practices. If bioethanol is the intended end-use then high wood 

quality will also be required for energy efficient saccharification to fermentable sugars. If these 

goals can be achieved then bioenergy poplar will be well positioned to take a significant share in 

the global renewable energy portfolio. 

1.10 Statement Regarding Candidate Contributions 

Chapters 3 and 4 are in research paper format and as such have multiple co-authors who 

contributed to the work described with respect to experimental design; data collection or data 

analysis though the candidate was the lead author in each instance. In Chapter 3 the candidate 

received raw phenotyping data collected by previous lab members from the 2011 and 2012 field 

seasons but led the 2013 phenotyping at the Northington site and performed the saccharification 

of the wood samples. The candidate conducted the GLM and correlation analyses of the 

phenotypic data. The candidate was provided with the SNP data from the 12K Illumina array and 

conducted the necessary formatting and filtering of these data for analysis. The candidate 

conducted all the population (PCA, STRUCTURE and Mantel tests) and association genetic 

analyses with valued advice from co-authors. Gene candidates were identified by the candidate 

and RNAseq data pertaining to these genes was supplied by Dr. Henning Wildhagen. The 

candidate drafted the full manuscript and incorporated comments from co-authors for the final 

submission. In Chapter 4 the candidate led collection of leaf tissue and conducted the DNA 

extraction. This DNA was provided to IGA Technology Services (IGATS) who conducted the 

genotyping by sequencing. The candidate received the SNP data from IGATS and conducted 

formatting and filtering for analysis. With respect to phenotyping the Savigliano site planting was 

led by Dr. Hazel Smith with the involvement of the candidate. The candidate was involved in the 

organisation of the 2014 and 2015 phenotyping expeditions and was an active participant in all 
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data collection. The candidate processed the raw phenotyping data and conducted GLM analyses 

and narrow sense heritability estimation. Spatially corrected means for GWAS analyses were 

calculated by Dr. Joao Paulo however the candidate conducted all population structure, outlier 

and GWAS analyses. The candidate identified candidate genes arising from these analyses. The 

candidate drafted the full manuscript excepting the methodology for GBS which was supplied by 

Dr. Davide Scaglione at IGATS and the methodology for the spatial correction of genotypic means 

which was supplied by Dr. Joao Paulo.  
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2.1 Abstract 

There is increasing urgency to develop and deploy sustainable sources of energy to reduce our 

global dependency on finite, high-carbon fossil fuels. Woody plant biomass sources for second 

generation (2G) biofuels are conceived as non-food feedstocks. They are cultivated with minimal 

inputs on marginal or degraded lands to prevent competition with arable agriculture and bear 

significant potential for sustainable intensification through advanced molecular breeding. This 

article explores progress made in next-generation sequencing, advanced genotyping, association 

genetics and genetic modification in 2G bioenergy production and highlights how these 

techniques can assist the sustainable intensification of these feedstocks for deployment in the 

immediate future. 
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2.2 Molecular Breeding for Sustainable Intensification 

In the past decade advanced breeding techniques have been increasingly employed to enhance 

commercially important traits in staple crops and livestock as food producers seek to improve the 

yield, economy, resilience and environmental sustainability of their products [1]. Next generation 

sequencing (NGS); high-throughput genotyping and molecular breeding methodologies such as 

MAS, genomic selection (GS) and genetic modification (GM) have been applied in a significant 

number of important species. These include cereals such as rice (Oryza sativa) [2], maize (Zea 

mays) [3] and barley (Hordeum vulgare) [4]; other crops including potato (Solanum tuberosum) 

[5], apple (Malus domestica) [6] and soybean (Glycine max) [7]; and domestic livestock species 

including cattle [8] and pigs [9]. In total more than 100 plant genomes have been sequenced since 

2000 [10] as costs for sequencing technology have plummeted and instrument capacity increased 

million-fold  [11]. Targeted phenotypes vary depending upon the breeding priorities for a given 

species but tend to be broadly focussed on disease resistance [4]; maximising yields [7]; improving 

nutritional quality [3]; reducing waste [9] or inducing tolerance to more challenging 

environmental conditions such as drought and salt stress [12]. Many of these breeding 

approaches may enable us to realise the ‘more from less’ paradigm suggested as part of the 

sustainable intensification of crop production. Here we take the Royal Society’s definition of 

sustainable intensification as a system, “in which yields are increased without adverse 

environmental impact and without the cultivation of more land” and suggest that primary 

productivity should be refocused towards these goals [13]. There remains considerable potential 

to better exploit genetic resources where the development of new and novel crops is focussed 

away from yield per se and towards improved quality of product with reduced inputs and waste.  

For bioenergy crops, that have hardly been selected and bred in the past, this provides a 

framework to harness the power of new DNA technologies to deliver higher, more sustainable 

yields that are of wide value to society.   

The progress of bioenergy has been hampered by controversy surrounding first generation (1G) 

biofuels derived from food crops, with public opposition over their suggested impact on food 

security and debate as to the true extent of the benefit they provide over conventional fossil 

fuels. Second-generation lignocellulosics are considered as promising candidates for the 

production of sustainable, cost-effective bioenergy feedstocks but in contrast to food crops, a 

relatively short time and limited effort has been focussed on their breeding and improvement 

with very little commercial deployment to date despite the clear advantages they confer over the 

1G. The key question is whether the opportunity provided by new DNA technologies can help 

enable the accelerated development of better lignocellulosic crops. Such crops require research 
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effort in order to maximise their inherent potential for competitive yields, reduced greenhouse 

gas (GHG) emissions and favourable energy balances relative to 1G bioenergy and fossil fuels it is 

hoped they will replace [14]. Thus the central aim for bioenergy breeding must be sustainable 

yield intensification; i.e. increasing biomass production per land unit area without environmental 

degradation or increased agronomic inputs. 

2.3 The Yield Gap in Second Generation Bioenergy 

Potential yield (Yp) is the yield obtainable if the full genetic potential of a crop is realised under 

optimal conditions in which water and nutrients are non-limiting and biotic stresses are controlled 

(often only seen in experimental conditions). Actual yield (Ya) is the average yield obtained in the 

field and the yield gap is calculated as the difference between Yp and Ya [15]. Yield gap analyses 

are commonly employed for food crops including rice [16], maize [17] and cassava (Manihot 

esculenta) [18] and consider the impact of pests and disease, water availability and soil nutrients 

on crop performance in a given climate or location. As such, they are considered important for the 

sustainable intensification of agriculture by highlighting which crops and regions have the greatest 

potential for increased productivity and identifying research priorities for crop improvement [15].  

Figure 2.1 illustrates the range of biomass yields obtained in published field trials for poplar 

(Populus), willow (Salix) and miscanthus (Miscanthus sinensis, M. sacchariflorus, M. x giganteus). 

Unsurprisingly the highest yields are generally achieved in trials with supplemental irrigation and / 

or fertiliser application and the breadth of reported yields is suggestive of a significant yield gap 

for these key lignocellulosic bioenergy crops. Whilst potential yields are rarely achieved, the 

possibility exists for targeted molecular approaches to help overcome this gap in a timely manner 

by addressing traits that can drive the sustainable intensification of 2G biomass. 

2.4 Key Traits for the Sustainable Intensification of Bioenergy  

To pursue the sustainable intensification of biomass research must target traits that can deliver 

increased yields while minimising the need for agronomic inputs, i.e. supplementary irrigation, 

fertilisation and pesticide application. Performance must also be consistent, with perennial 

bioenergy crops able to provide reliably high yields over multiple harvest cycles in the face of 

variable and changing climatic conditions. Many of the traits that represent breeding priorities for 

food crops (yield, pest and disease resistance, drought and salinity tolerance and nitrogen and 

water-use efficiencies) can also underpin the delivery of sustainable intensification for bioenergy. 

These sit alongside bioenergy-specific traits such as feedstock composition and conversion 

efficacy which are important for maximising the yield of the primary end product (e.g. bioethanol) 
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and thus increasing the productivity and profitability of the fuel chain as a whole [19]. Table 2.1 

takes poplar as a model and provides an extensive list of traits shown to be of value for 

development in relation to yield, feedstock quality, stress tolerance, resource use efficiency and 

ecosystems services provision. Where possible examples are provided of genetic or genomic work 

to understand or enhance these traits. 

 

Figure 2.1: Reported Biomass Yields Reveal a Yield Gap for Second Generation Bioenergy.  

The 2G bioenergy feedstocks poplar, willow and miscanthus have shown wide variation in 

their biomass yields. Where more than one value is reported in a publication those given here 

are the maximum reported oven-dry biomass yields (tonnes ha-1 year-1) for the best 

performing sites, genotypes and years or coppice cycles within each study. Numerical 

citations adjacent to each bar correspond to a single published field trial [89–119]. Poplar 

and miscanthus show a greater range of values than willow with larger maximum biomass 

yields reported. The inset bar chart displays the mean yield and standard error for all the 

trials shown, pooled across feedstocks for each management practice. This reveals a clear and 

expected trend towards greater yields in trials with supplemental fertiliser and irrigation 

with a single exception in the case of the highest yielding miscanthus trial; which reported 

remarkably high yields and solar conversion efficiencies in nutritionally rich, silt agricultural 

soils in Illinois [89]. The yield gap may in reality be greater than indicated by the shaded 

region of the chart as commercial yields may fall short of those reported in experimental 

plots and trials. 
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Table 2.1: Traits of Interest for Breeding for Sustainable Intensification of Bioenergy Poplar 

Target Trait Description / Context Genetics / Genomics Studies 

Yield 

Leaf Development Leaf size, specific leaf area and leaf 

number increment have been linked 

to whole tree growth and are 

valuable for selection of high yielding 

poplar hybrids. [55] 

Robust yield QTL mapped in poplar. [56] 

Leaf area and biomass increased in 

transgenic poplar overexpressing 

PagBEE3L, a brassinosteroid induced 

transcription factor. [57] QTL mapped 

for leaf shape variation. [58] 

Canopy Duration Canopy duration (time from bud 

flush to bud set) is positively 

associated with biomass yield by 

extension of the growing season. [59] 

Associations for canopy duration and 

related phenology traits identified 

through GWAS in P. trichocarpa. [31] 

Photosynthetic 

Efficiency and 

Stomatal 

Patterning 

Photosynthetic rate is a major target 

for improving food crop yields from 

the biochemical to the canopy level. 

[60] In poplar there is a positive 

relationship between abaxial 

stomatal density and biomass 

production. [61]  

GWAS identified candidate genes for 

stomatal patterning and link with carbon 

gain in P. trichocarpa. [62] Genetic 

modification to improve photosynthetic 

efficiency has been reported in tobacco. 

[63] 

Cell Elongation 

and Proliferation 

Increased vegetative meristem 

activity resulting in increased cell 

division or elongation should 

increase harvestable biomass yield in 

a range of 2G bioenergy crops. [64] 

Accelerated xylem development and 

enhanced biomass in transgenic poplar 

by overexpression of PagBEE3L, a 

brassinosteroid induced transcription 

factor. [57] 

Biomass 

Allocation 

Above and belowground patterns of 

biomass allocation are under genetic 

control with aboveground biomass 

available for harvest increasing 

proportionally with age. [65]  

QTL identified for biomass allocation in 

poplar mapping populations. [65] 

Sylleptic 

Branching 

Sylleptic branch number has a 

generally, but not ubiquitously, 

positive relationship with biomass 

yield in poplar. [59,66] 

Sylleptic branching can be induced in 

poplar by the transgenic expression of 

the DNA binding protein CsRAV1. [67]  

Feedstock 

Quality 

Cellulose Quantity 

and Structure 

The enzymatic hydrolysis of cellulose 

yields glucose for fermentation to 

bioethanol. Poplar species and 

hybrids have cellulose contents 

ranging from 42-49%. [68]   Cellulose 

crystallinity is a cause of recalcitrance 

and reduced saccharification 

potential. [68] 

Associations have been reported from 

GWAS for cellulose content and cell wall 

crystallinity in poplar. [30] Reduced 

crystallinity and enhanced biochemical 

conversion has been reported in a 

transgenic cellulose-synthase A. thaliana 

mutant. [69]  

Lignin Quantity 

and Quality 

A key trait for the control of woody 

feedstock recalcitrance. Reduced 

lignin content or lignin with a high 

S/G ratio is associated with higher 

yields of fermentable sugars. [70] 

GWAS has identified associations for 

total lignin, soluble lignin and syringyl (S) 

lignin contents in P. trichocarpa. [30] 

Low lignin poplar transgenics have been 

reported with improved saccharification 

potential and sugar yield. [71]  

Wood Density Density is an important trait for both 

biomass yield and quality and shows 

genotypic variation between poplar 

hybrids. [72] 

Transgenic poplar expressing pine 

glutamine synthetase (GS1a) has been 

shown to possess a range of enhanced 

wood quality and chemical traits 

including wood density. [46]  



Chapter 2 

79 

Stress 

Tolerance 

Pest / Disease 

Resistance 

Pests and disease can have highly 

negative implications for yield. The 

most costly poplar pathogen is the 

rust fungus (Melampsora) and 

resistance is a major commercial 

breeding priority. [73] 

QTL mapping for resistance QTL. [73] 

Associations for rust (Melampsora x 

columbiana) resistance identified 

through GWAS in P. trichocarpa. [32]  

Drought 

Tolerance 

An important trait in the face of 

global climate change. Poplar is 

vulnerable to drought induced 

cavitation [74] but the more tolerant 

P. euphratica has been shown to 

respond plastically to water table 

depth by adjusting both root length 

and total root biomass allocation. 

[75]  

Transgenic poplar expressing the A. 

thaliana transcription factor 

EDT1/HDG11 show improved drought 

tolerance. [76] Transcriptome 

resequencing from control and drought-

stressed leaves of P. euphratica 

identified gene candidates related to 

stress perception and signalling; 

transcriptional regulation and stomatal 

closure inhibition. [77] 

Salinity Tolerance High soil salinity resulting from 

naturally saline groundwater or 

excess irrigation can cause osmotic 

stress to which poplar is vulnerable. 

[78]  

The salt responsive transcriptome of 

poplar has been mapped. [78] The 

overexpression of a manganese 

superoxide dismutase can increase salt 

tolerance in transgenic poplar. [52] 

Flood Tolerance Flooding and root hypoxia can cause 

reductions in stomatal conductance 

and photosynthetic rate however, 

poplar clones have been shown to 

differ in their response. [79] 

No published literature on the genetic 

basis of flooding in poplar however QTL 

mapping for waterlogging tolerance and 

the identification of candidate genes 

associated with anaerobic responses has 

been performed in maize. [80]  

Resource Use 

Efficiency 

Water-Use 

Efficiency (WUE) 

A high priority to reduce vulnerability 

to drought and the need for 

supplementary irrigation in these 

predominately riparian species.  

QTL mapped for stomatal conductance 

and leaf carbon isotope discrimination, 

an indicator of leaf WUE. [81] The 

ectopic expression of pine glutamine 

synthetase has been shown to enhance 

tolerance to water stress through the 

maintenance of photosynthetic electron 

transport capacity. [48] 

Nitrogen-Use 

Efficiency (NUE) 

NUE important for minimising the 

need for fertiliser application to 

bioenergy poplar. Poplar nitrogen 

nutrition has been extensively 

reviewed. [82]  

QTL mapped for growth and wood 

chemistry in response to varying 

nitrogen availability. [83] Transgenic 

expression of glutamine synthetase 

shown to improve NUE. [47] 

Ecosystems 

Services 

GHG Balance There is considerable interest in the 

net balance of GHG emissions (CO2, 

CH4 and N2O) from SRC poplar 

plantations after conversion from 

agriculture or grassland. [84] 

This trait represents an amalgamation of 

many different factors including 

photosynthetic efficiency, carbon 

assimilation and soil C sequestration as 

well as the need for fertilisation which is 

a product of crop NUE. [84]  

Volatile / Isoprene 

Emissions 

Isoprene (and other organic volatile) 

emissions contribute to the 

formation of photochemical smog 

and reduced air quality. Poplar 

genotypes vary in their isoprene 

emissions which do not appear to 

depend on photosynthetic rate. [85] 

RNA interference has been employed in 

transgenic poplar to reduce isoprene 

emissions without impacting biomass 

yield. [86] 
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Phytoremediation 

(Heavy Metal 

Tolerance)  

Useful for the employment of 

bioenergy poplar for reclaiming toxic 

/ degraded lands. 

Transgenic poplar expressing yeast 

cadmium factor 1 show increased 

tolerance to Cd, Zn and Pb. [51]   

Micro-organism 

Associations 

Inoculation of poplar roots with 

native endophytes increased biomass 

yield through increased biological 

nitrogen fixation in a long term field 

setting. [87]  

There are no reports of breeding 

attempts for fungal symbiosis specifically 

however; a transgenic poplar 

(suppressed cinnamyl alcohol 

dehydrogenase) was confirmed not to 

impact fungal soil communities. [88]  

It can be seen that, as for agriculture, advanced next generation sequencing (NGS); high-

throughput genotyping and molecular breeding techniques are helping to drive the development 

of dedicated, non-food biomass crops. The remainder of this article reviews recent reports of the 

application of these technologies to bioenergy feedstocks and includes examples of progress in 

relation to many of the traits discussed above and in Table 2.1.  

2.5 GBS and GWAS for Bioenergy 

Genome wide association studies (GWAS) genotype entire populations for single nucleotide 

polymorphisms (SNPs) and employ this extensive marker set in conjunction with phenotyping 

data to elucidate the genetic basis of quantitative traits of interest [20]. NGS technologies have 

driven a reduction in sequencing costs and can provide genome wide SNP discovery through 

complexity reducing genotyping-by-sequencing (GBS) approaches which can be more cost 

effective than ‘gold-standard’ whole-genome resequencing. These methods include RNA-seq 

transcriptome resequencing; targeted sequence capture and restriction enzyme (RE) based 

genome fragmentation and sequencing [21]. Due to the establishment of poplar as a model tree 

species[22] and the publication of the Populus trichocarpa (black cottonwood) genome 

sequence[23] studies in poplar tend to outnumber those in other candidate bioenergy species 

(such as willow and energy grasses) and it has been the subject of significant resequencing and 

genotyping efforts. These have included whole-genome resequencing[24] and both sequence 

capture and transcriptome resequencing[25] GBS approaches for SNP discovery. Transcriptome 

resequencing has also been reported in willow[26], switchgrass (Panicum virgatum)[27] and 

miscanthus[28]; in the case of miscanthus permitting the construction of a genetic linkage map 

for this species which will be valuable for marker assisted breeding for bioenergy.  

Next generation sequencing of the discovery of more than 500000 SNPs [24,25] in P. trichocarpa 

led to the development of a 34000 SNP genotyping array for this species covering more than 3500 

genes[29] and this has permitted a number of GWAS within the last two years. These have been 

supported by the finding from whole-genome resequencing that LD decay in poplar is extensive 

enough to make an association genetics approach feasible in this species with less markers than 
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previously anticipated [24]. Two recent papers [30,31] have reported hundreds of trait-marker 

associations for many of the commercially important traits that were considered above as 

bioenergy breeding priorities. These included wood chemistry traits such as lignin content and 

composition (a key target for improving the efficiency of feedstock processing and conversion to 

biofuel); biomass yield and water-use efficiency. This array was also employed to identify markers 

in 26 genes associated with rust severity[32]; a major source of fungal infection in commercial 

poplar plantations and responsible for reduced biomass yields and commercial losses. In an 

exciting development for miscanthus; more than 100,000 SNPs were recently used in a GWAS to 

identify trait-marker associations for phenology, cell wall composition, and biomass traits[33]. 

Table S2.1 summarises the key literature on the progress of advanced genotyping and association 

genetics in four promising cellulosic feedstocks for bioenergy. Adoption of poplar as a model tree 

species more than a decade ago[22] and the subsequent effort employed in sequencing[23] has 

enabled progress both in numbers of SNPs called and in trait-marker associations identified. By 

comparison, miscanthus has begun to make progress more recently with the establishment of 

association mapping populations and the publication of an extensive GBS and GWAS study last 

year[33]. Switchgrass has also been extensively re-sequenced and genotyped but has not yet been 

subject to GWAS. Willow is the least advanced of the four feedstocks without published GBS or 

GWAS at this time. 

Trait-marker associations arising from GWAS can be employed for MAS which utilises them to 

identify high value individuals within a population. This permits selection for breeding at an earlier 

developmental stage than previously possible and improves selection time and efficiency[4]. The 

calling of increasingly large marker sets means that whole genome MAS approaches are now 

becoming feasible [34]; while  increasing marker density may soon permit GS within plant species 

[35], already widely utilised in animal breeding. GS sees phenotyping in a large training population 

followed by assignment of breeding values for individuals based solely upon genotyped, trait-

associated markers [36]. Modelling studies suggest that GS in forest trees could result in large 

increases in selection efficiency and permit significant reductions in the breeding cycle [37]. This is 

an excellent prospect for bioenergy poplar and willow where traditional breeding may take 

decades as well as requiring a large amount of space to maintain a reproductively mature 

population. miscanthus also possesses significant phenotypic and genetic variation suggesting 

immediate implementation of GS may now be feasible in miscanthus breeding programmes 

following on from their successful GBS and GWAS[33].  
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2.6 GM for Bioenergy 

An alternative route to trait improvement is provided by GM; the benefits and controversies of 

which have been much publicised in relation to food crops (see Box 1, 2.8.1) and the potential of 

which for bioenergy has been reviewed for both grasses [38] and woody crops [39]. Lignin 

recalcitrance is a major technical barrier to the realisation of cost-effective and sustainable 2G 

feedstocks; creating a requirement for energy intense and potentially costly thermochemical pre-

treatments prior to polysaccharide saccharification to yield simple sugars for fermentation [40]. 

Thus, understanding the genetic basis of lignin biosynthesis and the control of lignin content and 

composition have been significant research priorities. Much effort has been invested in low-lignin 

transgenics; developing knockouts or employing RNA silencing both in the model organism A. 

thaliana and in bioenergy crops themselves [41]. The cell wall has been extensively targeted in 

transgenic poplar through downregulated or altered lignin biosynthesis. This approach has been 

successful in reducing recalcitrance and increasing ethanol yield and conversion efficiency but 

often with inferior fitness and yield penalties in the field (see Box 2, 2.8.2). There have also been 

concerns that overlap between the lignin biosynthetic and plant defence pathways could render 

low lignin transgenics vulnerable to pests and infection, especially to rust [42] which is a major 

poplar pathogen, although as yet there is no evidence to support this contention. The defence of 

poplar against rust infection is based upon the increased expression of genes within the 

phenylpropanoid pathway and the accumulation of monolignols [43]; it follows that genetic 

modifications targeting this pathway could unintentionally increase rust susceptibility in 

bioenergy poplar plantations [42]. A highly novel and promising approach has sought to overcome 

these issues by modifying the structure rather than reducing the  content of lignin [44]. This was 

achieved by the transgenic expression of the enzyme monolignol ferulate transferase which 

inserts ester linkages into the backbone of the polymer, creating a lignin amenable to 

depolymerisation by a far milder pre-treatment protocol but with the transgenic poplar showing 

no reduction in lignin content or any phenotypic abnormality in the glasshouse environment. By 

reducing the severity of the necessary pre-treatment necessary it is hoped that this approach can 

greatly improve the cost-effectiveness and sustainability of lignocellulosic bioethanol. Beyond 

poplar, targeting of the lignin biosynthetic pathway has also succeeded in improving ethanol 

yields in transgenic switchgrass. Promising results from a two-year field trial of transgenic, low-

lignin switchgrass showed increased sugar release and ethanol yield without a biomass yield 

penalty or increased rust susceptibility in this energy grass species [45].  

Outside of the lignin biosynthetic pathway the ectopic expression of pine glutamine synthetase 

(GS1a) in poplar has been shown to impart wide improvements in wood chemistry and increased 
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lignin solubility without negatively impacting yield [46]. Transgenic lines showed increased S-lignin 

content as well as elevated concentrations of the wood sugars; glucose, galactose, mannose, and 

xylose suggesting that GS1a overexpression may be a promising route for biofuel development. 

GS1a is a key component in nitrogen metabolism and has also been linked with increased 

nitrogen assimilation efficiency leading to enhanced growth [47]; as well as improved drought 

tolerance [48]. In the latter instance this tolerance appeared to be mediated through increased 

expression of photosynthetic enzymes and higher chlorophyll content under drought in the 

transgenic lines; helping to maintain electron transport capacity when stomatal conductance was 

reduced under water stress. Enhanced growth has also been reported in transgenic poplar 

expressing A. thaliana nucleoside diphosphate kinase 2 (NDPK2); a regulator of antioxidant gene 

expression whose effect may be mediated through enhanced oxidative stress tolerance [49]. 

Growth has also been targeted in transgenic switchgrass by the overexpression of an apical 

dominance regulatory micro-RNA [50]. With a desire for 2G biofuels to be cultivated on marginal 

or degraded lands to avoid competition with agriculture; consideration has been given to the 

potential for the use of transgenic feedstocks for land reclamation and phytoremediation. 

Bioenergy plantations of this nature could be of significant local environmental benefit as well as 

providing low carbon energy. Transgenic poplar trees expressing yeast cadmium factor 1 (ScYCF1) 

have shown improved growth and heavy metal accumulation on mine tailing soil [51]. Salinity is 

another major issue impacting soil quality and agriculture and may become increasingly 

significant as coastal flooding events are predicted to increase as a result of global climate change. 

The transgenic increase of superoxide dismutase (SOD) activity has been shown to improve salt 

tolerance in poplar, leading to greatly improved growth in saline soil [52]. The successful 

deployment of CRISPR/Cas technology in poplar this year is an exciting development that may 

open up further possibilities for precision genome editing in this, and other, bioenergy crops. [53] 

2.7 Concluding Remarks 

We have provided a brief overview of the progress that has been made in the application of next 

generation sequencing, advanced genotyping, association genetics and genetic modification in 

lignocellulosic bioenergy crops. These molecular techniques will underpin the sustainable 

intensification of these new non-food plants that may in future be grown over extensive tracts of 

marginal agricultural land. These examples have already provided highly promising results with 

higher yielding and more stress tolerant GM lines reported and large numbers of markers / 

candidate genes identified for a wide array of key bioenergy traits including growth, disease 

tolerance and feedstock quality. Traditional breeding programmes have yielded significant 

improvements in bioenergy crops; for example, the doubling of willow biomass yields in the last 
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30 years [54]. Now these new advances, driven by molecular genetics, will open the way to the 

application of marker assisted breeding and genomic selection in 2G biofuels for further, more 

rapid progress. The improvements made in food crops so far show the pivotal role advanced 

breeding can play in ensuring the sustainable intensification of 2G biofuels (Outstanding 

Questions Box, 2.8.3). How significant the  role will be for GM feedstocks is unclear; depending on 

successful outcomes from rigorous field testing as well as governmental approval and broad 

public acceptance, but genomic strategies for selection and breeding are now a reality and are 

likely to drive breeding programmes forward in the future, with or without GM deployment. We 

can be optimistic that the large yield gap in these non-food outbreeding, unimproved crops, is a 

tractable target for several new DNA approaches. In conclusion, the successful pursuit of 

advanced breeding programmes will be central to the development of high yielding, sustainable 

non-food bioenergy crops as nations around the world seek to meet their renewable energy 

commitments. 

2.8 Boxes 

These portions of text are an additional element of the Trends in Plant Science paper format which 

appear in the published submission as distinct boxes. They are reproduced below. 

2.8.1 Box 1: Policy and Public Acceptance Key to GM Bioenergy Deployment 

GM crops for human consumption are now widely deployed globally, but have also been subject 

to significant controversy and opposition. First approved in 1997 ‘MON 810’, a Bt toxin expressing 

maize, is the only GM crop currently cultivated within the EU. A second GM crop (the “Ampflora” 

potato) was not approved until 2010 after a 14 year process and was withdrawn from the market 

just 2 years later. Gaining approval for a new GM crop within the EU is subject to Regulation (EC) 

1829/2003 which requires rigorous risk assessment and risk management.[120] Even post-

approval member states continue to exercise the power to refuse to permit the sale of a given 

GM product within their borders in response to public concern, with Directive (EU) 2015/412 to 

increase policy flexibility for individual nations coming into force in April, 2015. Unapproved 

GMOs are subject to zero-tolerance thresholds despite the economic risks this policy poses.[121] 

In the USA GMOs have been in the human food chain since 1996 but are not without controversy, 

with many companies responding to consumer pressure by becoming “GMO-free”[122]. It follows 

that whether GM bioenergy receives investment (public or private) and is subsequently 

commercially deployed will depend as much upon political as scientific progress and not only on 

successful outcomes in field trials. Transformation protocols are well established for poplar[123] 

and are now emerging in willow[124], miscanthus[125] and switchgrass[126]. It is possible that as 
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non-food crops and with clear environmental benefits, these GM bioenergy crops will be met with 

less opposition, however early public engagement is essential.         

2.8.2 Box 2: Lignin Reduction is a Two-Edged Sword 

Inferior fitness and biomass yield reductions have been associated with a number of trials of 

poplar low-lignin transgenics in recent years. The enzyme cinnamoyl CoA reductase (CCR)  is 

responsible for the penultimate step of monlignol synthesis. Two field trials of CCR deficient 

poplar reported improved pulping characteristics[127] and enhanced ethanol yield[71] 

respectively but accompanied by yield reductions of >30% and 16-24%. Similar yield penalties 

accompanying lignin reduction were also found for the downregulation of 4-coumarate:coenzyme 

A ligase (4CL)[128] as well as reduced wood strength and stiffness [129]. More minor reductions 

in tensile strength and stiffness were reported when cinnamate 4-hydroxylase (C4H) was 

downregulated resulting in a 30% decrease in lignin content [130]. It thus appears that there are 

limits to the gains that can be safely secured from blunt reductions in lignin content as yield 

penalties can overcome feedstock quality improvements. Low-lignin transgenics must be 

subjected to rigorous, long-term field testing prior to commercial deployment to ensure reliable 

yields in the face of biotic and abiotic stressors. Such stresses are likely to become more prevalent 

in the face of a changing climate due to drought, extreme weather and the emergence of new or 

alternately distributed pathogens.  

2.8.3 Outstanding Questions Box 

 Will less developed lignocellulosics receive the attention and funding needed to achieve their 

wide scale deployment? The model tree poplar has far exceeded willow, miscanthus and 

other species in NGS, genotyping and GM to date however, association populations and 

molecular approaches are beginning to be reported in these crops. A diversity of feedstocks 

suited to a variety of environmental conditions will be vital if 2G bioenergy is to achieve more 

than marginal significance in the future energy mix. 

 Can competitive yields be achieved on marginal lands within the confines of low-input 

agricultural practices? Many of the highest yielding bioenergy trials have received 

supplemental irrigation and / or fertilisation. Advanced breeding for nitrogen and water-use 

efficiencies will need to help overcome a large yield gap if profitable yields are to be obtained 

on poor soils while minimising life cycle carbon emissions. 
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 Can advanced breeding deliver feedstocks which are both high yielding and resilient to biotic 

and abiotic stresses over a plantation’s lifetime? Crops bred to accumulate biomass rapidly at 

the expense of their phenotypic plasticity will not provide reliable, sustainable yields. 

 Can promised high biomass yields for 2G bioenergy be obtained when production is moved to 

a larger, biorefinery setting? Many reported trials of 2G feedstocks involve comparatively 

small plots and it may be optimistic to linearly scale these yields to a commercial setting. 

Conversely, larger scale production practices may bring greater efficiency to bioenergy 

cultivation and conversion resulting in more favourable life cycle energy and emissions costs. 

 Will government policy support the development of 2G bioenergy? Key issues include the 

extent of funding and subsidy regimes which will determine uptake and investment in 2G 

bioenergy; the allocation of land for cultivation and biorefinery construction and the 

restrictions placed on the commercial deployment of GM feedstocks. 
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3.1 Abstract 

Background: 

Second generation (2G) bioenergy from lignocellulosic feedstocks has the potential to develop as 

a sustainable source of renewable energy; however significant hurdles still remain for large-scale 

commercialisation. Populus is considered as a promising 2G feedstock and understanding the 

genetic basis of biomass yield and feedstock quality are a research priority in this model tree 

species.   

Results:  

We report the first coppiced biomass study for 714 members of a wide population of European 

black poplar (Populus nigra L.), a native European tree, selected from 20 river populations ranging 

in latitude and longitude between 40.5 and 52.1 ˚N and 1.0 and 16.4 ˚E respectively. When grown 

at a single site in southern UK, significant Site of Origin (SO) effects were seen for 14 of the 15 

directly measured or derived traits including biomass yield, leaf area and stomatal index. There 

was significant correlation (P< 0.001) between biomass yield traits over three years of harvest 

which identified leaf size and cell production as strong predictors of biomass yield. A 12K Illumina 

genotyping array (constructed from 10,331 SNPs in 14 QTL regions and 4,648 genes) highlighted 

significant population genetic structure with pairwise FST showing strong differentiation (p <0.001) 

between the Spanish and Italian subpopulations. Robust associations reaching genome-wide 

significance are reported for main stem height and cell number per leaf; two traits tightly linked 

to biomass yield. These genotyping and phenotypic data were also used to show the presence of 

significant isolation by distance (IBD) and isolation by adaption (IBA) within this population.  

Conclusions:  

The three associations identified reaching genome-wide significance at p <0.05 include a 

transcription factor; a putative stress response gene and a gene of unknown function. None of 

them have been previously linked to bioenergy yield; were shown to be differentially expressed in 

a panel of three selected genotypes from the collection and represent exciting, novel candidates 

for further study in a bioenergy tree native to Europe and Euro-Asia. A further 26 markers (22 

genes) were found to reach putative significance (α <1.76x10-4) and are also of interest for 

biomass yield, leaf area, epidermal cell expansion and stomatal patterning. This research on 

European P. nigra provides an important foundation for the development of commercial native 

trees for bioenergy and for advanced, molecular breeding in these species. 
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3.2 Background 

Short rotation coppice (SRC) or short rotation forestry (SRF) Populus is widely considered as a 

promising lignocellulosic feedstock for 2G biofuel production [1, 2]; being fast growing [3], 

widespread in the northern hemisphere [4], genetically diverse [5, 6], readily transformed [7] and 

already established as a model tree species [8, 9]. Mapping pedigrees and genetic linkage maps 

[10–13] exist for a number of Populus species [14] and the P.trichocarpa genome, which at around 

550Mb is small for a forest tree [15], has been fully sequenced [16]. A number of bioinformatics 

tools assist in the exploration and utilisation of these genetic and genomic resources; including 

PopGenIE [17] and POParray [18]. Most recently Populus became the first forest tree for which 

CRISPR/Cas genome editing has been successfully demonstrated [19]. This offers significant 

potential and suggests that candidate genes identified for traits of interest could be progressed 

rapidly to commercialisation using such accelerated molecular breeding approaches [14]. 

Considerable research effort has been employed to elucidate the genetic basis of phenotypes of 

interest in Populus with much focus on mapping quantitative trait loci (QTL) for cell wall 

composition [20]; biomass yield [1, 21, 22]; biomass distribution [23]; drought tolerance [24, 25]; 

water-use efficiency (WUE) [26]; pest resistance [13]; bud set and flush [27, 28] and responses to 

nitrogen deficiency [29], elevated CO2 [30, 31] and ozone [32]. Recently however, inbred mapping 

pedigrees, which are limited in their recombination events and QTL size in out-breeding species 

such as Populus, have been supplemented with natural populations that are particularly beneficial 

for trees since their increased recombination frequency permits finer scale mapping [33]. This 

includes the association population utilised in this work; with genotypes drawn from across the 

western European range for this native tree. Research in this genetic background is particularly 

important given the tendency for Populus commercialisation to be focussed on F1 hybrids  

originating outside Europe [14] and because climate change will require more resilient germplasm 

planting that will only emerge from a better understanding of the genetic basis of adaptive traits 

such a biomass production [34].  

Association mapping is a powerful technique for elucidating the genetic basis of qualitative and 

quantitative traits in species of interest, seeking statistical associations between genotypic 

markers (generally single nucleotide polymorphisms, SNPs) and defined phenotypic qualities 

within a population [33]. Such associations can be detected as a result of linkage disequilibrium 

(LD), defined as the non-random association of alleles at different loci, by which the genotype 

present at one locus is not independent of another locus [35–37]. LD can result from genetic 

linkage (i.e. a close physical genomic association reducing or eliminating recombination between 

two polymorphisms during meiotic division); selection (natural or artificial) and admixture; all of 
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which perturb linkage equilibrium [35, 36]. LD underpins all association genetics studies and can 

allow the identification or confirmation of candidate genes contributing to the phenotype in 

question and provide genetic markers to assist in selective breeding efforts [38]. LD in this 

population has been previously shown to decay rapidly with the value of r2 (average pairwise 

regression coefficient between marker allele frequencies) dropping to half its maximum value 

within 4kb [39].  

Whilst association mapping can be performed within targeted areas of a genome; for example 

within candidate genes [40]; falling costs and rapid progress in sequencing and genotyping 

methods [41, 42] have increased the prevalence of genome wide association studies (GWAS). 

Next generation sequencing (NGS) techniques allow large numbers of single nucleotide 

polymorphisms (SNPs) to be identified within a genome and high-throughput SNP arrays (‘chips’) 

allow many individuals to be genotyped for multiple markers simultaneously [43]. A number of 

recent publications in P. trichocarpa have made use of a 34K array covering 3543 genes [44] in 

GWAS for wood quality [45], biomass, ecophysiology, phenology [46, 47] and disease resistance 

[48] traits. This array has also been employed in understanding the impact of geographical and 

environmental factors on phenotypic variation and genetic structure within P. trichocarpa across 

the North American range of this species [49].    

Studies in P.trichocarpa exceed those published in any other Populus species however, in Europe, 

Populus nigra L. (black poplar) is the native cottonwood (section Aigeiros); also found across 

North Africa and Central Asia [50, 51]. It is an ecologically important and endangered riparian, 

pioneer species [52–54]; for which only extremely small-scale candidate gene association studies 

have previously been reported. For example, Guerra et al. [55] used 433 SNPs from 39 candidate 

genes for cellulose and lignin biosynthesis to genotype an association population of 599 

individuals; identifying six trait-marker associations. It follows that prior to the development of 

the genotyping array utilised here [39] the study of population structure within the European 

range of P. nigra had been restricted to analysis of small numbers of AFLP and microsatellite 

markers [53, 54]. Understanding population structure is an important consideration for 

conducting GWAS [56] and providing robust trait-associated markers for subsequent advanced 

breeding programmes [57, 58]; as well as being of value for conservation efforts in threatened 

species such as this one [54, 59, 60].   

The aim of this research was to elucidate the links between biomass traits and their underlying 

genetic basis. In particular we aim to unravel complex traits considered important for the 

development of the native black poplar as a sustainable source of lignocellulosics for the 

bioenergy industry, particularly across Europe where native species are likely to be preferred. This 
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work describes the first use of phenotyping and genotyping data together from a 12K Illumina 

Infinium genotyping array which provides SNP markers an order of magnitude greater in number 

than previous studies in P. nigra and with coverage of a far greater proportion of the genome. We 

focus on traits with moderate to high heritability and considered to be underpinning biomass 

production including leaf development, stomatal patterning, height and stem volume index [31, 

61] as well as saccharification potential [62]. These genetic and phenotypic datasets have been 

considered together in the first GWAS study in this species,  identifying candidate genes for 

bioenergy traits as well as valuable insight into the challenges and opportunities for further such 

studies in both this and other significantly structured and geographically disparate populations. 

3.3 Materials and Methods 

3.3.1 Mapping Population and UK Field Trial 

The P. nigra population [54, 63, 64] is a wide, natural population of more than 1000 diverse 

genotypes drawn from riparian ecosystems across Western Europe; namely France, Italy, Spain, 

Germany, Netherlands and Hungary [39, 65]. Cuttings taken from mature trees in situ were 

established and propagated in a stool bed at INRA, UAGPF, Orléans and ramets from this stool 

bed, established for more than five years, were cut and established for this work in a field trial 

(common garden) in Northington, south-east UK; (51˚12’N, 1˚21’E) in 2009. It is possible that sites 

of propagation can significantly influence structural and functional aspects of the genome in 

clonally propagated Populus, including response to drought stress [66]. In the current study 

however, sourcing all plant material for this trial from a stable, well established stool bed should 

act to minimise this variation, although it cannot be entirely ruled out. Such effects may otherwise 

bias estimates of heritability, inter-trait correlations and genetic potential in common garden 

experiments [67]. 931 genotypes (714 genotyped on the Illumina array representing 20 sampled 

sites) were planted at 0.80 x 0.80m spacing in double rows, spaced by 3 m. The site was laid out in 

six fully replicated, randomised blocks with 4 rows per block and a double row of guards 

surrounding the site as a whole. Trees were coppiced to 5cm in February 2010 and 2013 and 

received mechanical weed control as required. No fertiliser was applied at any time or irrigation 

post establishment, although trees were irrigated in 2009. The latitude and longitude of the 

sampled sub-populations and their sample sizes (n) are provided in Table 3.1; a map of the region 

from which the population is drawn is shown in Figure 3.1. 
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Table 3.1: Sites of origin (SO) for P. nigra association mapping population at Northington, UK 

SO Nation N Latitude ˚N Longitude ˚E 

Basento Southern Italy 16 40.5 16.4 

Paglia Central Italy 21 42.8 11.8 

Ticino-North Northern Italy 56 45.3 9.0 

Ticino-South Northern Italy 37 45.2 9.1 

Bonny France 33 47.6 2.8 

Dranse France 35 46.4 6.5 

Drome 1 France 55 44.7 5.4 

Drome 6 France 53 44.8 4.9 

Erstein France 13 48.4 7.7 

Guilly France 31 47.8 2.3 

Ramieres France 37 44.7 4.9 

Rhinau France 19 48.3 7.7 

Loire France 44 46.4 3.2 

Strasbourg France 18 48.6 7.8 

Taubergiessen France 4 48.3 7.7 

Val Allier France 134 46.4 3.3 

Ebro-Alfranca Spain 24 41.6 1.0 

Ebro-Novillas Spain 24 41.9 1.4 

Kuhkopf Germany 33 49.8 8.5 

Netherlands Netherlands 23 52.1 5.7 

Individuals France (2), Italy (1), Hungary (1) 4 - - 

3.3.2 Phenotyping for Bioenergy  

As shown in Figure S3.1, in February 2011 (1st year of growth post 1st coppice), February 2012 (2nd 

year of growth post 1st coppice) and November 2013 (1st year of growth post 2nd coppice) leading 

stem height and all primary stem diameters (22cm above the ground) were measured for all trees 

for all genotypes and used to calculate stem-volume index (SVI) as a proxy to biomass yield [68] 

according to the equations:  

Area of Individual Stem (An) (mm2) = (D/2)2 * π  

Total Basal Area (BA) = Σ (A1, A2…An)  

SVI (cm3) = BA * H  

Where H is the height of the leading stem and n is the number of primary stems (i.e. all stems 

which originate from the original main stem). Additionally, following the 2013 measurements 50 

trees were cut, oven-dried for 48 h at 105 ˚C and weighed to allow estimated oven-dry biomass 

(EB) to be calculated from SVI (see Figure S3.2). 
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Figure 3.1: Map illustrating the nations and major river locations from which the P. nigra 

association population is drawn and the colours employed to illustrate these nations in 

subsequent figures.  

In August 2012 (third year of growth post 1st coppice) main stems from each tree were sampled at 

1m above the ground and assayed for wood saccharification potential (SP) according to the 

methodology described by Van Acker et al. [69]. In brief debarked, air-dried samples were milled 

in a Retsch 300MM Mixer Miller with the resultant powder sieved and the fraction falling 

between 150-850µm retained. Moisture content was calculated from weight loss of an aliquot of 

each sample after oven-drying at 105 ˚C and desiccation to reach a constant weight. A 10 mg 

sample of un-dried powder underwent acid pre-treatment and ethanol wash steps followed by 48 

h saccharification with fungal cellulose (Trichoderma reesei) and cellobiase (Aspergillus niger) 

enzymes (Sigma-Aldrich, USA) at 55 ˚C in a rotating thermomixer. Supernatant was assayed with 

GOD-POD (glucose oxidase, horseradish peroxidase and ABTS dye) solution [69, 70] which 

undergoes a colour change on reaction with glucose through the oxidation of the ABTS dye; thus 

permitting spectrophotometric (ELx800 Absorbance Reader, BioTek, USA) glucose quantification 

from sample absorbance at 405nm. SP is calculated as sample glucose yield as a percentage of 

post pre-treatment oven-dry weight.  

In August 2013 (first year of growth post 2nd coppice) the first, mature leaf was sampled from the 

main stem for all genotypes in the course of a single week and imaged with a digital camera 

against a scaled background. Epidermal cell imprints were taken from the abaxial leaf surface 
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using clear nail varnish and Sellotape® and mounted on glass slides as described previously [30]. 

Slides were viewed with a Zeiss light microscope and imaged with a mounted digital camera. 

Image J [71] was used to find mature leaf area (LA) from the scanned leaf images [24, 72] and to 

find epidermal cell area (CA); calculated as the mean average of ten randomly selected epidermal 

cells from each abaxial imprint image. Stomatal density (SD) was also calculated from the abaxial 

imprint images [30, 73] by dividing the number of stomata within each image by the area of the 

image. Epidermal cell density (ECD) was calculated similarly from the number of epidermal cells 

within five 5000 µm2 grid squares within each imprint image. These values were used to calculate 

stomatal index (SI) according to the equation:  

SI (%) = [SD/ (SD+ECD)]*100  

And epidermal cell number per leaf (CNPL) according to the equation:  

CNPL = LA / CA  

Additionally, the leaves were oven-dried at 80 ˚C for 48 h and weighed enabling specific leaf area 

(SLA) to be calculated according to the equation:  

SLA (mm2/g) = LA / Leaf Mass 

3.3.3 Statistical Analysis 

For each trait only genotypes with measurements for at least two replicates and that had been 

genotyped on the Illumina array were considered in statistical analyses. This was to ensure that 

only unique genotypes were included in analyses as clonal duplication in nature has been 

reported in this species [39, 52, 54]. Traits were tested for normality using a KS test and 

transformed (Box-Cox transformation) as required before a general linear model (GLM) was 

conducted for each using the “univariate” GLM function in SPSS [74]:  

Yijk = µ + Si + Gj(i) + Bk + εijk  

Where µ is the group mean, Si is the effect of site of origin i (SO, see Table 3.1) considered as fixed 

and Gj(i) and Bk are the effects of genotype j (nested within SO) and block k respectively; both 

considered as random. In the case of saccharification potential where sample processing was 

completed in multiple runs over several weeks the factor ‘Run’ was additionally included as a 

random effect to account for laboratory drift. Individual genotypes (singlet genotypes not 

sampled from a defined river population) were excluded from this analysis but included in GWAS. 

In view of the significant block effect (Bk) found for all traits (Table S3.1) the ‘EMMEANS’ function 

was employed in SPSS [74] to provide block adjusted estimated marginal means for each 
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genotype for each trait and these were used for all subsequent, downstream analyses. Minitab 

[75] was used to find Pearson’s correlation coefficient (r) for pairwise correlations between traits 

and with latitude and longitude of origin. 

3.3.4  Genotyping Data 

The genotyping data utilised in this work arises from a 12K Illumina Infinium II Genotyping 

BeadChip array; full details of the DNA extraction, sequencing, design and quality testing for 

which were recently reported [39]. In summary, SNPs were called from the re-sequencing and 

alignment of 51 P. nigra genotypes (four high coverage individuals, >25x and 47 low coverage 

individuals, 2-21x). SNPs selected for the array were drawn from 14 QTL regions and 2916 

candidate genes (based on transcriptome studies and the literature) for biomass yield, bud 

phenology, wood quality, rust resistance and water-use efficiency traits as well as 1732 additional 

gene models spread throughout the genome [39]. The population (1106 individuals of which 714 

are considered in this work) was genotyped using this array according to Illumina’s Infinium 

protocol. After Illumina technical dropout 9127 SNPs (88% of initial 10,331) remained on the array 

of which 8259 (located within 4903 genes, average of 1.68 SNPs per gene [39]) were polymorphic 

and showed good quality genotype clustering and signal intensity. A further 593 SNPs were 

removed as unsuitable for GWAS as follows: no minor allele homozygotes (208); failed 

heritability-based SNP validation (165); GenTrain score <0.50 (208); SNP not assigned to one of 19 

linkage groups (11) and duplicated marker on array (1). The resulting 7666 SNP marker set for the 

714 individuals cultivated and phenotyped at the Northington site was filtered in TASSEL [76] to 

remove markers with minor allele frequency (MAF) <0.05; minimum call rate <0.90 and 

heterozygote frequency >0.95 to produce a final marker set of 7343 informative SNPs for 

association analyses.  

3.3.5 Population Genetic Structure 

The 7343 SNP marker set was further filtered for population genetic structure analysis. First, 

markers were filtered for Hardy-Weinberg equilibrium (HWE) in R using the function 

‘HWChisqMat’ in the package ‘Hardy-Weinberg’ [77]. This provided 4029 markers whose allele 

frequencies did not deviate from HWE at p <0.05 and of which 3279 had complete information 

(no missing data). These 3279 markers were filtered in PLINK v1.07 [78] using the command ‘-

indep-pairwise’ to filter markers pairwise for LD at r2 < 0.2 [47, 79] within 50 SNP sliding windows 

(5 SNPs per window) to produce a second, reduced marker set of 2390 putatively neutral (in 

HWE), unlinked SNPs for genetic structure analyses.  



Chapter 3 

104 

Genetic structure was investigated by three approaches: 

 I) The reduced marker set (2390 markers) was entered in the program STRUCTURE [80] which 

employs model-based clustering for inferring population structure from genotyping marker data. 

It may be utilised to estimate the value of K, i.e. the number of sub-populations or clusters of 

genotypes within a population and to produce a Q-matrix in which individual genotypes are 

probabilistically assigned to K clusters with the proportional likelihood of membership of a given 

cluster expressed as a decimal between 0 and 1 and with individual probabilities summing to 1 

across all clusters for a given genotype. In this instance STRUCTURE’s admixture model with 

correlated allele frequencies [81] was used to model K’s 1-10 (to ensure the capture of the true 

value of K) with ten iterations for each value of K and 20000 burn-in and 100000 run-length for 

each iteration. The ‘Structure Harvester’ tool at UCLA [82] was then used to find the best estimate 

for the true value of K according to the method of Evanno et al. [83].  

II) Principal component analysis (PCA) of genetic variance was performed in R using the function 

‘prcomp’ [84] using both the full (7343 SNPs) and reduced (2390 SNPs) marker sets. The number 

of significant principal components was determined by a broken stick model [85] implemented in 

the R package ‘vegan’. The significant principal components from the reduced marker set were 

employed in genetic structure correction in GWAS model II (see below). The eigenvalue loadings 

from the PCA of the full marker set were used to identify top loading SNPs (top 0.2% of 

eigenvalues, 15 SNPs) for PC1 and 2 with a view to locating chromosomal regions enriched in 

markers related to population genetic differentiation [49].  

III) Pairwise FST (genetic distance) estimates were calculated between the 20 represented sampled 

populations in the program Arlequin 3.5 [86]. A PCA was performed on the biomass and leaf trait 

data (i.e. excluding SP for which the Dranse sub-population was not represented) and Euclidian 

distances calculated between the 20 subpopulations using the first two principle components 

(PCs) of the phenotypic variation. Pairwise geographic distances between subpopulations were 

calculated using the haversine formula [87].  

Simple and partial Mantel tests [88–90] were then conducted in Arlequin (1000 permutations) 

between these three pairwise distance matrices where the correlation coefficient between 

genetic and geographic distances controlling for phenotypic distance (Gen, Geog | Pheno) is 

considered a measure of isolation-by-distance (IBD) and the correlation coefficient between 

genetic and phenotypic distances controlling for geographic distance (Gen, Pheno | Geog) is 

considered a measure of isolation-by-adaption (IBA) [91]. 
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3.3.6 Meff, GWAS, Model Selection, Heritability and Genetic Correlation 

Effective marker number (Meff) in the full 7343 marker set (accounting for non-independence 

between markers arising from LD) was calculated in the Genetic Type 1 Error Calculator (GEC) 

which provides a robust estimation of the number of independent tests being performed for 

multiple test correction in GWAS; so as to control the genome-wide type 1 error rate at 0.05 [92]. 

The genome-wide significance level for trait-marker associations from the models below was then 

calculated as α = 0.05 / Meff. Meff was found to equal 5690 and thus the threshold was calculated 

as α = 8.79x10-6. 

Six distinct models were considered for GWAS and executed in TASSEL [76] for all traits using the 

full (7343 SNPs) marker set. MLMs (models IV, V and VI) were run using optimum compression:  

I) Simple general linear model (GLM) without correction for population genetic structure: 

Y = Xβ + e 

Where Y is a vector of phenotypic values; β is an unknown vector containing fixed effects for 

genetic markers; X is the known design matrix and e is the unobserved vector of random 

residuals.   

II) GLM using significant PCs from reduced marker set PCA for genetic structure correction (P-

model) with notation as for model I but β contains fixed effects for both genetic markers and 

population structure (PCs).    

III) GLM using Q-matrix with optimal K from STRUCTURE for genetic structure correction (Q-

model) with notation as for model II but population fixed effects in β derived from Q-matrix 

instead of PCs.    

IV) Mixed linear model (MLM) with a kinship matrix created from the reduced, 2390 marker set 

using the Efficient Mixed Model Association (EMMA) algorithm [56] in the R package ‘GAPIT’ [93] 

for genetic structure correction (K-model):  

Y = Xβ + Zu + e 

Where Y is a vector of phenotypic values; β is an unknown vector containing fixed effects for 

genetic markers; u is an unknown vector of random additive genetic effects; X and Z are the 

known design matrices and e is the unobserved vector of random residuals.   
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V) The full animal model [94] MLM using Q-matrix from STRUCTURE and EMMA kinship matrix for 

genetic structure correction (Q+K-model) with notation as for model IV but β contains fixed 

effects for both genetic markers and population structure (Q-matrix).  

VI) Full animal model MLM using significant PCs of genetic variation and EMMA kinship matrix for 

genetic structure correction (P+K-model) with notation as for model IV but β contains fixed effects 

for both genetic markers and population structure (PCs).  

To determine the most appropriate of the above models for identifying reliable trait-marker 

associations on a trait specific basis the unified mixed model framework used by McKown et al. 

[47] was employed; utilising the Bayesian Information Criterion (BIC) to compare log-likelihood 

values between models [95]. BIC is used in model selection to identify the most probable (best 

fitted) model from a range of options. BIC is similar to AIC (Akaike Information Criterion) but has a 

more stringent penalisation term thus favouring shorter models. When comparing a group of 

models that with the lowest value of BIC possesses the highest Bayesian posterior probability (i.e. 

is the best fitted). Here, each of the six possible models was fitted for each trait in R using the 

functions ‘lm’ (for models 1 to 3) and ‘lmekin’ (for models 4 to 6) in the packages ‘coxme’ [96] and 

‘MuMIn’ [97] respectively and the value of BIC extracted for each. The model with the lowest 

value of BIC was selected as the ‘optimal’ model for that trait in GWAS.  Candidate genes for trait-

marker associations were identified using the P. trichocarpa V3 genome browser hosted by 

PopGenIE [17] and A. thaliana orthologs identified from the best BLAST alignment to those 

candidates (also provided by PopGenIE).   

In view of the disparity in the numbers of genotypes from each SO (Table 3.1), an additional 

analysis was conducted using a reduced population. The Taubergiessen and individual genotypes 

were removed; the Val Allier subpopulation was randomly reduced from 134 to 50 genotypes and 

this population used in GWAS for EB13 and Height13 for comparison with the full population.  

The R package ‘heritability’ [98] was employed to calculate h2 for each phenotype using the 

individual observations for each genotypic replicate (transformed for normality). The function 

‘marker_h2’ was used to fit a mixed model using the EMMA kinship matrix and the 7 significant 

principle components of the genetic variation as covariates. This function calculates restricted 

maximum likelihood (REML) estimates of the additive genetic and residual variances and 

calculates narrow sense heritability (also known as “chip heritability” since only the effect of 

those SNPs on the genotyping array can be included) according to the equation:  

h2 = σ2
ga / (σ2

ga + σ2
r)  
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Where σ2
ga is the additive genetic variance and σ2

r is residual (error) variance such that σ2
ga + σ2

r 

equates to the total model variance. Trait heritabilities were regressed against their absolute 

correlation coefficients with latitude and longitude in Minitab. 

The reduced (2390 SNP) marker set was employed in GCTA v1.02 [126] to create a genetic 

relationship matrix (GRM) between all genotypes and the command ‘reml-bivar’ was used to find 

the genetic correlation (rG) between LA and EB in 2013.    

3.4 Results 

3.4.1 Trait Variation, Correlations and Heritabilities 

Data were transformed for normality as appropriate; Figure 3.2 shows the frequency distributions 

of estimated biomass yield 2013, epidermal cell number per leaf and saccharification following 

transformation. Table S3.1 shows the highly significant (p <0.001) effect of genotype for all traits 

studied. Estimated biomass yield (Fig 3.2A) varied between 0.05 - 6.52 tonnes ha-1 y-1. Epidermal 

leaf cell number (Fig 3.2B) varied from approximately 0.8 - 27 million cells per leaf; mainly as a 

function of leaf area (Fig 3.4). Glucose release (saccharification potential - Fig 3.2C) from the 

cellulose portion of the feedstock as a percentage of PPT CWR (post pre-treatment, oven-dry, cell 

wall residue) varied from 2.22 - 19.58%. Site of Origin (SO) was significant for all traits with the 

exception of saccharification potential for which the SO effect narrowly missed significance with 

the random factors block and run included in the GLM.  

 

Figure 3.2: Histograms illustrate trait frequency distributions following Box-Cox 

transformation: A) Estimated biomass yield 2013, (EB-13)0.05; B) Epidermal cell number per 

leaf, (CNPL-13)0.15 ; C) Saccharification potential 2012, ((SP-12)-0.12 * -10) + 10.  
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The presence of a significant block effect necessitated the use of block adjusted marginal means 

in downstream analyses. The significant genotypic effect (nested within SO) for all traits highlights 

the potential of this natural germplasm collection to provide diversity for future selection and 

breeding efforts for this native European tree species.   

Figure 3.3 shows box plots for estimated biomass 2013 (EB-13), epidermal cell number per leaf 

area (CNPL-13), saccharification potential (SP-12), leaf area (LA-13), epidermal cell area (CA-13) 

and stomatal index (SI-13) by SO to give an indication of the extent and nature of the population-

wide variation (boxplots for other traits are shown in supplementary Figure S3.3). Figure 3.4 

visualises the direction, magnitude and significance of Pearson’s r pairwise correlation between 

all traits and with latitude and longitude of genotype origin. Figure S3.4A shows the correlation 

matrix itself with exact Pearson’s r and p-values displayed and trait heritabilities (h2) shown across 

the matrix diagonal. Figure S3.4B depicts the same data as a scatter plot matrix. Biomass traits 

(estimated biomass yield, main stem height, basal area and primary stem count) showed strong 

positive (r >0.5) correlations within and where applicable between years as well as consistently 

significant, weak to moderate positive (p <0.05, 0< r <0.5) correlations with longitude of origin. 

Biomass yield, height and basal area from 2013 also showed a significant correlation with latitude; 

a result which suggests that the population could perform differently under cultivation at another 

location. Leaf area (mature leaf size) 2013 showed a strong positive relationship with biomass 

yield from all years with the strongest correlation with EB-13 (r =0.814, p <0.001). The genetic 

correlation between EB-13 and LA-13 was also strongly positive (rG =0.866). LA-13 was also 

significantly positively correlated with both latitude (r =0.422, p <0.001) and longitude (r =0.381, p 

<0.001) of origin. By contrast specific leaf area (SLA-13) showed a moderate but significant 

negative correlation with EB-13 (r =-0.271, p <0.001) and with leaf area (r =-0.283, p <0.001). 

Epidermal cell number per leaf (CNPL-13) is naturally very tightly correlated with leaf area (r 

=0.973, p <0.001) and in turn showed a strong positive correlation with EB-11, 12 and 13. Cell area 

(CA-13) showed a weak negative correlation with EB-13 (r =-0.154, p <0.001) and LA-13 (r =-0.227, 

p <0.001) and a strong negative correlation with stomatal density (r =0.579, p<0.001). Stomatal 

density and index (SD-13 and SI-13) showed weak to moderate positive correlations with biomass 

traits in all years, leaf area and latitude and longitude of origin. Saccharification potential (SP-12) 

appeared largely unrelated to the other traits measured with only very weak and in most cases 

non-significant correlations found. It showed no significant correlation with latitude and only a 

very weak relationship with longitude (r =0.092, p =0.021); as might be expected in view of its 

lacking an effect for SO in the GLM analysis. 

Narrow-sense trait heritabilities (h2) ranged from 0.250 for SLA-13 to 0.497 for LA-13 (Figure 

S3.4A). Heritability for biomass yield was moderate but consistent; ranging from 0.407 for EB-12 
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to 0.494 for EB-13. Figure 3.5 shows trait heritabilities did not regress significantly with their 

correlation coefficients (r) for latitude of origin (F1, 13 = 1.61, p = 0.226, r2 = 0.112) but regressed 

strongly for longitude (F1, 13 = 23.37, p < 0.001, r2 = 0.643).  

 

Figure 3.3: Box plots depict range, interquartile range, median and mean (cross) for A) 

Epidermal cell number per leaf 2013 (CNPL-13); B) Estimated oven-dry biomass yield 2013 

(EB-13); C) Saccharification potential (glucose release) 2012 (SP-12); D) Leaf area 2013 (LA-

13); E) Epidermal cell area 2013 (CA-13) and F) Stomatal index 2013 (SI-13) calculated from 

genotypic means within each SO. 
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Figure 3.4: Pairwise trait correlations are visualised with line colours and widths conferred 

according to the strength and direction of Pearson’s correlation coefficient (r) between trait 

pairs. Non-significant correlations are depicted with grey, point 1 lines. Significant positive 

and negative correlations (p <0.05) are depicted with point 2 lines coloured light green or 

light red respectively. Strong positive and negative correlations (r >0.5) are depicted with 

point 3 lines coloured dark green or dark red respectively. Very strong positive correlations 

(r >0.8) are also shown in dark green with point 4 lines.  

3.4.2 Population Genetic Structure 

STRUCTURE analysis after the method of Evanno et al. [83] found the optimal value of K to be 

two; i.e. the population of 714 genotypes was broken into two broad clusters shown in Figure 

3.6A. This model suggested the strongest differentiation in the population to be between the 

Spanish (Ebro) and northern Italian (Ticino) subpopulations. However, for comparison, Figure 3.6B 

shows the cluster memberships for K=7 as previously proposed by Faivre-Rampant et al. [39]. 

While in contrast to the optimal model according to STRUCTURE, this visualisation serves to 

illustrate finer scale differentiation between subpopulations and the extent and nature of 

admixing which are less apparent from the K=2 model. Thus, both models have something to offer 

in the interpretation of structure for this complex population. The southern Italian (Basento) and 

northern Italian (Ticino) genotypes were shown to belong to clearly distinct clusters with a degree 
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of admixing in central Italy (Paglia). The German subpopulation (Kuhkopf) was strongly assigned 

to a unique cluster and was closely related to the more northerly Netherlands (NL) genotypes. 

Genotypes drawn from subpopulations on the France-Germany border (Rhinau, Strasbourg, 

Taubergiessen and Erstein) were also strongly assigned to this cluster but showed some admixing 

with the Ticino subpopulation and with subpopulations in Southern and Central France as did the 

individuals from Dranse on the France-Switzerland border. The Central French subpopulations 

(Loire, Val Allier, Bonny and Guilly) were all predominantly assigned to their own cluster whereas 

the Southern French (Drome and Ramieres) showed more admixing; including with the distinctive 

Spanish populations (Ebro). 

 

Figure 3.5: Trait heritabilities show significant positive regression with their correlation 

coefficients (r) for A) longitude of origin (r2 = 0.643) but not B) latitude of origin (r2 = 0.112).  
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Figure 3.6: Satellite map of P. nigra association population subpopulation locations and their 

mean proportional cluster allocations from STRUCTURE for A) K=2 and B) K=7. Pie charts are 

positioned at each SO and depict the mean average membership of each cluster for all 

genotypes at that SO (see Table 3.1). The flag labelled, “N”, depicts the location of the 

Northington field site. (Base map copyright is held by Google Maps®)  
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The PCA of the neutral genetic variance (2390 SNPs) revealed seven significant PCs according to a 

broken stick model (see scree plot in Figure S3.5); cumulatively explaining 12.2% of the variation. 

These significant PCs were used in the GWAS P-model (model II). PCs 1, 2 and 3 explained 3.91, 

2.18 and 1.95% respectively; a scatter plot of which (Figure S3.6) shows good agreement with 

STRUCTURE (Figure 3.6) with distinctive clusters for the northern and central / southern Italian 

genotypes; a close relationship between German and Dutch individuals and the Spanish 

populations separated from the other nations by the more diffusely arrayed French. PCs 1-3 

regress significantly with latitude and longitude of origin: PC1 with latitude (F1, 710 = 41.5, p <0.001, 

r2 = 0.055); PC1 with longitude (F1, 710 = 319.28, p <0.001, r2 = 0.310); PC2 with latitude (F1, 710 = 

6.23, p =0.013, r2 = 0.009); PC2 with longitude (F1, 710 = 257.92, p <0.001, r2 = 0.267); PC3 with 

latitude (F1, 710 = 59.82, p<0.001, r2 = 0.078); PC3 with longitude (F1, 710 = 9.35, p =0.002, r2 = 0.013) 

(Figure S3.7).                  

The PCA for all markers (7343 SNPs) also showed seven significant PCs cumulatively explaining 

16.3% of the variation. PCs 1 and 2 explained 6.78 and 2.60% respectively and the individual 

marker eigenvalues revealed clusters of top loading SNPs for both PCs. For PC1 three of the 15 top 

loaded SNPs (0.2% of eigenvalues) were within a 73 Kbp region of chromosome 10; three were 

within a 15 Kbp region of chromosome 6 and eight were located within a 1.5 Mbp region of 

chromosome 17 (in total 14 of the 18 genotyped SNPs in this region were within the top 1% of 

PC1 eigenvalue loadings). For PC2 a group of six top loaded SNPs were located within a 15 Kbp 

region on chromosome 6 with a further three located in a 62 Kbp region of chromosome 8. Table 

S3.2 shows the top 74 (1%) loaded SNPs for PCs 1 and 2. Pairwise FST (calculated from the 

reduced, unlinked 2390 SNP marker set) between subpopulations (Figure 3.7) showed that the 

southern Italian (Basento) genotypes were the most genetically distant group with pairwise FST 

ranging from 0.112 (Val Allier) – 0.159 (Kuhkopf) against all other groups excepting the central 

Italian (Paglia, FST = 0.068). As predicted from STRUCTURE the Spanish (Ebro) and northern Italian 

(Ticino) were also more distantly related (FST range from 0.115 to 0.126). The German and Dutch 

subpopulations were again shown to be closely related (FST = 0.047). Within France FST was 

generally low with the greatest differentiation between Rhinau (France-Germany border) and the 

southerly Drome 1 (FST = 0.057).  

The phenotypic PCA showed two significant PCs explaining 51.9 and 15.9% of the phenotypic 

variance respectively. The mean eigenvalues for these were calculated for the 20 sampled sites 

and the Euclidian distances calculated between them to produce a pairwise phenotypic distance 

matrix (Figure S3.8) which showed the greatest distance between the Ticino subpopulations in 

northern Italy and the Basento and Ebro subpopulations in southern Italy and Spain respectively. 

PC1 regressed weakly with longitude (r2 = 0.107) but not with latitude (Figure S3.9).    
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The results of full and partial Mantel tests on the genetic (FST), phenotypic and geographical 

distance matrices are shown in Table 3.2. There is strong positive correlation between genetic and 

geographic distance controlling for phenotypic distance (r =0.844, p <0.001) suggesting isolation 

by distance (IBD) and moderate positive correlation between genetic and phenotypic distance 

controlling for geographic distance (r =0.304, p =0.001) suggesting isolation by adaption (IBA).  

Table 3.2: Mantel tests reveal IBD and IBA in European P. nigra 

Mantel Test Hypothesis Corr. Coefficient (r) p-value (1000 permutations) 

(Gen, Geog) - 0.855 <0.001 
(Gen, Pheno) - 0.385 <0.001 

(Gen, Geog | Pheno) IBD 0.844 <0.001 
(Gen, Pheno | Geog) IBA 0.304 0.001 

3.4.3 GWAS Models and Gene Candidates  

GWAS was conducted in TASSEL for all traits comparing six models: I) a simple GLM with no 

population structure correction; II) GLM with seven significant PCs from PCA of neutral genetic 

variance included as covariate (P-model); III) GLM with Q-matrix (K=2) from STRUCTURE (Q-

model); IV) MLM with EMMA kinship matrix (K-model); V) MLM with Q (K=2) and kinship matrices 

(Q+K-model); VI) MLM with seven PCs and kinship matrix (P+K model). The most appropriate 

model for each trait was then selected using BIC to compare log-likelihood values [95] between 

models on a trait-specific basis. The threshold for genome-wide significance was α = 8.79x10-6. 

Table 3.3 displays the numbers of significant SNPs for each trait under each model with the BIC-

selected optimal model indicated (Table S3.3). Manhattan and QQ plots for all traits for all models 

are provided in supplementary Figure S3.10. 

Table 3.3: Number of significant trait-SNP associations at α<8.79x10-6 under six models. An 

asterisk (*) indicates the optimal model selected by comparison of log-likelihoods using BIC. 

Trait Model I Model II Model III Model IV Model V Model VI 

EB-11 925 0 27 0* 0 0 
Height-11 600 1 6 1 1* 0 

EB-12 1492 0 56 0 0* 0 
Height-12 1385 0 26 0 0* 0 

EB-13 1750 0 17 0 0* 0 
Height-13 1517 1 8 1 1* 1 

BA-13 1690 0 21 0 0* 0 
SC-13 334 0 8 0* 0 0 
LA-13 2803 1 162 2 0* 0 

SLA-13 157 0* 42 0 0 0 
CA-13 321 0 0* 0 0 0 

CNPL-13 2908 2 146 3 1* 0 
SD-13 705 0* 10 0 0 0 
SI-13 99 0* 18 0 0 0 
SP-12 1 0 1 0* 0 0 



Chapter 3 

115 

 

Figure 3.7: Genetic distance matrix (pairwise FST) between 20 subpopulations of P. nigra association population. FST values are shaded according to magnitude 

(white to dark grey) with Italian subpopulations in purple; French in orange; Spanish in red; German in blue and Netherlands in green. 
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In no case was the simple model selected and in many cases this model saw a large number of 

false positives arising from the lack of population structure correction (see QQ plots in 

supplementary Figure S3.10). Under the simple model the number of ‘significant’ associations 

ranged from one (SP-12) to 2908 (CNPL-13) with a mean of 1112. The number of such associations 

showed strong positive regression with trait heritability; F1, 13 = 31.14, p<0.001, r2 = 0.706 (Figure 

S3.11). The P-model was selected for three traits; the Q-model for one trait; the K-model for three 

traits and the Q+K model for the remaining eight. The P+K model was not selected for any traits 

and appeared to represent overfitting. Under these optimal models only three trait-marker 

associations reach genome-wide significance; one for Height-11, one for Height-13 and one for 

CNPL-13 (all Q+K model). Figure 3.8 displays Manhattan and QQ plots for these genome-wide 

significant associations. Table 3.4 shows the numbers of trait-marker associations for the optimal 

models at a range of significance thresholds.  

Table 3.4: Significant trait-SNP associations under optimal model at 3 significance levels 

Trait Model 5% (α <8.79x10-6) 10% (α <1.76x10-5) Putative (α <1.76x10-4) 

EB-11 K (IV) 0 0 1 
Height-11 Q+K (V) 1 2 3 

EB-12 Q+K (V) 0 0 2 
Height-12 Q+K (V) 0 0 1 

EB-13 Q+K (V) 0 0 0 
Height-13 Q+K (V) 1 1 1 

BA-13 Q+K (V) 0 0 0 
SC-13 K (IV) 0 0 2 
LA-13 Q+K (V) 0 0 2 

SLA-13 P (II) 0 0 3 
CA-13 Q (III) 0 0 5 

CNPL-13 Q+K (V) 1 1 6 
SD-13 P (II) 0 0 1 
SI-13 P (II) 0 0 1 
SP-12 K (IV) 0 0 1 

The 3 associated (p < 0.05) SNPs for Height-11 (also putatively associated with Height-12), Height-

13 and CNPL-13 (also putatively associated with LA-13) are located on chromosome 7 within an 

intron of the gene POPTR_0007s11900; chromosome 4 within the first exon of the gene 

POPTR_0004s10800 (synonymous) and 1 Kbp to the 3’ end of the gene POPTR_0013s00340 

respectively. The boxplots in Figure 3.9 display the relationship between each marker and its 

associated trait. All 29 significantly and putatively trait associated SNPs and their gene candidates 

are shown in Table 3.5. The use of the reduced population for comparison with the full population 

for Height-13 and EB-13 (using the optimal Q+K model) did not appear to have a significant impact 

on the outcomes from GWAS (Figure S3.13).  
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Figure 3.8: QQ and Manhattan plots for the Q+K (optimal) models for the three traits with 

SNPs reaching genome-wide significance. Red and blue lines on Manhattan plots illustrate 

genome wide (α < 8.79x10-6) and putative (α < 1.76x10-4) significance levels respectively. A) 

QQ plot for Height-11 associated SNP on chromosome 7; B) Manhattan plot for Height-11 

association; C) QQ plot for Height-13 associated SNP on chromosome 4; D) Manhattan plot 

for Height-13 associated SNP; E) QQ plot for epidermal cell number per leaf (CNPL-13) 

associated SNP on chromosome 13; F) Manhattan plot for CNPL-13 associated SNP.   
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Figure 3.9: Boxplots for trait median, interquartile range and range for allelic variants of each 

trait-associated SNP reaching genome-wide significance in a trait-specific optimal model for 

A) Height-11 associated SNP; B) Height-13 associated SNP and C) CNPL-13 associated SNP. 

The x-axis of each plot gives the identity of each allelic variant (MM, MN or NN) with its 

sample size (n) within the population given in adjacent brackets.
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Table 3.5: Trait-marker associations and candidate genes reaching genome-wide or putative significance under optimal models. There are 29 SNPs (representing 

25 candidate genes) reaching at least the putative significance level (α <1.76x10-4) of which four are significant at p <0.1 (indicated by a +) and three are 

significant at p <0.05 (in bold typeface and indicated by a *). Genes putatively associated with one trait whilst significantly associated with another at p <0.05 are 

indicated by a # symbol. The proportion of the phenotypic variance explained by each SNP (‘Marker r2’, reported by TASSEL) is also provided along with any 

other genes within 10 Kbp of the trait-associated marker in addition to the candidate gene.  

Trait SNP Chr Pos (bp) P-Value Marker r2 Candidate Gene Additional Information Adjacent Gene/s 
EB-11 SNP_IGA_6_17929363 6 17822770 9.55E-05 0.0264 POPTR_0006s18990 CNGC17; ATCNGC17; calmodulin 

binding / cyclic nucleotide binding / 
ion channel 

POPTR_0006s18970 

H-11 SNP_IGA_7_12319871 7 12250804 6.46E-06 0.0334 POPTR_0007s11900 Unknown protein * POPTR_0007s11890 
H-11 SNP_IGA_6_18338146 6 18228999 1.30E-05 0.0314 POPTR_0006s19240 GAE1 ; UDP-glucuronate 4-epimerase/ 

catalytic + 
 

H-11 SNP_IGA_15_11900175 15 11834554 1.44E-04 0.0284 POPTR_0015s11190 Unknown protein POPTR_0015s11170 / 11180 
/ 11200 

EB-12 SNP_IGA_6_8443540 6 8388882 9.47E-05 0.0255 POPTR_0006s11060 ATH9 (thioredoxin H-type 9) POPTR_0006s11070 / 11080 
EB-12 SNP_IGA_7_993475 7 987055 1.54E-04 0.0242 POPTR_0007s01700 GLX2-4 (glyoxalase 2-4); hydrolase/ 

hydroxyacylglutathione hydrolase/ zinc 
ion binding 

POPTR_0007s01680 / 01690 
/ 01710 

H-12 SNP_IGA_7_12319871 7 12250804 4.70E-05 0.0275 POPTR_0007s11900 Unknown protein # POPTR_0007s11890 
H-13 PnCOL2_703 4 9357150 3.16E-06 0.0363 POPTR_0004s10800 COL2 (constans-like 2); transcription 

factor/ zinc ion binding * 
POPTR_0004s10810 

SC-13 SNP_IGA_1_44937224 1 44670745 1.05E-04 0.0265 POPTR_0001s44200 ATK3 (A. THALIANA THALIANA KINESIN 
3); ATPase/ microtubule binding / 

microtubule motor 

POPTR_0001s44210 / 44220 

SC-13 SNP_IGA_6_7875360 6 7824407 1.55E-04 0.0254 POPTR_0006s10480 FER1; ATFER1; ferric iron binding / iron 
ion binding 

POPTR_0006s10450 / 10460 
/ 10470 / 10490 

LA-13 SNP_IGA_13_111400 13 110728 7.83E-05 0.0258 POPTR_0013s00340 RCI2A (RARE-COLD-INDUCIBLE 2A) # POPTR_0013s00320 / 00330 
/ 00350 

LA-13 SNP_IGA_8_2418643 8 2403351 8.24E-05 0.0257 POPTR_0008s04290 Unknown protein POPTR_0008s04280 / 04300 
/ 04310 / 04320 
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SLA-13 SNP_IGA_14_3311885 14 3293256 8.14E-05 0.0224 POPTR_0014s04150 /   
04160 

Unknown protein / PEX11A (PEROXIN 
11A) 

POPTR_0014s04130 / 04140 
/ 04170 / 04180 / 04190 

SLA-13 SNP_IGA_19_2255781 19 2244885 1.53E-04 0.0209 POPTR_0019s02450 SWIM zinc finger protein-related POPTR_0019s02440 / 02460 
SLA-13 SNP_IGA_6_23541394 6 23399832 1.73E-04 0.0210 POPTR_0006s24880 PP2C; protein phosphatase 2C family 

protein 
POPTR_0006s24890 

CA-13 SNP_IGA_6_3818713 6 3794879 7.31E-05 0.0240 POPTR_0006s05370 Unknown protein POPTR_0006s05360 / 05380 
CA-13 PnCOL2_69 4 9356516 1.14E-04 0.0230 POPTR_0004s10800 COL2 (constans-like 2); transcription 

factor/ zinc ion binding # 
 

CA-13 SNP_IGA_1_29550802 1 29371580 1.20E-04 0.0228 POPTR_0001s30950 RD21 (responsive to dehydration 21); 
cysteine-type endopeptidase/ 

cysteine-type peptidase 

POPTR_0001s30940 

CA-13 LG_X_35_SNP_325 10 14394839 1.51E-04 0.0222 POPTR_0010s14950 BAS1 (PHYB ACTIVATION TAGGED 
SUPPRESSOR 1); oxygen binding / 

steroid hydroxylase 

POPTR_0010s14940 / 14960 
/ 14970 / 14980 / 14990 

CA-13 LG_X_35_SNP_490 10 14395004 1.51E-04 0.0222 POPTR_0010s14950 As above As above 
CNPL-13 SNP_IGA_13_111400 13 110728 6.81E-06 0.0327 POPTR_0013s00340 RCI2A (RARE-COLD-INDUCIBLE 2A) * POPTR_0013s00320 / 00330 

/ 00350 
CNPL-13 SNP_IGA_6_12938719 6 12856743 8.11E-05 0.0295 POPTR_0006s15470 bacterial transferase hexapeptide 

repeat-containing protein 
POPTR_0006s15455 / 15460 

CNPL-13 SNP_IGA_8_2308644 8 2294048 1.07E-04 0.0250 POPTR_0008s04110 AGL62 (Agamous-like 62); DNA binding 
/ transcription factor 

POPTR_0008s04100 / 04120 
/ 04130 / 04140 

CNPL-13 SNP_IGA_6_23601531 6 23459494 1.32E-04 0.0281 POPTR_0006s24980 Unknown protein POPTR_0006s24970 / 24990 
CNPL-13 SNP_IGA_10_18449865 10 18340999 1.37E-04 0.0243 POPTR_0010s20920 immunophilin, putative / FKBP-type 

peptidyl-prolyl cis-trans isomerase, 
putative 

POPTR_0010s20900 / 20910 
/ 20930 

CNPL-13 SNP_IGA_7_14212007 7 14130925 1.72E-04 0.0237 POPTR_0007s14310 AGL22 (Agamous-like 22); SVP; 
transcription factor/ translation 
repressor, nucleic acid binding 

POPTR_0007s14290 / 14320 

SD-13 SNP_IGA_6_11135816 6 11064511 1.67E-04 0.0191 POPTR_0006s13890 TES (TETRASPORE); microtubule motor POPTR_0006s13880 
SI-13 SNP_IGA_6_8990445 6 8932413 1.24E-04 0.0220 POPTR_0006s11720 DML1 (DEMETER-LIKE 1); DNA N-

glycosylase/ DNA-(apurinic or 
apyrimidinic site) lyase/ protein 

binding 

POPTR_0006s11730 / 11750 

SP-12 SNP_IGA_1_31674244 1 31482266 1.60E-04 0.0282 POPTR_0001s33290 zinc finger (DHHC type) family protein POPTR_0001s33280 
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3.5 Discussion 

The bioenergy trait data reported here demonstrates the extent of phenotypic variation within 

this P. nigra association mapping population with greater than 10-fold differences between 

genotypic extremes for many key traits (e.g. biomass yield, leaf area and saccharification 

potential, Figure 3.3) and a significant genotypic effect for all traits measured. This provides 

important novel data for a Populus that is native to Europe and a source of previously 

uncharacterised variation that may be harnessed in future for selection and breeding pipelines. 

Importantly, biomass yield and leaf development traits were consistent across time with strong 

correlations within and between growing seasons and across a coppice cycle and possessed 

moderate narrow sense heritabilities (Figure S3.4). This is an important finding since it suggests 

that simple to measure traits such as leaf size and leaf cell number may be considered as early 

diagnostic indicators of biomass yield in a long-lived crop that may take several years to reach 

maturity.  In addition, these are also promising qualities for association genetics within the 

population, enabling us to identify informative candidate genes for future molecular breeding 

efforts [99] for improved biomass yield in Populus. Irrespective of end use, consistent high 

biomass productivity is a key trait and this population is a useful resource to elucidate the 

genetics of biomass and biomass-related traits. For liquid fuel applications, wood quality and 

biomass digestibility are also important considerations and a research priority [100, 101]. The 

limited correlations between saccharification potential and biomass traits shown in Figure 3.4 

(strongest relationship is with biomass yield 2011, r=-0.107) are encouraging since they imply that 

gains in biomass yield may be obtainable without negative impacts on the quality traits 

underpinning feedstock processing.  

The strong phenotypic and genetic correlations between leaf area (individual leaf size) and 

biomass yield in 2013 ( r = 0.814, rG  = 0.866) has been previously reported in Populus [61, 102] in 

pedigree mapping populations and here we confirm the value of leaf area as a highly heritable (h2 

= 0.497) diagnostic indicator of biomass productivity [103]. Interestingly, epidermal cell number 

was significantly more heritable than epidermal cell area (h2 = 0.480 and 0.270 respectively) and 

showed a far stronger correlation with total leaf area (Pearson’s r = 0.973 and -0.227 

respectively). Previous research [65] in this population has also shown that leaf cell production 

rather than cell expansion is highly heritable and the role of cell production in the development of 

large leaves is well established [104]. This is likely due to cell expansion being driven by 

biophysical events in the cell whilst cell production is driven by the cell cycle and signalling which 

are strongly genetically determined and hence highly heritable [105]. The cell division phase of 

leaf development, which follows the emergence of the primordium from the shoot apical 
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meristem (SAM), is central to determining the total number of cells in the leaf and hence mature 

leaf size. The extent of cell production in this phase is dependent on the rate of passage through 

the cell cycle, which is controlled by proteins involved in DNA replication and mitosis and those 

that regulate them such as cyclins, ubiquitin ligases and gibberellin oxidases [105]. The 

transgenically altered expression of proteins involved in cell cycle regulation has been shown to 

impact final leaf size in A. thaliana [106, 107] and orthologs of these genes in bioenergy Populus 

may prove valuable candidates for leaf development and biomass yield.    

Figure 3.3 shows the Spanish and southern Italian subpopulations had the lowest biomass yields 

and smallest leaves with subpopulations from northern Italy, Germany, The Netherlands and the 

French-German border showing the highest biomass production and largest leaves. It is possible 

that genotypes originating from regions geographically closer and climatically similar to 

Northington were performing optimally in this experiment. Such GxE interactions can only be 

investigated through multiple site or environment trials however, which can be challenging in 

large populations such as the one described here although current research is underway to test 

this population at two levels of soil moisture. Furthermore, there is clear evidence in this case that 

phenotype is strongly influenced by geographical factors with all traits with the exception of 

saccharification potential (p =0.056) showing a strongly significant (p <0.001) effect for Site of 

Origin (SO). Additionally, all traits show a weak to moderate correlation with longitude of origin 

and nine (of 15) show a significant relationship with latitude of origin. Further evidence that 

phenotypic variation is more closely aligned with longitude than latitude (i.e. trait variation 

follows a predominantly east-west cline) is provided in Figure 3.5 displaying the far greater 

strength of the regression of trait heritabilities against their correlation coefficients with longitude 

(r2 = 0.643) than latitude (r2 = 0.112). The first principal component of the PCA of phenotypic 

variance also showed a stronger regression with longitude (r2 = 0.104) than latitude (r2 = 0.032) 

(Figure S3.9). This assessment is supported by the PCA of the neutral genetic variance; the first 2 

principal components thereof showing only a trivial relationship with latitude (r2 = 0.055 and 

0.009 respectively) but a clear relationship with longitude (r2 = 0.310 and 0.267 respectively) 

(Figure S3.7). This result contrasts with a common garden study in a P. trichocarpa population, 

drawn from the west coasts of Canada and the USA with a latitudinal range of 44 – 59.6 ˚N, which 

reported strong correlations between latitude and many biomass traits including height, 

branching and growth rate [49].  

The PCA of the full marker set (i.e. including markers lacking complete information and potentially 

under selective pressure) identified clusters of markers with highly weighted eigenvalues for the 

first 2 PCs (Table S3.2). These clusters on chromosomes 6, 10 and 17 for PC1 and 6 and 8 for PC2 

may contain genes that have experienced strong selective pressure as genotypes adapted to their 
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environment and as such could merit further investigation [49]. In the case of the cluster on 

chromosome 17, where 14 of the 18 genotyped markers in a 1.5Mbp region are within the top 1% 

of eigenvalue loadings, it may be that multiple genes (of the >100 in this region) are under 

independent selective pressure however; the extent of LD between these markers (Figure S3.14) 

is more suggestive of a selective sweep resulting from strong, positive natural selection at a single 

allele.  

Table 3.2 presents evidence of strong IBD and moderate IBA in this population with partial Mantel 

tests showing significant positive correlations between genetic and geographical distance when 

controlling for phenotypic distance (IBD, r = 0.844, p <0.001) and between genetic and phenotypic 

distance when controlling for geographical distance (IBA, r = 0.304, p =0.001). A good example of 

IBD is provided by contrasting the Basento (southern Italy) and Ebro (Spain) subpopulations which 

show high pairwise FST (0.1530 and 0.1581, see Figure 3.7) but only a small phenotypic distance 

(supplementary Figure S3.8). These results confirm those using a much smaller set of 

microsatellite data [64] and support the proposition that this pattern of IBD may result from 

isolation by colonisation (IBC) as P. nigra recolonized central Europe from refugia following the 

last glacial maximum [108]. Cottrell et al. [108] utilised restriction fragments of chloroplast DNA 

from European P. nigra and found that France was most likely recolonized from the Iberian 

Peninsula (i.e. Spain) whilst Germany and the Lowlands (including The Netherlands) were likely 

recolonized from  the Italian and Balkan Peninsulas. This is supported by both microsatellite data 

[64] and the far more extensive SNP data described here though the distinctive nature of the 

Basento subpopulation (Figure 3.6) suggests an additional refugia may have been located in the 

south of Italy.   

Figure 3.8 shows Manhattan and QQ plots for the 3 trait-marker associations reaching genome-

wide significance in the optimal models (all Q+K in these instances). Visual inspection of the QQ 

plots shows these associations to be robust with population structure fully controlled. Figure 3.9 

shows the effect of each marker on its associated trait. POPTR_0007s11900 (significantly 

associated with Height-11 and putatively associated with Height-12) is a gene of unknown 

function however, the UniProt database [109] suggests it to contain multiple transmembrane 

helices. POPTR_0004s10800 (significantly associated with Height-13 and putatively associated 

with epidermal cell area 13) is a COL2 (constans-like 2) transcription factor with twin zinc ion 

binding B-box domains. Its A. thaliana ortholog AT5G15840 (BBX1) is one of 21 such twin B-box 

transcription factors in this model species [110] (an additional 11 having a single B-box). Members 

of this closely structurally related but functionally diverse family have been implicated in the 

control of flowering time [111] and growth [112]. Excitingly, one member (AT4G38960, BBX19) 

has been recently demonstrated to act as a positive regulator of hypocotyl extension in A. 



Chapter 3 

124 

thaliana [112] (mediated through its action as a negative regulator of photomorphogenesis) and 

thus it is feasible that POPTR_0004s10800 is making a contribution to growth in Populus. 

Encouragingly, in a recent glasshouse trial of three diverse genotypes drawn from this population, 

POPTR_0004s10800 was shown to be differentially expressed in developing xylem (Figure S3.12); 

with significantly (p=0.005) higher expression levels seen in the genotype possessing the “A” allele 

associated with greater height in this study (also see Figure 3.9B). POPTR_0013s00340 

(significantly associated with CNPL-13 and putatively associated with the closely correlated LA-13) 

is similar to hydrophobic protein RCI2A; its A. thaliana ortholog AT3G05880 is induced by ABA and 

has been linked to salt and cold tolerance [113, 114]. Figure S3.12 shows POPTR_0013s00340 to 

be differentially expressed between diverse genotypes in both developing xylem and leaf tissue in 

glasshouse grown P. nigra. These functional data provide another line of evidence to support the 

role of these genes in biomass determination in Populus. None of these genes has been previously 

linked to biomass yield or bioenergy traits in the literature and as such they represent novel 

candidates for further work.  

Table 3.5 shows all 29 SNPs (25 genes) reaching genome-wide or putative significance for yield 

traits, leaf area, epidermal cell size, cell number per leaf and stomatal patterning. Five of the 

genes are of entirely unknown function and while none have been previously implicated in 

bioenergy traits in Populus; there are several genes of particular interest among the putative 

candidates which have been characterised in A. thaliana. POPTR_0006s19240 is putatively 

associated with Height-11 (significant genome-wide association at p <0.1). Its A. thaliana ortholog 

is AT4G30440 (known as GAE1) is a UDP-glucoronate 4-epimerase enzyme involved in pectin 

biosynthesis. When GAE1 expression was suppressed in conjunction with its homolog GAE6 in A. 

thaliana the mutants displayed a mutant phenotype comprising slightly reduced size, leaf 

brittleness and suppressed immunity [115]. POPTR_0006s11060 is putatively associated with 

estimated biomass yield in 2012 and its A. thaliana ortholog AT3G08710 is better known as ATH9. 

ATH9 is a membrane associated thioredoxin which has been shown to be plasma membrane 

associated and mobile between cells; suggesting a role in cell communication. A loss of function 

mutation in this gene in A. thaliana resulted in impaired growth and development [116]. Two 

linked SNPs in POPTR_0010s14950 are putatively associated with epidermal cell area. The A. 

thaliana ortholog of this gene is BAS1 (AT2G26710) which, like BBX19 discussed above, has been 

shown to play a role in the regulation of photomorphogenesis in A. thaliana and thus impact upon 

hypocotyl elongation and cotyledon expansion [117]. POPTR_0008s04110 is putatively associated 

with epidermal cell number per leaf. Interestingly, its ortholog in A. thaliana (the transcription 

factor Agamous-like 62, AGL62) has been demonstrated as essential in endosperm development, 

where it acts as a regulator of cellularization in the plant embryo and is expressed strongly in the 
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syncytial phase of mitotic cell production [118, 119]. In view of the strong relationship between 

biomass yield and leaf area (which appears to be driven largely by epidermal cell production) 

candidate genes for the control of mitotic cell division in the developing leaf could be very 

valuable as discussed above. While there is no report in the literature at present for such a role 

for POPTR_0008s04110; the poplar eFP browser [120] does show it to be strongly expressed in 

young leaves, an expression level that drops markedly in developed leaves. Another gene 

putatively associated with CNPL-13, POPTR_0007s14310, is also orthologous to an Agamous-like 

transcription factor (AGL22) in A. thaliana. This gene is known as Short Vegetative Phase (SVP) 

due to its well established role as a repressor of floral development; acting to regulate cell 

differentiation and floral meristem determination [121]. Thus, we have identified a suite of 

candidate genes that may be explored further using reverse genetic approaches, such as those 

provided by CRISPR/CAS technology already available in Populus [122]. On a cautionary note 

however, while the modest effect sizes of the trait-associated SNPs in this study (1.91 – 3.63%, 

Table 3.5) are typical for GWAS of complex polygenic traits [45], this may be a limitation for single 

gene proof of concept work as larger numbers of transgenic plants could be required to detect a 

significant effect. For high value traits such as height and leaf area however, even alleles of small 

effect may increase the commercial competiveness of a transgenic pedigree or make a valuable 

contribution within a whole genome marker-assisted breeding approach [58].   

The tendency for uncorrected population structure to cause inflated and false positive test 

statistics for trait-marker associations is well documented and much effort has been invested in 

developing robust methodologies for its control [56, 123, 124]. Such structure has posed a 

challenge to researchers utilising the 34K genotyping array developed for P. trichocarpa [44]. 

Publications for biomass yield; wood quality; ecophysiology and disease resistance traits in this 

species have variously employed kinship matrices; principal components of genetic variance and 

Q-matrices to ensure the reporting of robust associations [45–48]. Here, a large excess of false 

positives was observed when a simple, uncorrected model was employed with larger numbers of 

inflated values occurring for more highly heritable traits (e.g. LA-13, see Table 3.3). It was thus 

considered important to more thoroughly explore the impact of population structure on trait 

associations using a strategy similar to that of McKown et al. [47]. We used BIC to compare log-

likelihoods between GWAS models using no correction; PCs, Q-matrix, kinship-matrix or both Q-

matrix / PCs and K-matrix together. It appears that this P. nigra association population is more 

highly structured than that for P. trichocarpa; possibly due to the P. trichocarpa population being 

drawn from a much narrower longitudinal range on the west coast of the USA. McKown et al. [47] 

found that in all cases the simple, P or Q-models were sufficient to control structure in P. 

trichocarpa and no traits required the more stringent K, Q+K or P+K models unlike in this work. 
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They also found only PC1 of the neutral genetic variance to be significant opposed to the first 7 

PCs in this instance. It follows that the numbers of significant associations discovered in the 

studies described in P. trichocarpa vastly exceed those reported here. Whilst this can be partly 

attributed to the superior numbers of SNPs on the 34K chip and the greater numbers of traits 

phenotyped it is also likely that the lack of strong population structure in the P. trichocarpa 

association population is enormously beneficial in preventing over-correction by the application 

of more stringent models to control for stratification.  Nevertheless the associations provided 

above can be considered as robust for this outbreeding tree native to Europe and provide a firm 

basis for further proof of concept testing or breeding.    

3.6 Conclusions 

Our research on native European black poplar provides a significant foundation for the breeding 

of commercial native trees for bioenergy and has identified important early diagnostic traits (leaf 

size and cell number) underpinning robust yield assessments over several years.  We have been 

able to link these biomass traits to a set of candidate genes worthy of further investigation that 

show differential expression in preliminary validation analysis. Although population structure; 

relatively low marker density and rapid decay of LD [39] have rendered association genetic 

analysis challenging three robust associations were identified at full genome-wide significance for 

important biomass traits and 22 further genes are considered as putative candidates. It has been 

estimated [39] that 67K to 134K SNPs would be necessary to tag the entire genome (assuming an 

even marker density genome-wide) and, whilst greatly in excess of those available to this work, 

this number is within the scope of modern genotyping-by-sequencing (GBS) methodologies [42, 

125]. A future GWAS in this population with a larger marker set more fully capturing the gene 

space (and even the intergenic space) may therefore be more fruitful in terms of the numbers of 

trait-marker associations obtained; notwithstanding increased penalisation for multiple testing 

corrections. Nevertheless, this study has provided valuable information regarding the likely 

challenges of working within this population and identified a modest number of gene candidates 

for bioenergy arising from the 12K array. Earlier work on the genetic structure of the population, 

based on small numbers of amplified DNA fragments and neutral markers prior to NGS 

approaches, was confirmed [54, 64, 108].  
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4.1 Abstract 

Populus species hold significant potential as a second generation feedstock for the production of 

renewable bioenergy and biofuels. Understanding the genetic basis of key traits, especially those 

related to biomass yield, is essential for sustainable intensification and successful commercial 

deployment. Poplar is a riparian forest tree and global climate change poses a risk to reliable, 

sustainable biomass yields in the face of more regular and severe drought conditions. It follows 

that the enhancement of water use efficiency and drought tolerance, the ability to maintain 

stable yields under drought, are research priorities in this species. Here we report sequence 

capture genotyping by sequencing (GBS) using novel, single primer enrichment (SPET) technology 

targeting the gene space in a natural, wide P. nigra population from across the western European 

range of this species. 57,098 of these markers with less than 10% missing calls were employed in 

population genetic analyses using principal component analysis and FST and XTX outliers to identify 

genes under adaptive selective pressure to geoclimate variables. 471 genotyped individuals were 

cultivated under short rotation coppice (SRC) in Savigliano, Italy. Phenotyping for biomass yield 

and leaf development traits over two years in 2014 and 2015 showed wide diversity within the 

population. In summer 2015 drought was imposed and the response to water stress was 

quantified for the first time in this population. These phenotypic and genotypic data were 

employed in the largest GWAS to date in P. nigra with more than 130,000 SNPs with less than 20% 

missing calls. Genome wide significant (p <0.05) associations were identified in 48 genes for traits 

related to drought tolerance, biomass yield and leaf development. Marker effect sizes ranged 

from 1.8 – 10.0% of phenotypic variance explained and many candidate genes were associated 

with more than one trait and proved robust across years and / or drought treatments. Several 

candidates have been previously linked with drought or stress tolerance in the literature and 

these are good targets for further study and advanced molecular breeding for the development of 

bioenergy poplar.          
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4.2 Introduction 

Anthropogenic global warming resulting from the continuing emission of carbon dioxide and 

other greenhouse gases (GHGs) is predicted to have a significant impact on climate and weather 

patterns around the world in the near to medium future (New et al. 2011; Watts et al. 2015). One 

such likely impact is an increase in both the frequency and intensity of drought conditions (Dai 

2013) experienced by vulnerable regions as a result of changes to global hydrological cycles. The 

economic and ecological consequences of water scarcity are substantial (Hoekstra, et al. 2012) 

and there is a strong imperative to develop new strategies to maximise water-use efficiency in all 

aspects of agricultural practice (Morison et al. 2008) while closing crop yield-gaps (Lobell et al. 

2009). This is of particular concern to perennial 2G bioenergy crops such as Populus (hereafter 

referred to as poplar) where a predictable, stable yield across multiple years and coppice cycles is 

central to the provision of a sustainable source of renewable energy. Understanding the 

intersection of yield traits and the drought response in these species is essential if they are to be 

suited to changeable future climates and provide a secure, low-carbon alternative to fossil fuels 

(Oliver et al. 2009). It is also necessary that sustainable bioenergy crop cultivation does not have 

an excessive water footprint and restricts its hydrological impact (Watkins et al. 2015). The need 

to balance water-use-efficiency (WUE) and competitive biomass yields suggests that breeders will 

seek feedstocks with enhanced drought tolerance, the ability to maintain yield stability under 

drought, as opposed to drought avoidance; characterised by responding to drought by reducing 

growth (Shanker et al. 2014).  

Work in drought tolerance in bioenergy crops is not extensive at this time however; poplar’s 

adoption as a model tree (Jansson and Douglas 2007) and earlier sequencing (Tuskan et al. 2006) 

means that it has been the subject of more research effort than other feedstocks (Porth and El-

Kassaby, 2015). Poplar is a riparian species and is known to be vulnerable to drought induced 

xylem cavitation (Plavcova and Hacke, 2012; Fichot et al. 2014) however; variation in tolerance to 

water stress has been reported within the genus (Rancourt et al. 2015; Wang et al. 2015); 

suggesting that potential does exist to breed for a more WUE and drought tolerant feedstock. 

Early studies of the genetic basis of drought tolerance in poplar focussed on microarrays and QTL 

mapping (Street et al. 2006) for drought responsive traits such as stomatal conductance (Al Afas 

et al. 2006). QTL have also been mapped in poplar for carbon isotope discrimination; an indirect 

indicator of WUE (Viger et al. 2013). In recent years however, methodologies have largely 

progressed as the costs of far more extensive next generation sequencing (NGS) and genotyping 

have reduced. A number of recent studies have considered the transcriptomic response to 

drought in poplar. Deep RNA sequencing of leaf tissue from P. trichocarpa seedlings under normal 

and drought stressed conditions showed more than 5000 differentially expressed genes; a 
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predictably substantive transcriptomic response accompanying a significant physiological effect 

with reductions in photosynthetic rate and stomatal conductance (Tang et al. 2015). Work in 

poplar root tissue under drought and heat stresses also identified transcriptomic and 

physiological effects (Jia et al. 2016). ABA and salicylic acid increased in roots along with sucrose 

concentration as part of osmotic adjustment; accompanied by the upregulation of key heat stress 

proteins. Extensive metabolomic profiling of leaf tissue in response to drought was also reported 

by Hamanishi et al. (2015) in P. Balsamifera. They identified 40 metabolites with differential 

abundance under drought including a decrease in many organic acids such as malic and succinic 

acid and increases in sucrose and raffinose carbohydrates. Genotypes with larger metabolomic 

changes generally showed greater corresponding transcriptional changes and more than 700 

transcripts were significantly correlated with one or more metabolites. Reverse genetic 

approaches have also been taken to confirm the function of candidate genes for drought 

tolerance in poplar. One example is a MAPK kinase (PtMKK4) shown to be upregulated in 

response to drought stress and whose transgenic overexpression in a poplar hybrid resulted in 

markedly improved drought stress tolerance (Wang et al. 2014). Another example is an A. 

thaliana START transcription factor (EDT1/HDG11) which was expressed in transgenic poplar; 

mediating increased drought and salt tolerance through reduced stomatal density; increased 

soluble sugar content; improved WUE and enhanced root development (Yu et al. 2016).  

With a drive towards the upscaling of low carbon, renewable energy resources there has been 

considerable interest in recent years in the development of second generation (2G) bioenergy 

crops; both for co-firing (Hinchee et al. 2009) and liquid transport fuels (Gomez et al. 2008). 

Unlike first generation feedstocks derived from food crops such as corn (Wallington et al. 2012); 

these are dedicated, non-food bioenergy species for low-input cultivation on marginal lands and 

are commonly lignocellulosic perennials, either trees (Nieminen et al. 2012) or grasses (Song et al. 

2015). Poplar is considered to hold significant potential as a 2G feedstock for cultivation under 

short rotation coppice (SRC) or short rotation forestry (SRF); being fast growing (Bredemeier et al. 

2015), genetically diverse (van der Schoot et al. 2000; Cole 2005) and showing strong heterosis 

(Heilman and Stettler 1985). In addition to drought tolerance therefore, understanding the 

genetic basis of biomass yield is a fundamental research priority for this species (McKown et al. 

2014; Verlinden et al. 2015). Leaf development traits have been shown repeatedly as highly 

heritable indicators of biomass yield (Rae et al. 2004; Marron et al. 2007); likely due to leaf area 

determining canopy light capture and subsequent photosynthetic carbon fixation and plant 

productivity (Weraduwage et al. 2015). It follows that identifying the genetic underpinnings of 

leaf size and shape is also valuable as breeders seek improved germplasm for a high yielding, 

commercially competitive feedstock. A note of caution is provided by Schreiber et al. (2016) 
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however, who identified a strong correlation between increased leaf size and xylem vulnerability 

to cavitation, likely due to wider vessels, in hybrid plantation poplars.  

When identifying single nucleotide polymorphisms (SNPs) for genetic mapping, GBS may 

significantly reduce ascertainment bias (Narum et al. 2013); which is common in array based SNP 

genotyping platforms where markers are not obtained randomly from all population 

polymorphisms (De Donato et al. 2013; Heslot et al. 2013). Whole genome re-sequencing of an 

entire experimental population is ideal for producing large numbers of neutral markers but is very 

expensive. Cost may be reduced by the use of genome complexity-reduction techniques (Davey et 

al. 2011; Zhou and Holliday, 2012) thus ensuring sufficient coverage at a reasonable cost even 

when working with species with large genomes (Elshire et al. 2011). Two major methodologies for 

such complexity reduction are restriction enzyme (RE) based GBS and targeted marker discovery; 

both of which technologies have been extensively employed in crop breeding (Kim et al. 2015). In 

poplar restriction-site associated DNA-sequencing (RADSeq) has also been recently reported in P. 

deltoides for the production of a high density linkage map (Tong et al. 2016). RADSeq is similar to 

GBS in using a RE for DNA fragmentation but following adaptor ligation, requires additional 

random shearing and gel-based size selection steps before sequencing (Cronn et al. 2012).  

While RE-based GBS produces genome-wide, unbiased marker sets (Davey et al. 2011); targeted 

marker discovery methods can allow the production of marker sets enriched for particular 

genomic regions, e.g. the exome. SNP discovery from RNA-seq has been performed in P. 

trichocarpa by Geraldes et al. (2011); who identified around 500,000 SNPs in more than 25,000 

genes. This SNP library contributed towards the development of a 34K genotyping array for this 

species (Geraldes et al. 2013). Transcriptome resequencing has also been reported in willow (Liu 

et al. 2013), switchgrass (Wang et al. 2012) and miscanthus (Swaminathan et al. 2012).     

Sequence capture uses oligonucleotide baits to hybridise with regions of interest and in crop 

plants the ‘NimbleGen’ array technology has been used for exome capture, sequencing and SNP 

discovery in wheat (Winfield et al. 2012) and soybean (Haun et al. 2011). Exome capture in forest 

trees has been reported in pine (Neves et al. 2013; Lu et al. 2016) and poplar (Zhou and Holliday 

2012; Fahrenkrog et al. 2016). Zhou and Holliday (2012) describe sequence capture of the gene 

space in 48 P. trichocarpa genotypes; representing around 5% of the genome. The gene space, 

including upstream gene regulatory regions and promoters, were targeted in preference to the 

exome only as polymorphisms in such regions can have large effects on gene expression and 

hence on traits of interest. A similar approach was taken more recently in P. deltoides by 

Fahrenkrog et al. (2016) who called more than 350,000 SNPs in a population of 579 individuals; 

primarily within the gene space and putative regulatory regions.   
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Together with phenotyping data SNP data can be employed in association genetics; a powerful 

forward genetics methodology to elucidate the basis of quantitative traits of interest. Initial 

association studies in bioenergy poplar possessed limited marker information and were generally 

focussed on relatively small numbers of pre-selected candidate genes (Wegrzyn et al. 2010). The 

subsequent development of a 34K chip (Geraldes et al. 2013) for P. trichocarpa saw the first truly 

genome wide association studies (GWAS) in poplar for biomass, ecophysiology (McKown, Klápště, 

et al. 2014) and wood quality (Porth et al. 2013) traits. GBS is now permitting still larger GWAS 

with greater marker numbers; seen for example in the bioenergy grass miscanthus (Slavov et al. 

2014) where over 100,000 markers were employed in GWAS for phenology, biomass and cell wall 

traits. Fahrenkrog et al. (2016) recently reported GWAS for eight traits related to biomass yield 

and wood quality in glasshouse cultivated P. deltoides with more than 350,000 SNPs derived from 

sequence capture GBS. Trait-marker associations arising from GWAS may then be employed in the 

identification of candidate genes for feedstock improvement through genetic modification (GM) 

or in advanced breeding programmes utilising marker-assisted selection (MAS) or genomic 

selection (GS) (Nieminen et al. 2012; Allwright and Taylor 2016). GWAS for drought tolerance has 

not been previously reported in poplar but has been successful in other plant species including 

important cereal crops such as rice (Huang et al. 2010), barley (Wehner et al. 2015) and maize 

(Zhang et al. 2016). A very large GWAS (1.8 million SNPs) including drought-related traits was 

recently reported in the model legume Medicago truncatula (Kang et al. 2015); characterising 

carbon-isotope discrimination (indicator of WUE) and leaf performance under dehydration stress. 

The work reported here employs a natural population of the native European species P. nigra. 

This population is drawn from river populations across the western European range of this species 

and has been extensively utilised in previous studies of this ecologically important, keystone 

species (Smulders et al. 2008; Rohde et al. 2011). We report phenotyping of the population under 

well-watered and drought stressed conditions for biomass yield and leaf development traits; 

permitting the quantification of drought tolerance in this population for the first time. We further 

report targeted GBS of the population using a novel methodology to provide genome wide SNP 

markers covering much of the gene space. GWAS was performed yielding high quality trait-marker 

associations and candidate genes for these important traits. A large subset of markers was also 

employed in population genetic analysis to estimate the distributions of per locus FST and the 

related, more recent population differentiation statistic XTX (Günther and Coop 2013); alongside a 

principal component analysis (PCA) of the population genetic variance. High FST / XTX may be 

found at loci under selection; where local adaptation has increased genetic differentiation within 

a population (Elhaik 2012; Oubida et al. 2015). Here we have used per locus FST, XTX, and 

eigenvalue loadings from the primary principal component of the genetic variation (PC1) 
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(McKown, et al. 2014) to identify gene candidates under putative adaptive selection to geoclimate 

variables. While a number of GWAS for bioenergy traits have been reported in poplar (Porth et al. 

2013; McKown et al. 2014; Fahrenkrog et al. 2016) this work is the first to identify associations for 

drought tolerance and represents the largest GWAS reported in P. nigra. 

4.3 Materials and Methods 

4.3.1 Population Establishment and Site Layout 

The site was located in Savigliano, Italy (44.6˚N, 7.6˚E) and follows a randomised, block design 

with eight blocks each containing one replicate of each genotype. A selection of 661 genotypes 

from the natural population were established however; subsequent genotyping with a 12K 

Illumina array (Faivre-Rampant et al. 2016) revealed 67 genotypes to be clonal replicates leaving 

594 suitable for analysis of which 485 were selected for GBS (see below). Within blocks trees were 

planted from cuttings spaced 0.75m apart within rows and 2.3m between rows with 56 trees per 

row and 12 rows per block for a planting density of 5797 trees / Ha. Each block was surrounded by 

a double row of guard trees to protect against edge effects. Blocks were spaced 5m apart in a 2 x 

4 array (Figure S4.1). The site was planted in April, 2013 and received manual weed control and 

disc harrowing as required. Trees were single stemmed (all smaller primary stems removed to 

create a single dominant main stem) at the beginning of each growing season. The site was 

coppiced for the first time post establishment in March, 2014 and for the second time in March, 

2015 following one year’s growth (Figure S4.2).  

4.3.2 Soil Water Monitoring and Climate Data 

Drip irrigation was installed to allow distinct watering regimens to be applied to blocks 1-4 and 5-

8 respectively (Figure S4.1). It was intended to maintain field capacity in blocks 5-8 while blocks 1-

4 would be subject to a moderate water stress; remaining rain-fed only unless drought became 

terminal. Decagon (WA, USA) EC5 soil moisture probes at 20cm and 40cm depth in the centre of 

each block provided continuous monitoring of volumetric soil moisture content. In 2014 no 

treatment was imposed. In 2015 irrigation began in the designated blocks from the 11th June 

onwards (immediately following probe installation on 10th June) while being withheld from the 

drought blocks for the duration of the summer.   

A BACI (Before After Control Impact) design (Underwood 1993; Smith 2002) was applied to test 

for the effects of irrigation on soil water content. This analysis required the calculation of the 

relative change in mean average soil water content from before to during treatment at each of 
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the 16 probes. In 2015 the periods selected were 11th – 24th June for the before treatment period 

(i.e. immediately following installation) and 22nd July – 4th August for the during treatment period 

(i.e. encompassing the second phenotyping period). The probe at 40cm depth in block 7 was 

discordant (Figure S4.3) and its data was discarded. A two-way analysis of variance was employed 

to determine the effect of treatment and soil depth on relative change in soil moisture content 

(Figure 4.1).  

A meteorological station monitored daily rainfall and temperature at the field site (Figure 4.1) and 

historic climate data for all the sites of origin (SO) from which the population was drawn were 

downloaded from the WorldClim (Hijmans et al. 2005) resource which contains high resolution 

data for 19 bioclimate variables for the years 1950 to 2000 (supplementary document S4.1). 

4.3.3 Biomass and Leaf Phenotyping 

In 2014 and 2015 main stem height (H) and stem diameter (D) at 22cm were recorded for all trees 

at two time periods. These were 29th June - 4th July and 26th – 31st August in 2014 and 31st May – 

7th June and 28th July – 2nd August in 2015. All genotypes with 2 or more replicates within both the 

irrigated and rainfed blocks were retained. Stem volume index (SVI) was calculated according to 

the equation:  

SVI = H * π * (D/2)2 

Absolute growth rate (AGR) was calculated according to the equation:  

AGR = (SVI_final – SVI_initial) / Time  

Relative growth rate (RGR) was calculated according to the equation: 

RGR = (1/Time) * [(SVI_final – SVI_initial)/SVI_initial]  

From 1st – 4th September 2014, three adjacent mature leaves were harvested from the middle 

third of each tree in blocks 1-4 and imaged against a scaled background. The mid-sized leaf was 

retained and these were oven-dried for 24 hrs at 80˚C and weighed (LWt) and the images 

analysed in ImageJ (Abràmoff et al. 2004) for leaf area (LA), leaf length (LL), leaf width (LW) and 

length: width ratio (LWR). In 2015 leaf sampling took place from 23rd – 27th July however, unlike 

2014 only the first mature leaf was sampled from each tree and all eight blocks were sampled. 

Leaves were imaged and analysed as described for 2014. Specific leaf area (SLA) for both years 

was calculated as follows: 

SLA = LA / LWt   
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Figure 4.1: Rainfall and Temperature at Savigliano Site and Drought Imposition. A) Weekly 

rainfall and average weekly temperature from site establishment in 2013 to post-

phenotyping in summer 2015. In summer 2015, the period from the commencement of 

drought treatment to the conclusion of post-drought phenotyping comprised 11th June to 2nd 

August. During this period, average daily rainfall was 3.8 mm with an average daily 

temperature of 23.2˚C and an average maximum daily temperature of 28.7 ˚C. The absolute 

maximum temperature recorded during the treatment period was 33.9 ˚C on 21st July. B) The 

periods contrasted for the BACI (Before after Control Impact) analysis of drought imposition 

in 2015 were the 11-24th June for the before treatment period and 22nd July – 4th August for 

the during treatment period. 18% and 15% relative reductions in soil water content were 

observed in the irrigated plots contrasted with 39% and 34% reductions in the rainfed plots 

at 20 and 40 cm depths respectively. Two-way ANOVA shows a strong effect for treatment on 

soil moisture (p <0.001) but no effect for depth (p =0.283) or interaction between treatment 

and depth (p =0.867).  
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Statistical analyses were conducted for all phenotyping data obtained for unique genotypes which 

were successfully subject to GBS (Table 4.1) and had at least two replicates on both sides of the 

trial. All data were checked for normality and transformed as appropriate and traits (descriptions 

summarised in Table S4.1) analysed according to a general linear model (GLM) in Minitab 17 

(Minitab Statistical Software, 2010) in the form: 

Yijk = µ + Si + Gj(i) + Bk + εijk  

Where µ is the group mean, Si is the effect of site of origin i (SO) considered as fixed and Gj(i) and 

Bk are the effects of genotype j (nested within population) and block k respectively; both 

considered as random. For the August 2015 data the model was extended to include Th, the fixed 

effect of treatment h, according to the model:  

Yhijk = µ + Th | Si | Gj(i) + Bk(h) + εhijk  

Where | indicates crossed factors.  

For GWAS and other downstream analyses spatially corrected genotypic means were calculated 

from all replicates for each genotype for each trait, year and treatment to correct for possible 

non-homogeneity in the field. It has been observed in various uniformity trials that spatial effects 

are not independent of location and tend to correlate in space (Williams and Luckett 1988). For 

this reason the novel method of Rodriguez et al. (In Submission) was employed that 

simultaneously fits spatial effects and genotypic means to replicated field data; based on a mixed 

linear model that fits 2-dimensional P-splines to environmental and genotypic effects.  

Data were transformed as necessary and Pearson’s r was calculated pairwise between all 

phenotypic traits in the R base ‘stats’ (R Core Team 2013) package.  

Drought resistance index (DRI) and yield stress index (YSI) were calculated from AGR and LA 2015. 

DRI was calculated after Fischer and Maurer (1978) according to the formula:  

DRI = (Genodrought / Genocontrol) / (Popndrought / Popncontrol)  

YSI was calculated after Fernandez (1992) according to the formula: 

YSI = (Genodrought / Popndrought) * (Genocontrol / Popncontrol) * (Popndrought / Popncontrol)   

The mean values (by SO) of each of the DRI and YSI indices were regressed against mean 

temperature of the hottest quarter (THQ) and precipitation of the hottest quarter (PHQ) at each 

SO and plotted in R. These climate variables were selected for this analysis as being most relevant 
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to the short term, moderate drought conditions imposed upon the population during summer 

2015.  

Table 4.1: Sites of Origin for P. nigra association mapping population at Savigliano, Italy: 

Subpopulation names are given in the first column followed by the letter 2 or 3 abbreviation 

used in some figures and the country within which they’re located. The number of individual 

genotypes within each subpopulation is provided (N) and their mean latitudinal and 

longitudinal coordinates. “Individuals” are unique genotypes from outside of the given 

subpopulations. 

Site Abbreviation Nation N Latitude Longitude 

Basento BS Southern Italy 8 40.6 16.4 
Paglia PG Central Italy 22 42.8 11.8 

Ticino-North N Northern Italy 55 45.3 9.0 
Ticino-South SN Northern Italy 35 45.2 9.1 

Bonny BSL France 11 47.6 2.8 
Drome1 D1 France 48 44.7 5.4 
Drome6 D6 France 51 44.8 4.9 
Durance 71  8 43.8 5.4 

Guilly GLY France 16 47.8 2.3 
Ramieres RAM France 21 44.7 4.9 

Loire VDL France 24 46.5 2.8 
ValAllier ALL France 59 46.4 3.3 

Ebro-Alfranca EA Spain 26 41.6 1.0 
Ebro-Novillas EN Spain 30 41.9 1.4 

Kuhkopf KUH Germany 31 49.8 8.5 
Netherlands NL Netherlands 22 52.1 5.6 

Individuals - 
France (2), Italy (1), 

Hungary (1) 
4 - - 

4.3.4 DNA Extraction 

DNA extraction proceeded according to the method of Chang et al. (1993). In May 2014 young 

leaves were collected; snap frozen and ground on dry ice. Material (~150mg) was placed in a 

1.5ml Eppendorf tube and 900µl of CTAB buffer (supplementary document S4.2) added to each 

sample and mixed by inversion. Samples were incubated in a water bath at 65˚C for 45 minutes 

and 900µl chloroform/isoamyl alcohol added to each; shaken until well mixed and centrifuged for 

ten minutes at 13,000 rpm. 500µl of the aqueous phase was mixed with 50µl 3M sodium acetate 

and 333µl cold isopropanol and incubated at -20˚C for 15 minutes before ten minutes 

centrifugation. The DNA pellet was retained; washed with 500µl cold 70% ethanol and centrifuged 

for 10 minutes. The liquid phase was discarded and the pellet air-dried then resuspended in 50µl 

of TE solution with 1µl of RNase for an overnight incubation at 20˚C. 200µl of TE solution, 100µl of 

3M sodium acetate and 1ml cold absolute ethanol were then added; centrifuged for 10 minutes 

and the liquid phase discarded. The pellet was air-dried and resuspended in 50µl TE solution. 2µl 
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of the final DNA sample was checked for quantity and quality using a NanoDrop-1000®. Samples 

were retained if they showed a DNA concentration of 100ng/µl or greater and 260/280 and 

260/230 absorbance ratios greater than or equal to 2.0. 

4.3.5 Genotyping by Sequencing 

4.3.5.1 SNP Selection 

In total 534 genotypes from the P. nigra association mapping population were selected for GBS of 

which 485 were under cultivation at the Savigliano site. The methodology adopted employed 

Single Primer Enrichment Technology (SPET) from NuGen (California, USA) which allows the 

targeting of known SNPs in selected regions while still permitting some de novo discovery. 

Previous low pass sequencing (Faivre-Rampant et al. 2016) of 51 P. nigra accessions (of which four 

samples were deep sequenced with coverage greater than 50X, see Table S4.2) was employed for 

SNP calling. Reads were trimmed to remove adapter sequence contamination using cutadapt 

(https://cutadapt.readthedocs.org/) and low quality bases removed with erne-filter (Del Fabbro et 

al. 2013). Reads were aligned to the P. trichocarpa genome V3.0 (https://phytozome.jgi.doe.gov) 

using the BWA MEM algorithm v0.7.10 (Li 2012) using the default settings described in the user 

manual with minimum mapping quality set to 4 to filter out ambiguous placements and the ‘–M’ 

option in effect to flag secondary alignments. SNPs were called using the GATK Unified Genotyper 

v.3.3.0 (McKenna et al. 2010) after local realignment around indels (as implemented in the GATK 

suite) using the default settings described in the user manual. A first set of filtering criteria were 

imposed to retain only high-quality SNP positions as follows: 

i) SNP quality score > 100 

ii) Dels value (as reported by Unified Genotyper) < 0.9  

iii) ReadPosRankSum value between -2 and 2 

iv) Genotype called for ≥ 20 accessions 

v) Minor allele frequency (MAF) > 0.15  

SNP sites were functionally annotated from the P. trichocarpa genome V3.0 using SnpEff 

(http://snpeff.sourceforge.net/) and a custom script used to develop a panel of target SNPs 

according to the following criteria: 

i) SNPs were prioritised according to location – exon > 5’ UTR > intron > 3’ UTR > 

up/downstream with up/downstream defined respectively as 1500bp 5’ and 1000bp 3’ to the 

start and stop codons of the gene.   

ii) SNPs must be ≥ 500bp apart 

https://cutadapt.readthedocs.org/
https://phytozome.jgi.doe.gov/
http://snpeff.sourceforge.net/
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iii) 1-4 SNPs selected per gene according to length and SNP availability. In each instance the first 

SNP was selected from within an exon and was non-synonymous if possible. The second SNP 

was upstream or in the 5’ UTR. Subsequent SNPs could be exonic, intronic, downstream or 

within the 3’ UTR. 

iv) MAF ≥ 0.15  

v) SNPs in scaffolds with fewer than 20 SNPs were excluded     

A panel of 110,987 SNPs was finally retained and subjected to the Nugen probe design pipeline 

with two considerations:   

i) No other known (i.e. non-target) SNP could reside in the final 20bp of the probe’s 3’ end 

ii) Probes were designed such that their 3’ end was close enough to the target SNP site to ensure 

read-through capability of the reverse read in a 2x130bp sequencing configuration.   

4.3.5.2 Library Enrichment and Sequencing 

Synthesis was performed for the 98,134 probes passing the design constraints described above. 

Libraries were prepared from 200-400ng of genomic DNA; following the standard protocol for 

Nugen’s Ovation Target Enrichment with minor modifications during the sonication (four cycles 

15" /90" in 100uL of TE solution, Bioruptor - Diagenode) and fragment purification steps (0.7 

volumes of Ampure XP beads). Fragment libraries were quantified using the GloMax® Explorer 

System (Promega, USA) following adapter ligation and sample pooling (eight samples per pool). 

Enrichment and amplification were performed according to the manufacturer’s instructions. 

Quantitative PCR (qPCR) was used to determine the necessary number of amplification cycles 

which were found to be in the range of 15-16 for all pools. Once library enrichment was 

completed sequencing was performed in 48-plex using an Illumina HiSeq2500 with paired reads of 

130bp. With regards to the reverse read this generated 50bp of unwanted sequence (probe 

landing zone) but guaranteed the following 80bp to include the selected SNP. The forward read 

included the barcode and de-duplication tags but the remaining sequence was suitable for de 

novo SNP discovery. Figure 4.2 provides an overview of the SPET protocol. Subsequent de-

multiplexing and post-sequencing data processing for SNP calling is described in Figure S4.4. 

4.3.6 Population Genetic Structure and Association Genetics 

4.3.6.1 Data Preparation 

The GBS output data were formatted for analysis using a custom R script and the program GCTA 

v1.02 (Yang et al. 2011) was used to check for and remove clonal replicates among the genotypes. 

A preliminary principal coordinate analysis was conducted to identify outlying genotypes 



Chapter 4 

151 

suggestive of their not being purebred P. nigra. The data were filtered in TASSEL 5 (Bradbury et al. 

2007) to remove SNPs with MAF < 0.05 and a heterozygote frequency < 0.05 or > 0.95. These 

markers were finally screened for a maximum of 10% and 20% missing calls to produce ‘stringent’ 

and ‘liberal’ datasets for GWAS and other genetic analyses (see Figure 4.3).

 

Figure 4.2: Single Primer Enrichment Technology Methodology Overview. 1. Genomic DNA is 

randomly sheered to ~500bp fragments. 2. The forward adaptor is ligated to these fragments. 

3. Probes are annealed to their target sequences (probe landing zone); these probes are 

immediately 3’ to the region containing their target SNP and are joined to the reverse 

adaptor. 4. Probes are extended. 5. dsDNA is denatured and the PCR primers are annealed to 

the forward and reverse adaptors that flank the probe landing and target regions. 6. Library 

enrichment proceeds through PCR amplification. 

4.3.6.2 Population Genetic Structure 

The ‘stringent’ marker dataset was filtered to remove SNPs not in Hardy-Weinberg Equilibrium 

(HWE) using the R package ‘HardyWeinberg’ (Graffelman 2012). These markers were further 

filtered in PLINK v1.07 (Purcell et al. 2007) using the command ‘-indep-pairwise’ to filter markers 

pairwise for r2 > 0.2 within 50 SNP sliding windows (five SNPs per window) and produce a new 

subset of 23,160 unlinked (r2 < 0.2), putatively neutral markers. A random selection of 1000 of 

these markers were utilised in STRUCTURE 2.3.4 (Falush et al. 2003) using the program’s default 

admixture model settings with correlated allele frequencies. Alpha was inferred from a starting 

value of 1.0 (maximum value of 10.0) and lambda was set to 1.0. Burn-in was set to 10,000 and 

run-length to 50,000 for each iteration to model 1-10 subpopulation clusters (K) with ten 
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iterations for each value of K. (This STRUCTURE analysis was repeated with all 23,160 putatively 

neutral markers for comparison.) The optimal value of K was estimated using the online tool 

‘Structure Harvester’ (Earl and VonHoldt 2012) which employs the method of Evanno et al. (2005). 

The program CLUMPP (Rosenberg 2009) was used to create a Q-matrix for the population for the 

optimal K. The 1000 marker subset was also employed in a PCA of the population’s neutral 

genetic variance in R using the package ‘PCAMethods’ (Stacklies et al. 2016); with the number of 

significant PCs identified using a broken stick model and retained for use in population 

stratification correction in downstream GWAS and trait heritability estimation.  

 

Figure 4.3: SNP Filtering and Analysis Pathway. 66,922 ‘on-target’ and 453,170 ‘off-target’ 

SNPs were called and filtered for minor allele frequency (MAF), heterozygote frequency and 

missing calls to create the ‘stringent’ (< 10% missing calls) and ‘liberal’ (< 20% missing calls) 

marker sets. Both marker sets were employed for GWAS and the ‘stringent’ marker set was 

also used for principal component analysis (PCA) of the genetic variance and FST outlier 

analysis. Further filtering of the ‘stringent’ marker set Hardy-Weinberg equilibrium (HWE) 

and linkage disequilibrium (LD) produced a reduced subset of putatively neutral, unlinked 

markers with random selection providing 1000 SNPs for population structure analysis and 

kinship matrix generation. 
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4.3.6.3 Outlier Analysis  

Analyses to identify genetic outliers under putative selective pressure and the geoclimate 

variables driving this selection proceeded through three approaches:  

1. All 57,098 SNPs in the ‘stringent’ marker set were employed in a PCA of the population’s 

genetic variance in R as before and the factor loadings of the 1st PC extracted for each marker. The 

squares of these loadings represent the proportion of the variance of the PC explained by each 

locus and top loading (strongly differentiated) SNPs are candidates for adaptive selection 

(McKown et al. 2014). Pearson’s r was calculated pairwise between the first two PCs and the 22 

geoclimate variables (latitude, longitude, elevation and 19 bioclimate variables). Multiple 

regressions were also employed to identify key explanatory geographic and climate variables and 

their relative importance for each PC. Owing to extensive collinearity between these geoclimate 

variables it was first necessary to filter them stepwise to remove variables with variance inflation 

factor (VIF) > 10 in the R package “VIF” (Lin 2015). Initial multiple regressions with the nine 

remaining variables (Long, Elev, MDR, TS, TCM, TWQ, TDQ, PWM and PS – see supplementary 

document S4.1) were performed in R with the function ‘lm’ in the package ‘MuMIn’ (Barton 

2014). Backward, stepwise regression with Bayesian Information Criterion (BIC) was employed for 

model selection to identify the reduced model for each PC with superfluous explanatory variables 

removed. The package ‘relaimpo’ (Groempings and Lehrkamp 2015) was then utilised to attribute 

the relative importance of each explanatory variable (averaged over orderings) according to their 

contribution to the total r2 (proportion of explained variance) of the reduced model. 

2. The mean, pairwise value of FST was calculated for all SNPs in the ‘stringent’ marker set using 

the R package “hierfstat” (Goudet and Jombart 2009) according to the geographic genotype sites 

of origin (SO) set out in Table 4.1 (Oubida et al. 2015).  

3. Bayenv2 (Coop et al. 2010; Günther and Coop 2013) follows a Bayesian methodology for the 

identification of genetic loci involved in local adaptation within a population through the 

comparison of standardised allele frequencies between environmentally disparate 

subpopulations. Here, the ‘stringent’ marker set was filtered in PLINK v1.07 (Purcell et al. 2007) to 

remove markers in LD (r2 > 0.1) within a window of 50 SNPs (moving ten SNPs between windows) 

producing a highly unlinked marker set of 15,107 SNPs (Geraldes et al. 2014). These data were 

employed in Bayenv2 to create a population covariance matrix using three independent runs of 

the programme with 100,000 Markov Chain Monte Carlo (MCMC) iterations per run. The average 

of the three independent matrices was taken forward for downstream analyses (Evans et al. 2014; 

Geraldes et al. 2014) though all three individual outputs were highly similar, with the standard 

deviation of all values in the final matrix < 2% of the mean. The population differentiation statistic 
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XTX was then calculated in Bayenv2 for each of the 57,098 loci in the ‘stringent’ marker set using 

the population covariance matrix from the unlinked markers with 100,000 MCMC iterations for 

each SNP.  

Markers in the top 1% (571 SNPs) of the empirical distribution of the PC1 loadings, FST or XTX were 

considered as candidates for divergent selection with those candidates common to the top 1% of 

the distribution of two or more of these measures of population differentiation considered 

especially robust. A Fisher’s exact test was performed in R using the function ‘fisher.test’ to assess 

whether a greater number of these outlier SNPs were shared between measures of population 

differentiation than expected by random chance. In addition, in Bayenv2, Bayes factors (BF) and 

Spearman’s rank coefficients (p) were calculated between the standardised allele frequencies of 

all SNPs in the top 1% of the distribution of XTX and the 22 normalised geoclimate variables (3 

independent runs and 100,000 iterations per run) to identify putative drivers of their selection 

(Geraldes et al. 2014). Geoclimate variables with an allele frequency correlation with log(BF) > 2 

were considered as ‘likely’ drivers of selection at that locus and those with log(BF) > 1 considered 

as putative drivers (Jeffreys 1961). Bayes factors and Spearman’s rank were also calculated 

between the standardised allele frequencies of all 57,098 SNPs in the ‘stringent’ marker set (three 

independent runs, 100,000 iterations per SNP) and DRI AGR and DRI LA. SNPs overlapping in the 

top 1% of the empirical distributions of BF and p (Evans et al. 2014) were considered as 

candidates for adaptive selection to drought. 

4.3.6.4 GWAS and Heritability 

A kinship matrix was created in TASSEL 5 (Bradbury et al. 2007) from the 1000 randomly selected 

neutral, unlinked SNPs using the “Centred IBS” option. Narrow-sense heritability (h2) was 

calculated for all traits in the R package ‘heritability’ (Kruijer 2015) using the kinship matrix and 

seven significant PCs of the neutral genetic variation (1000 SNPs) as covariates.   

Model selection for GWAS was conducted on a trait-by-trait basis to minimise the risk of over or 

under-correction for population stratification for each phenotype. 5 putative models were 

considered for each trait in R using the functions ‘lm’ and ‘lmekin’ in the packages ‘coxme’ 

(Therneau 2012) and ‘MuMIn’ (Barton 2014); with BIC employed to compare log-likelihood values 

between models (Yu et al. 2006).  

1. General linear model (GLM) without correction: 

Y = Xβ + e 
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Where Y is a vector of phenotypic values; β is an unknown vector containing fixed effects for 

genetic markers; X is the known design matrix and e is the unobserved vector of random 

residuals.   

2. GLM using significant PCs from 1000 SNP PCA for genetic structure correction (P-model) with 

notation as for model 1 but β contains fixed effects for both genetic markers and population 

structure (PCs).    

3. GLM using Q-matrix (1000 marker subset) with optimal K from STRUCTURE (Q-model) with 

notation as for model 2 but population fixed effects in β derived from Q-matrix instead of PCs.    

4. Mixed linear model (MLM) including kinship matrix for genetic structure correction (K-model):  

Y = Xβ + Zu + e 

Where Y is a vector of phenotypic values; β is an unknown vector containing fixed effects for 

genetic markers; u is an unknown vector of random additive genetic effects; X and Z are the 

known design matrices and e is the unobserved vector of random residuals.   

5. MLM using Q-matrix from STRUCTURE and kinship matrix (Q+K-model) with notation as for 

model 4 but β contains fixed effects for both genetic markers and population structure (Q-matrix). 

Both the ‘stringent’ and ‘liberal’ marker sets were employed for GWAS with full genome wide 

significance levels (Bonferroni) set at p < 0.05 / 57098 and p < 0.05 / 132261 for the ‘stringent’ 

and ‘liberal’ marker sets respectively. Trait-marker association effect sizes (the proportion of the 

phenotypic variance explained by a given SNP) were also extracted from the TASSEL results files. 

Quantile-quantile (QQ) and Manhattan plots were created in R using the package “qqman” 

(Turner 2015). Candidate genes and their A. thaliana orthologs were identified for trait-marker 

associations using the P. trichocarpa (v3.0) genome browser and annotations hosted by PopGenIE 

(Sjödin et al. 2009).  

4.4 Results 

4.4.1 Genotyping by Sequencing 

Sequencing yielded more than five billion reads with a mean average of 9.69 million reads per 

sample. Data pre-processing and SNP calling following the quality control refinement criteria 

described above yielded 66,922 “on-target” SNPs and 453,170 “off-target” de novo discovered 

SNPs for a total of 520,092 high quality markers in 534 genotypes (485 under cultivation at the 

Savigliano site) representing 32,987 genes. Analysis in GCTA (Yang et al. 2011) removed 13 
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genotypes as genetically identical to other members of the population; possibly as a result of 

clonal propagation in nature. A preliminary principal coordinate analysis removed two further 

genotypes as likely hybrids (not pure P. nigra) after scattering significantly distant to the main 

cluster (data not shown). Of the remaining 519 unique P. nigra genotypes, 471 were under 

cultivation at the Savigliano site and genotyping data for this group were taken forward. Filtering 

in TASSEL for MAF < 0.05 and heterozygote frequency < 0.05 or > 0.95 left 233,595 SNPs which 

were screened for a maximum of 10% and 20% missing calls to produce ‘stringent’ and ‘liberal’ 

datasets. These comprised 57,098 (27,510 targeted and 29,588 de novo discovered) and 132,261 

(51,746 targeted and 80,515 de novo discovered) SNPs respectively (see Figure 4.3); representing 

23,146 and 29,400 genes. There was a significant difference in the minor allele frequency (MAF) 

distributions of targeted and de novo discovered SNPs in both marker sets with a far higher 

proportion of low MAF SNPs among the de novo discovered markers (Figure S4.5). This was an 

expected outcome of the selection criteria for the targeted SNPs described above. 

4.4.2 Drought Imposition and Phenotyping 

Figure 4.1 shows the impact of irrigation versus rainfed only treatments on soil moisture during 

the treatment period in the summer of 2015; with 18% and 15% relative reductions in soil water 

content in the irrigated plots contrasted with 39% and 34% reductions in the rainfed plots at 20 

and 40 cm depths respectively. This BACI analysis (Smith 2002) shows a strong effect for 

treatment on soil moisture changes (p <0.001) but no effect for depth (p =0.283) or interaction 

between treatment and depth (p =0.867).  

The results of GLMs for all traits in 2014 and 2015 modelling the effects of geographic sites of 

origin (SO); individual genotypes (nested within SO); drought treatment (2015 only) and their 

interactions are shown in Table S4.3. The effects of both SO and individual genotypes were 

significant at least at p <0.05 for all quantified biomass and leaf traits in both years. For the 2015 

dataset a significant main effect for drought treatment was observed only for relative growth rate 

(RGR) and leaf length (LL), width (LW) and area (LA) however; most traits showed a strongly 

significant (p <0.001) interaction between treatment and SO and this term was significant for all 

traits at p <0.1. Figure 4.4 displays boxplots contrasting AH, AGR and LA for each SO under 

irrigated (control) and rainfed (drought) treatments in 2015. Figure 4.5 shows boxplots for each 

SO for the DRI and YSI calculated from AGR and LA. Figure 4.6 shows the mean average values for 

each DRI and YSI index at each SO regressed against two climate variables; mean temperature of 

the hottest quarter (THQ) and precipitation of the hottest quarter (PHQ). Both DRI AGR and DRI 

LA showed strong negative regression with PHQ (p <0.001 and r2 =0.707 and 0.595 respectively); 

however only DRI LA showed a significant relationship (weak, positive) with THQ (p =0.018, r2 
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=0.334). YSI LA regressed positively with PHQ (p =0.006, r2 =0.426) but not with THQ. YSI AGR did 

not regress with THQ or PHQ.  

 

Figure 4.4: Phenotypic Variation by Genotype Site of Origin (SO). Boxplots depict trait 

variation within and between the 16 sites of origin (SO) within the population in August 2015 

under irrigated and rainfed conditions. Boxes show trait median and interquartile range 

(IQR) for genotypes within an SO with whiskers extending to a maximum of 1.5x the IQR and 

outliers depicted with unfilled circles. Boxes are coloured according to the country of each SO 

with Italian in purple; French in orange; German in blue; Netherlands in green and Spanish in 

red. Lighter and darker shaded boxes depict irrigated and rainfed treatments respectively. 

Plots depict A) Main stem height (AH); B) absolute growth rate (AGR) and C) leaf area (LA). 
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Figure 4.5: Variation in Drought Resistance and Yield Stress Indices by SO. Boxplots depict 

trait variation within and between the 16 sites of origin (SO) within the population in 2015 

for drought resistance index (DRI) and yield stress index (YSI) calculated from absolute 

growth rate (AGR) and leaf area (LA). Boxes show trait median and interquartile range (IQR) 

for genotypes within an SO with whiskers extending to a maximum of 1.5x the IQR and 

outliers depicted with unfilled circles. Boxes are coloured according to the country of each SO 

with Italian in purple; French in orange; German in blue; Netherlands in green and Spanish in 

red. Plots depict A) DRI AGR; B) YSI AGR; C) DRI LA and D) YSI LA.   
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Figure 4.6: Drought Resistance Index and Yield Stress Index Regressed with Temperature of 

the Hottest Quarter and Precipitation of the Hottest Quarter. Mean drought resistance and 

yield stress indices at each SO calculated from 2015 AGR and LA are regressed against 

normalised mean temperature of the hottest quarter (THQ) and precipitation of the hottest 

quarter (PHQ). Data points are coloured by country with Italy in purple, Spain in red, France 

in orange, Germany in blue and Netherlands in green. Both DRI AGR and DRI LA show strong 

negative regression with PHQ in A) (p < 0.001, r2 = 0.707) and C) (p < 0.001, r2 = 0.595) 

respectively. DRI AGR does not regress significantly with THQ B) (p = 0.063, r2 = 0.225) but 

DRI LA shows moderate positive regression with this variable D) (p = 0.018, r2 = 0.334). YSI 

AGR misses significance with PHQ E) (p = 0.105, r2 = 0.177) but YSI LA regresses positively 

with this variable G) (p = 0.006, r2 = 0.426). YSI AGR and YSI LA show no relationship with 

THQ in F) (p = 0.896, r2 = 0.001) and H) (p = 0.406, r2 = 0.050) respectively. 
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Supplementary document S4.3 displays the pairwise Pearson’s r correlation matrix between all 

biomass and leaf traits with narrow sense heritabilities shown across the matrix diagonal. 

Heritabilities were moderate to high for most traits. Estimates of h2 for August biomass yield traits 

under irrigated conditions ranged from 0.35 for AD 14 to 0.53 for AH 14 but were higher for leaf 

size traits; ranging from 0.61 for LWt 15 to 0.73 for LA 14. Lower h2 estimates were obtained 

however for SLA (0.17 in 2014 and 0.48 in 2015) and RGR (0.05 in 2014 and 0.22 in 2015). 

Heritability estimates were without exception lower in August 2015 for traits under rainfed 

compared to irrigated conditions, with decreases ranging from 0.2% for SLA to 23.9% for LWt. DRI 

AGR and DRI LA were very weakly heritable (h2 = 0.16 and 0.04 respectively) and showed only 

weak to moderate negative correlation with most leaf and yield traits and only moderate, positive 

correlation with one another (r =0.49). By contrast YSI AGR and YSI LA showed strong, positive 

correlations with leaf and yield phenotypes and with one another (r =0.88) and moderate 

heritabilities (h2 = 0.39 and 0.37 respectively). In August 2015, considering the same traits 

contrasted under irrigated and rainfed conditions, correlations were all positive with r >0.8 

excepting RGR (r =0.49) and SLA (r =0.28). This is consistent with narrow sense heritability 

estimates for these traits from August 2014 (where no drought treatment was imposed) when 

RGR and SLA reported the lowest h2 estimates (0.05 and 0.17 respectively).    

4.4.3 Population Genetic Structure 

Filtering the ‘stringent’ dataset to remove SNPs not in Hardy-Weinberg equilibrium and the 

pairwise removal of SNPs in significant LD produced a subset of 23,160 putatively neutral (not in 

HWE), unlinked markers. This number was considered excessive for genetic structure control in 

GWAS and a random selection of 1000 genome-wide SNPs were selected for this purpose. 

Analysis of results from STRUCTURE, following the method of Evanno et. al. (2005), showed the 

optimal number of clusters (K) with which to model the full population of 471 genotypes to be 

two (Figure S4.6); using both the 1000 and 23,160 marker subsets. PCA of the 1000 marker set 

showed 7 significant PCs in a broken stick model explaining a cumulative 16.4% of the neutral 

genetic variation (Figure S4.7).  

4.4.4 Outlier Analysis and Signals of Adaptive Selection 

Figures S4.8A – S4.8C show the distribution of per locus FST; the squared loadings of the first 

principal component of the genetic variance and per locus XTX from Bayenv2 respectively at each 

of the 57,098 loci in the ‘stringent’ marker set. Figures S4.8D – S4.8F show scatter plots of these 

variables with SNPs overlapping in the top 1% of the empirical distribution for all of these 

measures of population differentiation highlighted. These 34 shared SNPs (25 genes) are greater 
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than would be expected by random chance (Fisher’s exact test, p<0.001) and can be considered as 

strong candidates for adaptive selection. They are detailed further in Table 4.2 and displayed in 

Figures 4.7 and S4.9. Supplementary document S4 displays the Bayes Factors (BF) and Spearman’s 

rank coefficients (p) between the standardised allele frequencies for SNPs in the top 1% of the 

distribution of XTX and the 22 normalised geoclimate variables calculated in Bayenv2. In total 365 

/ 571 (64%) of these XTX outliers showed at least one correlation with a geoclimate variable with 

log(BF) > 1 and 158 (28%) showed at least 1 correlation with log(BF) > 2. The most common 

geoclimate variable to show a log(BF) > 2 correlation (the threshold for classification as a ‘likely’ 

driver of selective pressure) with an XTX outlier SNP was temperature isothermality (ISO) with 94. 

(Isothermality quantifies the extent of day-to-night daily temperature oscillations relative to 

summer-to-winter annual oscillations.) Figures 4.8A – 4.8F show Manhattan plots of the 571 XTX 

outliers and display the genome-wide distribution of ‘likely’ drivers of selection (log(BF) > 2) for 

the 6 geoclimate variables with more than ten such candidates; ISO, TDQ, AP, PWM, PDQ and PCQ 

respectively. Table 4.3 reports the 12 genes (17 SNPs) which showed extreme (log(BF) > 4) 

relationships with a geoclimate variable. Supplementary document S4.5 reports the values of BF 

and p for all markers in the ‘stringent’ marker set with DRI AGR and DRI LA; with markers 

overlapping in the top 1% of both distributions considered as putative candidates for selection for 

drought tolerance. Figure S4.10 shows 257 and 221 markers meet this threshold for DRI AGR and 

DRI LA respectively; with 98 shared by both indices. There are three markers for DRI AGR and two 

for DRI LA (one shared) that are also within the top 1% of the empirical distribution of XTX and 

these are highlighted in the plots in Figure 4.8.  

Supplementary document S4.6A shows the pairwise correlations between the first 2 PCs of the 

‘stringent’ marker set (explaining 9.0% and 3.0% of the genetic variance respectively) and the 22 

geoclimate variables. The variable most strongly correlated with PC1 was genotype longitude of 

origin (Pearson’s r =-0.713); followed by isothermality (r =0.691) and elevation (r =0.644). By 

contrast PC2 was more weakly correlated with longitude (r =0.187) and has almost no relationship 

with elevation (r =0.016). Both PCs 1 and 2 are moderately correlated with latitude (r =-0.370 and 

-0.321 respectively). PC2 was most strongly correlated with climate variables; namely mean 

temperature of the coldest quarter (r =0.538) and minimum temperature of coldest month (r 

=0.520). Document S4.6B shows the results of model selection and multiple regressions for each 

PC against the 9 geoclimate variables that passed VIF collinearity filtering. PCs 1 and 2 were 

optimally modelled with 7 and 8 explanatory variables respectively; cumulatively accounting for 

81.4 and 86.5% of their variation. Individual variables explaining more than 10% of the variation in 

a PC (r2 >0.1) are highlighted.  
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Table 4.2: Outlier analysis identified 34 SNPs in 25 genes of interest whose annotated names from the P. trichocarpa (v3.0) genome are provided here with their 

chromosome; number of outlier SNPs; A. thaliana ortholog and functional description. Adjacent genes on chromosomes 5 and 10, representing outlier SNP 

clusters 1 and 2, are highlighted in bold font. Correlations with normalised geoclimate variables with log(BF) > 2 (‘likely’ drivers of selection) or log(BF) > 1 

(putative drivers of selection) are given. Adjacent genes (those within 10 Kbp of the target SNP in P. nigra) are provided in the final column. 

Gene Chr. 
No. 

SNPs 
Ortholog 

(A. thaliana) 
Description / Annotation log(BF) > 2 log(BF) > 1 Adjacent Genes 

Potri.001G124900.1 1 1 AT3G47450.2 
NITRIC OXIDE SYNTHASE 1, regulates growth and 

hormonal signalling and attenuates oxidative 
stress and reactive oxygen species (ROS) 

 Long Potri.001G124800 / 125000 

Potri.002G214100.1 2 1 AT1G53310.1 phosphoenolpyruvate carboxylase    

Potri.003G045700.1 3 1 AT4G19210.1 similar to RNase L inhibitor protein    

Potri.005G095800.1 5 1 AT1G80600.1 
Putative acetylornithine transaminase, modulates 

plant defences against bacteria 
 Lat, Alt Potri.005G095700 

Potri.005G097900.1 5 6 AT3G12900.1 
similar to oxidoreductase; 2OG-Fe(2) oxygenase 

family protein 
ISO TS, TDQ Potri.005G098000 

Potri.005G098000.1 5 3 AT3G12910.1 
NAC (No Apical Meristem) domain 

transcriptional regulator superfamily protein 
 Alt, ISO Potri.005G097900 / 098100 

Potri.006G198100.1 6 1 AT2G38110.1 
bifunctional sn-glycerol-3-phosphate 2-O-

acyltransferase/phosphatase; involved in cutin 
assembly 

  
Potri.006G197900 / 198000 / 

198200 / 198300 

Potri.007G100900.1 7 1 AT5G27820.1 Ribosomal L18p/L5e family protein ISO 
Long, AMT, 

THQ 
Potri.007G100800 / 101000 / 

101100 

Potri.007G105000.1 7 1 AT5G64530.1 
xylem NAC domain 1 (XND1), no apical meristem 

(NAM) protein 
 Long, ISO Potri.007G104900 / 105100 

Potri.008G068800.1 8 1 AT3G55960.1 
NLI interacting factor (NIF) family protein; 

haloacid dehalogenase-like hydrolase (HAD) 
superfamily protein 

  
Potri.008G068700 / 068900 / 

069000 

Potri.010G212900.1 10 2 AT5G13560.1 Hexo1 (Beta-Hexosaminidase 1) ISO  
Potri.010G212700 / 212800 / 

213000 / 213100 
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Potri.010G213000.1 10 1 AT3G55120.1 Chalcone-flavanone isomerase family protein ISO  Potri.010G212900 / 213100 

Potri.010G213100.1 10 2 AT1G07550.1 Leucine-rich repeat protein kinase family protein ISO TS 
Potri.010G212900 / 213000 / 

213200 

Potri.011G141700.1 11 1 AT1G55790.1 
Ferredoxin-fold anticodon-binding domain-

containing protein 
ISO MDR 

Potri.011G141400 / 141500 / 
141600 / 141800 / 141900 / 

142000 

Potri.012G036000.1 12 1 AT3G16520.1 UDP-Glycosyltransferase superfamily protein ISO TDQ Potri.012G036100 

Potri.013G007400.1 13 1 AT5G63020.1 
Disease resistance protein (CC-NBS-LRR class) 

family 
 ISO 

Potri.013G007200 / 007300 / 
007500 / 007600  

Potri.013G143900.1 13 1 AT5G17050.1 
UDP-GLUCOSYL TRANSFERASE, anthocyanin 3-O-

glucosyltransferase 
ISO  Potri.013G143800 

Potri.014G085900.1 14 1 AT4G29910.1 
Origin Recognition Complex subunit 5. Involved in 

the initiation of DNA replication. Interacts 
strongly with all ORC subunits 

 TCM Potri.014G085800 / 086000 

Potri.014G125300.1 14 1 AT4G16120.1 
putative membrane-anchored cell wall protein, 

COBRA-like protein-7 precursor 
  

Potri.014G125100 / 125200 / 
125400 / 125500 

Potri.014G135900.1 14 1 AT3G63010.1 
alpha/beta-Hydrolases superfamily protein 

(possible gibberellin receptor) 
 Lat Potri.014G136000 

Potri.014G136000.1 14 1 AT4G03020.1 
transducin family protein; WD-40 repeat family 

protein 
 TDQ Potri.014G135900 / 136100 

Potri.014G193200.1 14 1 AT1G04110.1 
Identified as a mutation affecting stomatal 

development and distribution. Similar to serine 
proteases. Subtilase family protein 

 Long, ISO Potri.014G193100 

Potri.014G195000.1 14 1 AT3G07270.1 similar to core region of GTP cyclohydrolase I. Long, ISO THQ Potri.014G195100 / 195200 

Potri.014G195100.1 14 1 AT1G35710.1 
Protein kinase family protein with leucine-rich 

repeat domain 
Long ISO Potri.014G195000 / 195200 

Potri.T106700.1 Scaf. 1 AT4G03115.1 mitochondrial substrate carrier family protein   Potri.T106600 / Potri.T106800 
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Table 4.3: The normalised allele frequencies of 17 XTX outlier SNPs in 12 genes show extreme (log(BF) > 4) relationships with geoclimate variables; strongly 

suggesting selective adaptation is occurring. Gene name, chromosome, number of SNPs, A. thaliana ortholog and functional descriptions are given for these loci 

here along with the geoclimate variable with the log(BF) > 4 relationship and its corresponding Spearman’s rank coefficient. Other geoclimate variables with a 

log(BF) > 2 relationship with a gene are also provided.  Co-expressed (in A. thaliana) genes on chromosomes 3 and 10 are highlighted in bold font. Adjacent genes 

(those within 10 Kbp of the target SNP in P. nigra) are provided in the final column. 

Gene Chr 
No. 

SNPs 
Ortholog 

(A. thaliana) 
Description / Annotation 

log(BF) > 
4 

Spearman’s p log(BF) > 2 Adjacent Genes 

Potri.003G010000.1 3 4 
AT1G17690.1; 

NOF1 
nucleolar protein involved in control of 

rRNA expression 
ISO -0.38  Potri.003G009000 / 010100 

Potri.003G176200.1 3 1 AT2G44830.1 protein kinase superfamily protein PCQ -0.38 
ISO, AP, 

PWM, PWQ, 
PDQ 

Potri.003G176100 / 176300 

Potri.003G176700.1 3 1 
AT5G13930.1; 

CHS; TT4 

chalcone synthase enzyme involved in 
biosynthesis of flavonoids; required for 

anthocyanin accumulation in leaves 
and stems 

PCQ -0.34 
ISO, TWQ, 
AP, PWM, 
PWQ, PDQ 

Potri.003G176600 / 176800 

Potri.005G182400.1 5 1 AT3G13210.1 
putative crooked neck protein / cell 

cycle protein 
PCQ 0.52 TWQ 

Potri.005G182300 / 182500 / 
182600 

Potri.005G190000.1 5 1 AT5G42140.1 
regulator of chromosome condensation 

(RCC1) family with FYVE zinc finger 
domain 

TDQ 0.37 PCQ Potri.005G189900 

Potri.008G104800.1 8 1 AT3G17060.1 pectin lyase-like superfamily protein PCQ -0.40 AP, PDQ 
Potri.008G104600 / 104700 / 

104900 / 105000 

Potri.008G125300.1 8 1 
AT4G39490.1; 

CYP96A10 
member of CYP96A; cytochrome p450 

protein; monooxygenase activity 
PCQ 0.52 

TWQ, TDQ, 
AP, PDQ 

Potri.008G125100 / 125200 
/125400 

Potri.009G145100.1 9 1 
AT3G44540.1; 

FAR4 
alcohol-forming fatty acyl-CoA reductase 

(FAR) 
PCQ 0.50 TWQ, TDQ Potri.009G145000 / 145200 

Potri.010G213000.1 10 1 
AT3G55120.1; 
CFI, CHI, TT5 

isomerase for conversion of chalcones 
into flavanones; required for 

anthocyanin accumulation in leaves 
and stems; co-expressed with CHS 

ISO 0.28  Potri.010G212900 / 213100 
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Potri.010G213100.1 10 2 AT1G07550.1 
leucine-rich repeat protein kinase family 

protein 
ISO 0.27  

Potri.010G212900 / 213000 / 
213200 

Potri.012G036200.1 12 1 AT5G08300.1 
succinyl-CoA ligase, alpha subunit; metal 

ion binding 
ISO 0.36  Potri.012G036100 / 036300 

Potri.017G142300.1 17 2 AT3G02700.1 NC domain-containing protein-related ISO 0.39  Potri.017G142200 
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For PC1 these are longitude (r2 =0.273); elevation (r2 =0.203); precipitation of the wettest month 

(r2 =0.106) and temperature seasonality (r2 =0.103), defined as the average annual temperature 

variation based on the standard deviation of monthly temperature averages. For PC2 minimum 

temperature of the coldest month has the greatest relative importance (r2 =0.235) followed by 

longitude (r2 =0.145); mean diurnal temperature range (r2 =0.144) and temperature seasonality (r2 

=0.140). 

 

Figure 4.7: SNP Outlier Distribution by Chromosome. Manhattan plot shows the distribution 

of per locus XTX for the 57,098 SNP ‘stringent’ marker set. The horizontal red line shows the 

threshold for the top 1% of the empirical distribution (571 SNPs). 34 markers, representing 

25 genes, are highlighted in green as overlapping in the top 1% of the distribution of per 

locus FST, PC1 loadings and XTX. 2 closely linked (located within adjacent genes) clusters of 

these outliers are found on chromosomes 5 (nine SNPs) and 10 (five SNPs) and are indicated 

by vertical arrows.  
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Figure 4.8: Signatures of Selection at XTX Outlier Loci. Manhattan plots show the genome-

wide distribution of XTX outliers and the distribution of ‘likely’ drivers of their selection 

(log(BF) > 2) for 6 geoclimate variables with more than 10 such candidates: A) isothermality 

(94) B) mean temperature of the driest quarter (28) C) annual precipitation (14) D) 

precipitation of the wettest month (17) E) precipitation of the driest quarter (14) F) 

precipitation of the coldest quarter (34). The blue line indicates the log(BF) = 2 threshold and 

the red line indicates the log(BF) = 4 threshold. 4 SNPs (4 genes) are highlighted green 

(Potri.001G464500, Potri.003G179200, Potri.003G179800 and Potri.005G198500); these 

genes are candidates for selection for drought resistance (see Figure S4.10).  
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4.4.5 GWAS 

Model selection for GWAS was conducted on a trait-by-trait basis using stepwise model selection 

with BIC to choose between 5 putative models (simple, P, Q, K and Q+K) and the values of BIC for 

each trait for each model are shown in Table S4.4. In most instances either the seven significant 

PCs of the neutral genetic variation (P-model) or the K=2 Q-matrix and kinship matrix (Q+K-model) 

were selected as necessary covariates for the control of population structure. Only for one trait 

(SLA-14) was the simple (no correction) model selected.  

Optimal models yielded 223 genome wide significant (p <0.05) trait-marker associations; 26 

reaching significance only in the ‘stringent’ marker set; 108 exclusive to the ‘liberal’ marker set 

and 89 in both marker sets (supplementary document S4.7). These 223 trait-marker associations 

represent 55 unique SNPs (six targeted and 49 de novo discovered) located within 48 genes 

(detailed in Table 4.4) and each significantly associated with between one and 24 traits. Figures 

4.9 and 4.10 show Manhattan and QQ plots for AGR and LA 2015 respectively; contrasting GWAS 

results (‘liberal’ marker set, 132,261 SNPs) under irrigated and rainfed conditions for each trait. 

Manhattan and QQ plots for optimal models for all traits for both ‘stringent’ and ‘liberal’ marker 

sets are shown in Figures S4.11 - S4.14.  
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Table 4.4: GWAS identified 55 SNPs in 48 genes of interest associated with between one and 24 biomass yield and leaf traits. The first two columns here provide 

the locations (chromosome and base pair position) for the SNP/s in each gene. Subsequent columns provide each gene’s annotated name from the P. trichocarpa 

(v3.0) genome; their A. thaliana ortholog/s; associated traits and functional gene description. Adjacent genes (those within 10 Kbp of the target SNP in P. nigra) 

are provided in the final column. 

SNP 
Chr. 

SNP  
Position/s 

Gene Name 
Ortholog  

(A. thaliana) 
Associated Traits Gene Description / Annotation Adjacent Genes 

1 2526999 Potri.001G035500.1 AT4G12560.1 SLA_14 
similar to S haplotype-specific 

F-box protein 
Potri.001G035300 / 035400 / 

035600 / 035700 

1 7221376 Potri.001G091900.1 AT4G23850.1 LL_14, LL_15_Con similar to acyl-coA synthetase Potri.001G091800 / 092000 

1 7739466 Potri.001G098300.1 AT1G64060.1 

LA_14, LL_14, LW_14, LWt_14, AD_15_Con, 
AGR_15_Con, AH_15_Con, ASVI_15_Con, JD_15, 

JSVI_15, LA_15_Con, LA_15_Drt, LL_15_Con, 
LL_15_Drt, LW_15_Con, LW_15_Drt, LWt_15_Con, 

LWt_15_Drt, YSI_AGR_15, YSI_LA_15 

respiratory burst oxidase 
protein F 

Potri.001G098200 

1 9058151 Potri.001G113300.1 AT2G45630.2 DRI_LA_15 
D-isomer specific 2-hydroxyacid 
dehydrogenase family protein 

Potri.001G113200 / 113400 

1 36876831 Potri.001G358800.1 AT1G04970.1 LL_15_Con, LWt_15_Con 
lipid-binding serum 

glycoprotein family protein 
Potri.001G358700 / 358900 

2 1129798 Potri.002G019400.1 AT1G75850.1 RGR_15_Drt 
vacuolar protein sorting-

associated protein 35 family 
protein 

Potri.002G019500 / 019600 

2 5067430 Potri.002G073000.1 AT3G15360.1 LWR_15_Con similar to thioredoxin 
Potri.002G072900 / 073100 / 

073200 / 073300 

2 6223624 Potri.002G088000.1 AT4G08180.2 AD_15_Drt, YSI_AGR_15 
oxysterol-binding family 
protein; similar to SWH1 

(Saccharomyces cerevisiae) 
Potri.002G087900 

2 11001918 Potri.002G148100.1 AT4G00090.1 LW_15_Con, LWt_15_Con, YSI_LA_15 WD40 repeat protein Potri.002G148000 / 148200 

2 
15666894, 
15667019 

Potri.002G195700.1 AT4G02020.1 DRI_AGR_15 SET domain containing protein Potri.002G195600 / 195800 

3 704514 Potri.003G008700.1 AT1G78560.1 JD_15 Sodium Bile acid symporter Potri.003G008500 / 008600 / 
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family 008800 

3 8622872 Potri.003G058300.1 AT2G15690.1 YSI_LA_15 
Tetratricopeptide repeat (TPR)-

like superfamily protein 
Potri.003G058200 / 058400 / 

058500 

3 12533617 Potri.003G099000.1 AT3G07040.1 LWR_15_Con 
NB-ARC domain-containing 
disease resistance protein 

Potri.003G098900 / 099100 

3 16061656 Potri.003G144300.1 AT2G47460.1 RGR_15_Con myb domain protein 12 Potri.003G144200 / 144400 

3 18765770 Potri.003G180500.1 AT1G80700.1 RGR_15_Con Unknown Protein Potri.003G180400 / 180600 

4 8263509 Potri.004G096100.1 AT5G39050.1 
LA_15_Con, LL_15_Con, LW_15_Con, LWt_15_Con, 

YSI_LA_15 
HXXXD-type acyl-transferase 

family protein 
 

4 11513009 Potri.004G121700.1 AT1G23770.1 LWR_15_Con F-box protein 7 
Potri.004G121500 / 121600 / 

121800 

5 3609066 Potri.005G050000.1 AT5G28150.1 
LL_14, LA_15_Con, LL_15_Con, LW_15_Con, 

YSI_LA_15 
kinesin family member C2/C3 

Potri.005G049900 / 050100 / 
050200 

5 
5717366, 
5717950 

Potri.005G077400.1 AT5G10110.1 RGR_15_Con Unknown Protein Potri.005G077500 

5 13458242 Potri.005G149900.1 AT5G19570.1 DRI_LA_15 Unknown Protein Potri.005G149800 / 150000 

5 
17306387, 
17306450, 
17306613 

Potri.005G166300.1 AT5G65160.1 
JD_15, JSVI_15, LA_15_Drt, LL_15_Drt, LW_15_Drt, 

LWt_15_Drt, YSI_LA_15 
tetratricopeptide repeat (TPR)-

containing protein 
 

5 19737238 Potri.005G181100.1 AT1G15960.1 RGR_15_Con NRAMP metal ion transporter 6  

6 4473185 Potri.006G061000.1 AT2G25470.1 DRI_AGR_15 receptor like protein 21 Potri.006G060900 / 061100 

6 
8805526, 
8806085 

Potri.006G113000.1 
AT2G38630.1, 
AT3G54190.1 

RGR_15_Drt 
Transducin/WD40 repeat-like 

superfamily protein 
Potri.006G112800 / 112900 / 

113100 / 113200 

6 9466957 Potri.006G119600.1 AT5G51200.1 
LA_15_Con, LL_15_Con, LW_15_Con, LWt_15_Con, 

YSI_LA_15 
Unknown Protein  

6 21672978 Potri.006G201700.1 AT2G40210.1 ASVI_15_Con MADS-box family protein Potri.006G201600 / 201800 

6 24570291 Potri.006G236500.1 AT5G25880.1 

LA_14, LL_14, LW_14, LWt_14, AD_15_Con, 
ASVI_15_Con, JD_15, JSVI_15, LA_15_Con, 

LA_15_Drt, LL_15_Con, LL_15_Drt, LW_15_Con, 
LW_15_Drt, LWt_15_Con, LWt_15_Drt, YSI_AGR_15, 

YSI_LA_15 

NADP-malic enzyme 3 Potri.006G236400 / 236600 
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7 15163568 Potri.007G140900.1 AT1G66910.1 LA_15_Drt 
Protein kinase superfamily 

protein 
Potri.007G140600 / 140700 / 

140800 141000 

8 5716693 Potri.008G091200.1 AT3G54510.1 SLA_15_Con 
Early-responsive to dehydration 

stress protein (ERD4) 
Potri.008G091000 / 091100 / 

091300 

8 
12358326, 
12358399 

Potri.008G181200.1 AT1G67720.1 DRI_LA_15 

leucine-rich repeat family 
protein; protein kinase family 

protein; similar to light 
repressible receptor protein 

kinase 

Potri.008G181300 

9 4978128 Potri.009G043100.1 AT3G47060.1 LWR_15_Con similar to FtsH protease Potri.009G043200 

10 3253552 Potri.010G023100.1 AT1G29900.1 LWR_14 
carbamoyl phosphate 

synthetase B 
 

10 11338364 Potri.010G089700.1 AT3G22380.1 LA_15_Drt, LW_15_Drt, LWt_15_Drt 
time for coffee, circadian 

rhythm 
Potri.010G089600 

10 13290663 Potri.010G114600.1 AT1G71050.1 

JD_14, LA_14, LL_14, LW_14, LWt_14, AD_15_Con, 
AD_15_Drt, AGR_15_Con, AGR_15_Drt, AH_15_Con, 

ASVI_15_Con, ASVI_15_Drt, JD_15, JSVI_15, 
LA_15_Con, LA_15_Drt, LL_15_Con, LL_15_Drt, 

LW_15_Con, LW_15_Drt, LWt_15_Con, LWt_15_Drt, 
YSI_AGR_15, YSI_LA_15 

Heavy metal 
transport/detoxification 

superfamily protein 

Potri.010G114400 / 114500 / 
114700 

10 17046648 Potri.010G167500.1 AT1G69560.1 LWR_15_Drt myb domain protein 105 Potri.010G167600 

10 18412166 Potri.010G188100.1 AT5G05610.1 AD_14 alfin-like 1 Potri.010G188200 

10 21145592 Potri.010G228800.1 AT5G04290.1 DRI_AGR_15 
Early transcription elongation 

factor of RNA pol II, NGN 
section 

Potri.010G228900 / 229000 

13 1491625 Potri.013G022500.1 AT5G62440.1 DRI_LA_15 Unknown Protein 
Potri.013G022300 / 022400 / 

022600 / 022700 

13 
13017686, 
13018466 

Potri.013G116800.1 AT4G22380.1 

LA_14, LL_14, LW_14, LWt_14, AD_15_Con, 
AD_15_Drt, AGR_15_Con, AH_15_Con, 

ASVI_15_Con, ASVI_15_Drt, JD_15, JSVI_15, 
LA_15_Con, LA_15_Drt, LL_15_Con, LL_15_Drt, 

LW_15_Con, LW_15_Drt, LWt_15_Con, LWt_15_Drt, 
YSI_AGR_15, YSI_LA_15 

ribosomal protein 
L7Ae/L30e/S12e/Gadd45 family 

protein 

Potri.013G116700 / 116900 / 
117000 
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14 8644724 Potri.014G110800.1 AT3G62040.1 RGR_15_Con 
haloacid dehalogenase-like 

hydrolase family protein 
Potri.014G110600 / 110700 / 

110900 

15 11096082 Potri.015G088400.1 AT1G24480.1 

LA_14, LL_14, LW_14, LWt_14, AD_15_Con, 
AGR_15_Con, AH_15_Con, ASVI_15_Con, JSVI_15, 

LA_15_Con, LA_15_Drt, LL_15_Con, LL_15_Drt, 
LW_15_Con, LW_15_Drt, LWt_15_Con, LWt_15_Drt, 

YSI_AGR_15, YSI_LA_15 

S-adenosyl-L-methionine-
dependent methyltransferases 

superfamily protein 
Potri.015G088300 / 088500 

16 1007307 Potri.016G018600.1 AT2G36450.1 DRI_AGR_15 
Integrase-type DNA-binding 

superfamily protein, AP2/ERF 
gene 

Potri.016G018500 

16 2093137 Potri.016G035600.1 AT3G56750.1 DRI_AGR_15 Unknown Protein Potri.016G035500 / 035700 

16 14308398 Potri.016G141500.2 AT1G77740.1 

LA_14, LL_14, LW_14, LWt_14, AD_15_Con, 
AD_15_Drt, AGR_15_Con, AH_15_Con, 

ASVI_15_Con, ASVI_15_Drt, JD_15, JSVI_15, 
LA_15_Con, LA_15_Drt, LL_15_Con, LL_15_Drt, 

LW_15_Con, LW_15_Drt, LWt_15_Con, LWt_15_Drt, 
YSI_AGR_15, YSI_LA_15 

similar to phosphatidylinositol-
4-phosphate 5-kinase 

Potri.016G141400 / 141600 / 
141700 

17 11024760 Potri.017G093300.1 AT5G15550.1 RGR_15_Con 
Transducin/WD40 repeat-like 

superfamily protein 
Potri.017G093200 / 093400 / 

093500 

18 1684775 Potri.018G021300.1 AT2G25180.1 RGR_15_Con 
similar to Two-component 
response regulator ARR10 
(Receiver-like protein 4) 

Potri.018G021100 / 021200 

18 2832802 Potri.018G035000.1 AT4G32630.2 RGR_15_Con 
ArfGap/RecO-like zinc finger 
domain-containing protein 

Potri.018G034900 / 035100 

19 8223996 Potri.019G053600.1 
AT5G36230, 
AT1G65220 

DRI_AGR_15 

similar to eIF4-
gamma/eIF5/eIF2-epsilon 

domain-containing protein; 
translation initiation factor 
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Figure 4.9: Manhattan and QQ Plots for AGR 2015, Irrigated vs. Rainfed. The optimal model 

for GWAS for absolute growth rate (AGR) 2015 under both the irrigated and rainfed 

treatments was the Q+K MLM. A) Manhattan plot for AGR under the irrigated treatment 

shows five markers reaching full genome wide significance in the ‘liberal’ marker set (p 

<0.05/132,261, red line). B) QQ plot for AGR under irrigation C) Manhattan plot shows all 

five markers reaching significance in the ‘liberal’ marker set under irrigation (highlighted 

green) fail to reach significance under rainfed conditions. D) QQ plot for AGR under rainfed 

conditions. 
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Figure 4.10: Manhattan and QQ Plots for LA 2015, Irrigated vs. Rainfed. The optimal model 

for GWAS for leaf area (LA) 2015 under both the irrigated and rainfed treatments was the P-

model GLM. Manhattan plots for LA under A) irrigated and C) rainfed conditions are shown 

with the red line depicting the level of genome wide significance in the ‘liberal’ marker set (p 

<0.05/132,261). The green highlighted markers in each plot are those reaching significance 

under the other treatment. B) QQ plot for LA under irrigation D) QQ plot for AGR under 

rainfed conditions. 
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4.5 Discussion 

We have quantified the impact of field level drought imposition on biomass and leaf development 

traits in this natural, wide P. nigra population for the first time. Together with extensive GBS these 

data have enabled the identification of robust trait-marker associations for yield and drought 

tolerance in the largest GWAS reported in this native, European bioenergy species to date.  

The SPET methodology (Figure 4.2, Figure S4.4) for GBS was adopted to take advantage of 

previous low pass sequencing (Table S4.2) in this population (Faivre-Rampant et al. 2016); 

permitting targeted probe design for known SNPs. While restriction enzyme (RE) methods for 

genome complexity reduction and GBS have been reported in poplar (Schilling et al. 2014) this 

sequence capture approach was chosen to maximise efficacy for GWAS by targeting SNPs within 

the P. nigra gene space. Prioritising exon and 5’UTR regions increases the likelihood of discovering 

polymorphisms either directly impacting gene function or expression (Geraldes et al. 2011; Zhou 

et al. 2014) or in linkage disequilibrium (LD) with those that are; in a species in which LD has been 

shown to decay within  5 - 7 Kbp (Faivre-Rampant et al. 2016). This approach is similar to that of 

Zhou and Holliday (2012) who described sequence capture of the gene space, focussed on the 

exome but including upstream regions and promoters, in 48 P. trichocarpa genotypes; calling 

495,000 high quality SNPs. In both this work and that of Zhou and Holliday (2012) the use of 

paired end sequencing (130 bp reads here) ensured that a sequence capture approach did not 

prevent significant, additional de novo marker discovery; with 453,170 called SNPs ‘off-target’ in 

addition to 66,922 targeted SNPs (Figure 4.3). While many of these de novo discovered SNPs were 

not suitable for GWAS due to either low MAF (< 0.05) or high (> 20%) missing calls, the ‘liberal’ 

marker set of 132,261 SNPs still contained 80,515 ‘off-target’ markers. This dataset represents a 

more than 10-fold increase in the number of SNPs available for GWAS in P. nigra from the 

recently developed 12K array (Faivre-Rampant et al. 2016). It also greatly exceeds the ~29,000 

SNP markers available from a 34K P. trichocarpa array (Geraldes et al. 2013) employed in a 

number of GWAS in this north American poplar (La Mantia et al. 2013; Porth et al. 2013; McKown 

et al. 2014) and is comparable to the more recent GBS and GWAS reported in P. deltoides 

(Fahrenkrog et al. 2016). GBS and GWAS for 2G bioenergy has also been reported for biomass and 

cell wall traits in the energy grass miscanthus (Slavov et al. 2014).  

Following genotyping, two genotypes were removed as likely hybrids and a further 13 as 

genetically identical to other members of the population. This was unsurprising as interspecific 

hybridisation (Pospíšková and Šálková 2006) and clonal propagation (Smulders et al. 2008) are 
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both common in P. nigra. 471 unique genotypes (Table 4.1) under cultivation at the Savigliano site 

were successfully genotyped. GLM analyses (summarised in Table S4.3) showed significant effects 

for both SO and individual genotype nested within SO for all traits in both years of this study; 

consistent with the extensive morphological and physiological diversity reported within this 

population in previous field trials in Belgium (Rohde et al. 2011; Viger et al. 2016) and the UK 

(Allwright et al. 2016). As expected, strong positive correlations (supplementary document S4.3) 

are found between stem height, diameter and volume index quantified in June and in August 

(r >0.8 in all cases) suggesting early growth is predictive of end of year performance. There is also 

a strong, positive relationship between AH, AD, ASVI, AGR, LWt, LL, LW and LA within and 

between years with r consistently >0.7; supporting previous observations that leaf size is tightly 

linked with biomass yield in poplar (Ridge et al. 1986; Allwright et al. 2016). The stable 

performance and moderate to high narrow sense heritability estimates for these yield traits (e.g. 

h2 =0.48 for ASVI and 0.67 for LA under irrigation in 2015) are encouraging for breeding; 

suggesting significant genetic control of biomass production and leaf development. There is 

substantial potential for the application of selective breeding and advanced molecular techniques 

in this species (Tester and Langridge 2010; He et al. 2014; Allwright and Taylor 2016).   

This population had not been previously cultivated under drought conditions in the field however, 

Viger et al. (2016) did quantify Δ C13 in wood sampled from the Belgium site as a measure of 

water-use efficiency (WUE). They found that genotypes from northern Italy, Germany and the 

Netherlands showed the lowest values of Δ C13, suggesting higher WUE, despite originating from 

wetter, cooler climates than those genotypes from Spain and the south of France. The authors 

suggested that these trees may have been well adapted to conditions at this northern European 

site and that in drier conditions the genotypes from hotter, more water limited climates would 

show greater WUE and drought tolerance. This conclusion was supported by data from a small 

panel of six diverse genotypes (two Spanish, two French, one Italian, one Dutch) subjected to 

drought conditions in the glasshouse by Viger et al. (2016). In this experiment, the Spanish 

genotypes showed a more effective response to drought than the northern Italian or Dutch 

genotypes, able to alter their WUE under stress by more rapidly closing their stomata thus limiting 

leaf loss. This was consistent with field research demonstrating that WUE showed plasticity in 

response to seasonal variations in soil water availability within a poplar bioenergy plantation 

(Broeckx et al. 2014) with a plastic response observed during an uncharacteristically dry spring as 

WUE increased and gross primary productivity decreased as a result of stomatal closure (Broeckx 

et al. 2014).  

In this work a moderate drought treatment (a non-lethal water restriction resulting from a ~35% 

relative reduction in soil moisture content in the unirrigated blocks, Figure 4.1) was imposed in 
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the summer of 2015. This had a clear impact on the population’s performance however, the lack 

of a significant main effect for drought treatment for several traits in 2015 was unexpected (Table 

S4.3). This phenomenon appears to result from a strong interaction between treatment and SO 

for many traits with significance at p <0.001 for AH, AD, ASVI, AGR, LL, LW and LA in 2015. Figure 

4.4 illustrates this interaction for AH, AGR and LA. Many subpopulations, including high yielding, 

fast growing and large leaved genotypes from northern Italy (Ticino), Germany and the 

Netherlands, showed a reduction in biomass and leaf growth under drought. Others however, 

such as the smaller, slower growing southern Italian (Basento) and Spanish genotypes were 

unaffected or even showed improved fitness in the unirrigated plots. This is further illustrated in 

Figure 4.5 which shows boxplots for each SO for DRI and YSI calculated from AGR and LA in 2015. 

Genotypes from Basento, Durance and Ebro-Alfranca generally showed higher values for DRI, 

consistent with the glasshouse results of Viger et al. (2016), which is calculated based on relative 

performance under drought stress. By contrast, YSI, which considers absolute as well as relative 

performance under stress, showed the high yielding genotypes from northern Italy, Germany and 

the Netherlands as the strongest performers despite their greater relative penalty under this 

moderate, summer drought (Figure 4.4). This result is consistent with the finding that DRI AGR 

and DRI LA both showed strong, negative regression (p <0.001) with the precipitation of the 

hottest quarter at their SO (Figure 4.6A and 4.6C) but that this trend was abolished or reversed for 

YSI (Figure 4.6E and 4.6G). It appears genotypes that experience water scarcity in their native 

environment showed greater relative drought tolerance in this trial but faster growing, higher 

yielding genotypes from cooler, wetter climes were still superior in absolute terms under this 

moderate water stress. The lack of a significant genotype by treatment interaction for all traits 

excepting LL and SLA (Table S4.3) suggests that inter-site variation with respect to drought 

responsiveness was far greater than intra-site variation. The low h2 estimates for DRI AGR and LA 

(0.16 and 0.04 respectively) suggest that relative drought tolerance (the ability to maintain yield 

under moderate drought) may be less tractable for genetic improvement through advanced 

breeding than yield traits.     

McKown et al. (2014) reported genes under putative adaptive selection to climate and ecological 

gradients in P. trichocarpa by identifying top loading (highest 1% of eigenvalues) SNPs in the first 

principal component of a genome wide panel of 29,000 markers. They commented that these 

important candidates may not be readily discoverable through GWAS with quantified phenotypic 

traits due to population structure correction diminishing the signal but could potentially be 

supported through FST outlier analysis. FST outliers may be indicative of adaptation increasing local 

genetic differentiation within a population (Elhaik 2012; Oubida et al. 2015) and are widely 

employed in the identification of genomic regions under selective pressure (Myles et al. 2008; 
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Evans et al. 2014; Geraldes et al. 2014). These analyses may be complicated however by neutral 

genetic drift (possibly accompanying isolation by distance, IBD) which can rival true adaptive 

selective pressure as a cause of both eigenvalue and FST outliers (Neale and Ingvarsson, 2008; 

Elhaik, 2012; McKown et al. 2014) as may strong localised linkage disequilibrium (Gardner et al. 

2007; Zou et al. 2010). This is a concern for robust outlier analyses in this P. nigra population as 

both microsatellite (DeWoody et al. 2015) and SNP (Allwright et al. 2016) data have previously 

demonstrated the existence of significant IBD. Therefore, in addition to pairwise FST (Figure S4.8A) 

and PC1 eigenvalues (Figure S4.8B), we have also reported XTX (Figure S4.8C) from Bayenv2 (Coop 

et al. 2010) at each locus in the 57,098 SNP ‘stringent’ (< 10% missing calls) marker set. XTX is a 

population differentiation statistic analogous to FST but shown to be more powerful for the 

accurate detection of SNPs deviating from neutral population stratification because of its robust 

accounting of evolutionary non-independence and population history including IBD (Günther and 

Coop 2013; Lotterhos and Whitlock 2014). Bayenv2 has been successfully employed in a number 

of recent publications for the identification of putative adaptive loci for environmental or other 

selective pressures in a wide diversity of species including humans (Mackinnon et al. 2016), barley 

(Abebe et al. 2015) and poplar (Evans et al. 2014; Geraldes et al. 2014).  

Here, we have identified 34 SNPs (25 genes) overlapping in the top 1% of the empirical 

distributions of all three measures of population differentiation (Figure S4.8D-F, Figure S4.9) and 

view these as robust candidates for experiencing adaptive selective pressure (Table 4.2). These 

outliers include two important clusters of SNPs that are the highest ranked markers in the 

distribution of XTX (Figure 4.7). Cluster 1 comprises nine SNPs located within two adjacent genes 

in a 10 Kbp region on chromosome 5 (Potri.005G097900 and Potri.005G098000) whose 

standardised allele frequencies show log(BF) correlations with isothermality (ISO) ranging from 

0.96 to 2.84. Potri.005G097900 is a putative oxidoreductase whose A. thaliana ortholog 

(AT3G12900) is linked to the cellular response to ethylene and nitric oxide stimulus and the 

maintenance of iron homeostasis (García et al. 2010). Potri.005G098000 is a putative NAC (no 

apical meristem) family transcriptional regulator whose A. thaliana ortholog (AT3G12910) is 

upregulated in defence against pathogen attack (Davies 2013). More widely, many members of 

the NAC family have been shown to be upregulated in response to abiotic stresses and to confer 

enhanced stress tolerance, including to drought, in transgenic overexpression studies (Nakashima 

et al. 2012). A second NAC domain protein (Potri.007G105000) was also identified in this analysis 

along with several other proteins associated with disease resistance or the stress response (Table 

4.2) including Potri.005G095800; an acetylornithine transaminase located just 230kb upstream of 

outlier cluster 1. An enrichment of genes associated with plant defence in outlier regions has 

been recently reported in P. tremula and P. tremuloides (Wang et al. 2016).  
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Potri.010G213000 is the highest-ranking outlier in the distribution of XTX and is at the centre of 

the five SNPs in outlier cluster 2 (which covers a 16 Kbp region of chromosome 10) with a log(BF) 

correlation with isothermality of 4.91. The A. thaliana ortholog of this gene is AT3G55120 (CHI); a 

chalcone-flavonone isomerase. Table 4.3 shows that a functionally related gene, 

Potri.003G176700, is also an XTX outlier and has multiple strong relationships with geoclimate 

variables (log(BF) > 4 with PCQ and > 2 with ISO, TWQ, AP, PWM, PWQ and PDQ). 

Potri.003G176700 is a chalcone synthase and its A. thaliana ortholog AT5G13930 (CHS) is co-

expressed and co-located with CHI (Saslowsky and Winkel-Shirley 2001) in A. thaliana. CHS and 

CHI are the first and second committed enzymes in the flavonoid biosynthetic pathway (Saito et 

al. 2013) which are essential secondary metabolites with a diverse array of functions often related 

to the biotic and abiotic stress responses (Falcone Ferreyra et al. 2012). The importance of 

flavonoids in protection against light (UV) induced senescence (Kusano et al. 2011), cold (Korn et 

al. 2008) and drought stress (Nakabayashi et al. 2014) may explain the strong selective pressure 

on these genes in this diverse P. nigra population and their strong relationship with isothermality 

and other temperature and precipitation related variables. The increased expression of genes 

relating to secondary metabolism, including flavonoid biosynthesis, has been previously reported 

in drought tolerant poplar genotypes (Street et al. 2006). The genes flanking Potri.010G213000 in 

outlier cluster 2 are Potri.010G213100, a leucine-rich repeat protein kinase of unknown function, 

and Potri.010G212900. This gene is a beta-hexosaminidase that has been previously identified 

through GWAS for seasonal phenology traits in P. trichocarpa as associated with bud set and leaf 

drop (McKown et al. 2014). In view of the findings presented here however, it is possible that this 

gene is part of a selective sweep owing to its close association with the downstream adjacent 

chalcone isomerase and does not function directly in seasonal adaptation.  

There are further XTX outlier genes in Table 4.3 of particular interest. Potri.003G010000 possesses 

four SNPs in a 12kb region with a log(BF) > 4 relationship with isothermality. The A. thaliana 

ortholog of this gene is AT1G17690 (NOF1); a nucleolar protein involved in the control of rRNA 

expression and preferentially expressed in differentiating cells (Harscoët et al. 2010). 

Potri.005G190000 is strongly associated with temperature of the driest quarter (TDQ) with one 

SNP with a log(BF) value of 5.46 and two further XTX outlier SNPs in the same gene with log(BF) > 

3 (supplementary document S4.4). These same three SNPs also have strong relationships with 

precipitation of the coldest quarter (PCQ). The gene’s A. thaliana ortholog, AT5G42140, is a class 

V FYVE zinc finger domain containing protein (Wywial and Singh 2010). A member of this family 

(TCF1) has been recently shown to regulate freezing tolerance and cold acclimation through the 

modulation of lignin biosynthesis by controlling the expression of phenylalanine ammonia lyase 

(PAL) enzymes (Ji et al. 2015).  
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Supplementary document S4.4 shows that in total 94 markers in the top 1% of the distribution of 

XTX are under ‘likely’ selective pressure (log(BF) > 2) for isothermality (ISO); compared with only 

one for annual mean temperature (AMT). Isothermality quantifies the extent of day to night 

temperature oscillations relative to annual oscillations and it appears that it is the extent of this 

variation, rather than differences in average temperature between sites, driving differentiation at 

many loci. The second most important geoclimate variable by this measure was precipitation of 

the coldest quarter (PCQ) which is a ‘likely’ driver of selection at 34 loci. The significance of this 

variable could relate to winter drought or flooding events or to freezing tolerance during snowfall. 

six genes under extreme selective pressure to PCQ appear in Table 4.3 the strongest of which is 

Potri.008G125300; a cytochrome P450 monooxygenase. Cytochrome P450 genes are an incredibly 

diverse family and function in many aspects of plant metabolism including the lignin and flavonoid 

biosynthetic pathways (Nelson et al. 2008). Figure 4.8 shows the distribution of the signatures of 

adaptive selection at XTX outlier loci for six geoclimate variables (ISO, TDQ, AP, PWM, PDQ and 

PCQ) which are ‘likely’ drivers of selection at more than ten of these loci. This figure also 

highlights the 4 XTX outlier loci which are candidates for selection for drought resistance (Figure 

S4.10 and supplementary document S4.5). These genes are Potri.001G464500 and 

Potri.005G198500 (for which TDQ and PCQ are also ‘likely’ drivers of selection) and 

Potri.003G179200 and Potri.003G179800 (for which ISO is also a ‘likely’ driver of selection). Figure 

4.8 shows that these two genes on chromosome 3 are within a larger cluster of 15 XTX outlier 

SNPs covering a 0.5Mbp region which are variously under selective pressure to multiple 

geoclimate variables. In addition to the DRI related genes this region also contains two genes from 

Table 3; Potri.003G176200, a protein kinase, and Potri.003G176700, the chalcone synthase 

discussed above. This region of chromosome 3 appears to be important for geoclimate adaptation 

and merits further investigation to confirm those alleles that are under selection and identify 

causal variants.   

Supplementary document S4.6 shows that more than 80% of the variation of the first and second 

PCs of the genetic variance of the 57,098 SNP ‘stringent’ marker set was explained by geoclimate 

variables. The strong correlation of PC1 with isothermality (r = 0.691) and the importance of 

temperature minima to PC2 were broadly consistent with the drivers of outlier differentiation 

discussed above. Given the importance of TCM to PC2 however, it is perhaps surprising that it was 

identified as a ‘likely’ driver of only one XTX outlier (supplementary document S4.4). This gene is 

Potri.015G018900, a spermidine synthase enzyme whose rice (O. sativa) ortholog (OsSPDS2) has 

been shown to accumulate mRNA transcripts in roots during chilling stress (Imai et al. 2004). 

Collectively, these results suggest that geoclimate variables have played a substantial role in 

driving the genetic differentiation and adaptation of this wide population; as previously shown in 
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P. trichocarpa (McKown et al. 2014; Oubida et al. 2015) and other forest trees such as alder (De 

Kort et al. 2014) and pine (Wang et al. 2013). Furthermore, the genes identified as under selective 

pressure to temperature and precipitation may be valuable candidates for breeding in poplar for 

heat, cold and water stress.      

Models for GWAS (simple, P, Q, K or Q+K) were selected on an individual trait basis to optimise 

population structure correction while reducing the risk of under or over fitting resulting in a 

proliferation of false positives or false negatives (McKown et al. 2014). Values of BIC for each 

model for each trait are displayed in Table S4.4 and show that for most traits the P or Q+K models 

were required. Despite the requirement for these more stringent models to correct for the strong 

stratification in this population more than 200 robust (p <0.05 with full Bonferroni multiple test 

correction, supplementary document S4.7) trait-marker associations were identified. The effect 

sizes (marker r2) of these trait-associated SNPs ranged from 1.8 – 10.0% (supplementary 

document S4.7, Figure S4.15); a slightly wider range than the 2.9 – 6.9% reported by Porth et al. 

(2013) in GWAS for wood quality traits in P. trichocarpa. Markers with large effect size may be 

useful in advanced breeding approaches such as MAS (Xu et al. 2012) or GM (Yang et al. 2010) to 

improve yield or stress tolerance. More recently, CRISPR/Cas gene editing (GE) has been 

successfully deployed in poplar and this technology may also support accelerated breeding for 

high value traits (Zhou et al. 2015); with targets for GE identified through GWAS (Soldner et al. 

2016). For markers of small effect size however, single gene / single marker approaches may be 

less efficacious for trait improvement (Jannink et al. 2010; Ashraf and Foolad 2013). In such 

instances whole genome approaches such as GS (Zhao et al. 2014), where the totality of 

genotyped markers can be used to assign breeding values to individuals (Resende et al. 2012), 

may have greater impact on selection time and efficiency.    

These 223 trait-associated SNPs represent 48 unique genes associated with one or more traits of 

interest and these candidates are described in Table 4.4. Ten genes are associated with drought 

resistance indices; six for DRI AGR (Potri.002G195700, Potri.006G061000, Potri.010G228800, 

Potri.016G018600, Potri.016G035600 and Potri.019G053600) and four for DRI LA 

(Potri.001G113300, Potri.005G149900, Potri.008G181200 and Potri.013G022500). Both DRI 

indices had low heritabilities (supplementary document S4.3) and correlated only moderately 

with one another (r = 0.49) and as such none of their candidate genes overlapped with one 

another or any other yield or leaf development trait. The A. thaliana ortholog of the DRI AGR 

associated gene Potri.006G061000, AT2G25470 (receptor like protein 21), has been reported as a 

candidate gene for climate related adaptation in A. thaliana (Lasky et al. 2012). The A. thaliana 

ortholog of the DRI AGR associated gene Potri.016G018600.1, AT2G36450, is an AP2/ERF 

transcription factor which has been demonstrated to enhance drought and salt tolerance in 
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transgenic rice (Karaba et al. 2007) and clover (Abogadallah et al. 2011). This trait-marker 

association also has a relatively large effect size (7.5%) which is encouraging for its future 

application in advanced breeding (Allwright and Taylor 2016). In contrast to DRI, the gene 

candidates for YSI AGR and YSI LA coincide far more extensively with one another and with those 

for other biomass traits. There are eight gene candidates for YSI AGR of which seven overlap with 

the 15 candidates for YSI LA. Only one of these 15 candidates (Potri.003G058300.1) is not also 

significantly associated with another yield or leaf development trait in summer 2015.  

Supplementary document 4.3 shows h2 estimates were lower in summer 2015 for all traits under 

the rainfed (drought) treatment and Figure 4.9 illustrates the challenge of significant trait-marker 

associations for biomass production proving vulnerable under drought; with all five SNPs reaching 

genome wide significance for AGR 2015 under irrigated conditions lost under the rainfed 

treatment. By contrast Figure 4.10 shows ten SNPs reach genome wide significance for LA 2015 

under irrigated conditions of which seven are robust (significant under both treatments); with an 

additional four markers (two genes) reaching significance under the rainfed treatment only. Table 

4.4 also shows more genes associated with leaf traits proving robust across a coppice cycle 

(significant in 2014 and 2015) than those for biomass yield, which is consistent with the generally 

higher heritability estimates for leaf growth versus biomass yield traits.  

Supplementary document S4.3 shows the close correlations between eight moderately to highly 

heritable traits for biomass yield (H, D, SVI and AGR) and leaf growth (LWt, LL, LW and LA). 20 

SNPs in 17 genes are associated with one or more of these traits in August 2015 under irrigated 

and / or rainfed conditions. These data are summarised in Figure S4.16 which contrasts those 

genes whose associations with these key traits remain robust under both treatments (six 

candidates) with those that only show a significant relationship under one condition (seven 

irrigated only and four rainfed only). Potri.001G098300 is associated with leaf size in 2014 and 

2015 under both irrigated and rainfed conditions as well as biomass yield in June 2015 and under 

irrigated conditions only in August (marker effect size for stem volume index under irrigated 

conditions is 7.0%). It is a respiratory burst oxidase protein involved in providing protection 

against oxidative stress and shown to be upregulated in response to rust infection in a P. nigra x P. 

maximowiczii hybrid (Azaiez et al. 2009). Potri.006G236500 is also known as NADP Malic Enzyme 

3 and is another robust candidate for leaf development across both years and treatment. Several 

members of this gene family have been shown to be upregulated in response to salt and osmotic 

stress in P. trichocarpa (Yu et al. 2013) and suggested to play a role in the control of stomatal 

conductance in A. thaliana (Wheeler et al. 2005). Potri.016G141500 is a phosphatidylinositol-4-

phosphate 5-kinase whose A. thaliana ortholog, AT1G77740, has been shown to be upregulated 

under drought stress (Bray 2002) and to play an important role in root gravitropism (Mei et al. 
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2012) and lateral root development (Mei 2014). Potri.010G114600, Potri.013G116800 and 

Potri.015G088400 are the remaining robust candidates with significant associations across years 

and treatments. These genes have never been previously associated with biomass yield or the 

stress response. These robust associations are important because genes that can contribute to 

the maintenance of yield under water-limited as well as well-watered conditions may prove 

valuable for breeding for drought tolerance (Shanker et al. 2014). Genes that gain significance 

only under drought are also of interest. One such example is Potri.010G089700.1 associated with 

leaf width, area and weight under drought conditions only in 2015 (Figures 4.10 and S4.16). Its A. 

thaliana ortholog, AT3G22380, is a well characterised nuclear regulator of the circadian clock 

(Ding et al. 2007) and its expression is upregulated under osmotic stress in A. thaliana (Li et al. 

2008).  

4.6 Conclusion 

In summary, we have reported targeted GBS in a natural, wide population of the native European 

forest tree and prospective bioenergy species Populus nigra; yielding more than 500,000 SNPs 

from within the gene space. These data have permitted genetic outlier analyses to identify robust 

gene candidates for adaptive selection and the geoclimate variables driving this selection. We 

have further shown the extensive phenotypic variation within this population for important 

bioenergy traits related to biomass yield and leaf development under short rotation coppice over 

two years. We have successfully subjected the population to field scale drought imposition for the 

first time and reported the impact of water stress on absolute and relative performance. Finally, 

we have conducted the largest GWAS (more than 100,000 SNPs) reported in this species and the 

first for drought tolerance, yielding 48 candidates genes reaching genome wide significance. Many 

of these genes are associated with more than one phenotype and we have discussed several 

candidates showing a highly robust association across both years and drought treatment. Some of 

these candidates have been previously characterised as drought and / or stress responsive in 

poplar, A. thaliana or other species. These genes include transcription factors, metabolic enzymes 

and signalling proteins and represent excellent prospects for genetic engineering and advanced 

molecular breeding for the sustainable intensification of 2G bioenergy poplar. 
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Chapter 5: General Discussion 

5.1 Introduction 

Increasing global energy demand and the need to transition rapidly to a low carbon economy are 

driving the development of renewable and sustainable sources of energy for heat, power, 

electricity generation and liquid transport fuel (Abas et al. 2015). This trend should be 

strengthened by the recently concluded COP21 climate negotiations, which committed UN 

signatories to restrict global temperature increases to “well below” 2 ˚C above pre-industrial 

levels and to aspire towards 1.5 ˚C (United Nations 2015). Bioenergy, where fuel is produced 

directly or indirectly from organic (generally plant) matter, is one such renewable energy 

resource. Unlike fossil fuels biomass cultivation, harvest and combustion occurs within the short-

term carbon cycle (Figure 1.1) and does not necessitate the liberation of sequestered carbon from 

long term sinks. Biofuels thus have the potential to achieve a significant carbon emission saving 

relative to conventional fossil fuels (Rose et al. 2014; Puigjaner et al. 2015). First generation (1G) 

liquid biofuels derived from food crops such as corn, soybean and sugarcane are the most 

significant commercial biofuels (Renewable Fuels Association 2016) at present but have been 

criticised as providing only marginal improvements in greenhouse gas emissions (Figure 1.2); 

raising food prices (Laborde and Siwa 2012) and driving land-use change (Smith and Searchinger 

2012) which can lead to the release of sequestered soil carbon (Harris et al. 2015). Non-food, 

second generation (2G), bioenergy crops represent an alternative with lignocellulosic biomass an 

abundant and flexible raw material which may be directed towards a number of applications as 

solid or liquid fuel (Perlack et al. 2005). Woody biomass has been combusted for energy by human 

civilisations for thousands of years but modern-day conversion technologies permit the derivation 

of a far more diverse range of biofuels (Guo et al. 2015). These include pelletisation for co-firing 

(Stelte et al. 2011); pyrolysis for liquid bio-crude (Stefanidis et al. 2014) and enzymatic 

saccharification for bioethanol (Porth and El-Kassaby 2015). Lignocellulosic perennials may be 

cultivated with far lower agricultural inputs than food crops and grown on marginal lands 

(Gelfand et al. 2013) to reduce competition with food production. Energy grasses such as 

miscanthus (Song et al. 2015) and fast growing trees such as poplar, willow and eucalyptus offer 

significant potential as dedicated 2G bioenergy crops under short rotation coppice or forestry 

(SRC / SRF) (Hinchee et al. 2009). Of these trees poplar, the model tree organism (Jansson and 

Douglas 2007), is the most extensively studied and well-resourced (Street and Tsai 2009) and 

Table 5.1 compares and contrasts research effort in these 3 species. At this time lignocellulosics 

have not undergone the same degree of selection and genetic improvement as food crops (Luo 
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2010; Neale and Kremer 2011; Rasheed et al. 2014) however, 2G biorefineries are expected to 

become a more significant feature of the global energy mix within the next decade (Devappa et al. 

2015; Valdivia et al. 2016). 

Table 5.1: Biological and technical resources of relevance to this thesis for the development of 

poplar, willow and eucalyptus 

Resource Poplar Willow Eucalyptus 

Genome 
sequence 

Fully sequenced genome (Tuskan 
et al. 2006) and some next 
generation sequencing (NGS). 

In progress - 
willow.cals.cornell.ed
u/genome/   

Fully sequenced genome 
(Myburg et al. 2011).  

Genomic 
mapping 

Genetic linkage maps for several 
Populus species (Cervera et al. 
2001; Yin et al. 2002; Wang et al. 
2011). 

Extensive linkage 
mapping (Berlin et al. 
2010; Hanley and 
Karp, 2014).  

Extensive linkage mapping 
(Grattapaglia and Sederoff 
1994; Brondani et al. 2006; 
Hudson et al. 2012).  

QTL mapping Extensive QTL mapping including 
for biomass distribution 
(Wullschleger et al. 2005), 
biomass yield (Rae et al. 2007; 
2009) and wood quality (Novaes 
et al. 2009).  

QTL mapping for rust 
resistance (Hanley et 
al. 2011; Samils et al. 
2011); enzymatic 
saccharification 
(Brereton et al. 2010) 
and coppicing 
response (Salmon et 
al. 2014).  

QTL mapped for growth 
(Freeman et al. 2009; Freeman 
et al. 2013); flowering time 
(Missiaggia et al. 2005); wood 
quality (Rocha et al. 2007) and 
rust resistance (Alves et al. 
2012).  

Advanced 
genotyping 

Multiple reports of GBS in poplar 
utilising restriction enzyme 
(Schilling et al. 2014), random 
sheering (Slavov et al. 2012) and 
transcriptome resequencing 
(Geraldes et al. 2011) based 
methods. In the latter instance 
more than 500,000 single 
nucleotide polymorphisms (SNPs) 
were called and assisted in 
developing a 34K genotyping 
array for P. trichocarpa (Geraldes 
et al. 2013). 

Candidate gene 
cloning (Serapiglia et 
al. 2011) and 
transcriptome 
resequencing (Liu et 
al. 2013) but no GBS 
reported at this time.   

Population genetic analysis and 
phylogeny reconstruction with 
8000 markers across several 
taxa (Steane et al. 2011). A 60K 
SNP chip was recently 
constructed from whole 
genome resequencing of 240 
genotypes from 12 species 
(Silva-Junior et al. 2015) and 
employed for analysis of linkage 
disequilibrium (LD), 
recombination and nucleotide 
diversity (Silva-Junior and 
Grattapaglia, 2015). 

Genome wide 
association 
studies 
(GWAS) 

Candidate gene approaches 
employed (Wegrzyn et al. 2010). 
A 34K genotyping array for P. 
trichocarpa has permitted a 
number of GWAS to be 
conducted in a widely utilised 
wide population. Associations 
identified for wood quality (Porth 
et al. 2013); rust resistance (La 
Mantia et al. 2013) and 
phenology, ecophysiology and 
biomass traits (McKown et al. 
2014).    

Association 
populations 
established (Karp et 
al. 2011). In one 
diverse population, 
SSR markers 
employed to assess 
genetic diversity and 
population structure 
to investigate 
potential for future 
GWAS (Berlin et al. 
2014).  

Candidate gene approaches for 
growth and wood quality traits 
(Thavamanikumar et al. 2011, 
2014). 60K SNP chip available as 
of this year (Silva-Junior et al. 
2015).  

Genetic 
modification 
(GM)  

Extensive glasshouse (Stewart et 
al. 2009; Wilkerson et al. 2014) 
and some field trials (Van Acker 
et al. 2014), predominantly 
addressing lignin content or other 
aspects of wood chemistry.  

Genetic 
transformation 
reported (Xing and 
Maynard, 1995) but 
no trials of transgenic 
material published.  

Research in transgenic lines 
(Navarro et al. 2011; Yu et al. 
2013) and the world’s first 
commercial GM tree 
deployment in Brazil (Ledford 
2014; FuturaGene 2015).  
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Deployment Widely cultivated in temperate 
regions.  

Limited deployment 
primarily in Canada 
and northern Europe.  

Widely cultivated in southern 
hemisphere.  

5.2 Advanced Breeding to Close the Bioenergy Yield Gap 

Chapter 2 (Allwright and Taylor 2016) reviews the literature and demonstrates the existence of a 

significant yield gap (in excess of ten tonnes ha-1 y-1) for 2G bioenergy from reported field trials for 

poplar, willow and Miscanthus (Figure 2.1) and proposes that advanced, molecular breeding 

techniques can drive the closing of this gap as a priority to aid commercialisation. Advanced 

breeding may include the use of marker assisted selection (MAS) (Xu et al. 2012); genomic 

selection (GS) (Resende et al. 2012) or genetic engineering (GE). The closure of the yield gap for 

lignocellulosics should proceed through sustainable intensification, i.e. increasing yield without 

the cultivation of more land or environmental degradation (The Royal Society UK 2009). In 

practice this means selecting not only for total biomass yield (Bredemeier et al. 2015) but also 

water and nitrogen-use efficiencies (Rancourt et al. 2015); wood quality (Porth et al. 2013) and 

pathogen resistance (La Mantia et al. 2013) (Figure 5.1). Global climate change will likely see an in 

increase in the frequency and severity of extreme weather events as well as longer term 

environmental change (Dai 2013). Yield stability is essential to ensure sustainable production and 

so drought tolerance (Dreyer et al. 2004) and genetic variation (Wang et al. 2015), to allow 

adaptation to a changing climate, are also essential traits for bioenergy crops. The curation and 

phenotyping of diverse mapping populations can quantify variation in these important traits and 

identify high-value genotypes for selective breeding. This traditional breeding approach can be 

slow however; especially in forest trees with long generation times (Harfouche et al. 2012). The 

falling cost of next-generation sequencing (Rounsley and Last 2010) can permit high-coverage 

genotyping (He et al. 2014) of these populations and extensive transcriptomics (Rao et al. 2016). 

Profiling and functional analysis of short RNAs may also play a role in understanding and 

controlling gene expression in Populus (Klevebring et al. 2009; Chen and Cao 2015). These data 

can drive the understanding of the genetic basis of traits of interest and the advanced, molecular 

breeding of these crops. The identification of trait-marker associations through GWAS (Ingvarsson 

and Street 2011; McKown et al. 2014) or candidate genes through reverse genetics (Moreno-

Cortés et al. 2012) or transcriptomics (Tang et al. 2013) is essential for molecular breeding which 

can accelerate the breeding pipeline and provide improved germplasm for sustainable biomass 

production (Figure 5.2).  
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Figure 5.1: More from less – sustainable intensification. Breeding targets to fill the yield gap 

through yield intensification should be a high priority however, this must make full 

consideration of the wider inputs required to achieve high yield and that more efficient plants 

with respect to resources such as water and nitrogen are needed (Allwright and Taylor 

2016). In addition, yield intensification must occur alongside assessment of the GHG balance 

of the crop system such that lower GHG emissions can be targeted and soil carbon stocks 

protected (Harris et al. 2015; Walter et al. 2015). Finally, ecosystem services (Milner et al. 

2016), including biodiversity protection (Manning et al. 2015), should be delivered from 2G 

bioenergy plantations.    
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Figure 5.2: The advanced molecular breeding pipeline. Beginning with unimproved 

germplasm curated in a natural, wide or mapping population, advanced molecular breeding 

may proceed through high-throughput phenotyping for traits of interest. In parallel; GBS, 

GWAS, genomic selection, transcriptome sequencing and/or eQTL mapping can allow the 

identification of candidate genes or markers for the phenotyped traits which may also serve 

as high value targets for GM proof of concept studies and genome editing. Collectively these 

techniques feed directly into advanced, marker-assisted selection and breeding programmes 

for novel, high yield, low-input feedstocks.     

5.3 Phenotyping and GWAS for Bioenergy in Populus nigra 

The capturing of natural genetic and phenotypic variation within native populations is valuable for 

the development of a species of interest. The selection and breeding of high-value individuals can 

see significant gains in subsequent generations where substantive genetic diversity exists (Tester 

and Langridge 2010) and the use of wild landraces in breeding programmes has been important in 

crop development (Huang and Han 2014). In the case of Populus there is extensive diversity 

within the genus with 30 distinct species (Eckenwalder 1996) showing ready hybridisation and 

heterosis (Dillen et al. 2009). In view of poplar’s commercial and research significance many 

crossed mapping and natural wide populations have been developed and curated and these are 

detailed in Tables 1.1 and 1.3 respectively. Many of these populations have been employed for 

the quantification and mapping of bioenergy traits. The most extensively utilised mapping 

population is the P. trichocarpa x P. deltoides F2 population known as Family 331 (Bradshaw Jr et 

al. 1994). This family has been employed for over 20 years in multiple field trials in the USA and 

Europe for the QTL mapping of biomass yield (Rae et al. 2009), leaf development (Wu et al. 1997), 

seasonal phenology (Frewen et al. 2000), sex determination (Yin et al. 2008), water-use efficiency 

(Viger et al. 2013) and the biotic and abiotic stress response (Street et al. 2011; DeWoody et al. 

2013). Natural, wide populations have been collected and established for P. trichocarpa, P. 
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tremula, P. balsamifera and P. nigra (Table 1.3). Of these the 1100 member P. trichocarpa 

population, drawn from across western USA and under SRC cultivation at multiple sites, has been 

the subject of the greatest research effort with the quantification and association genetics of 

biomass yield, ecophysiology, phenology (McKown et al. 2014), wood quality (Porth et al. 2013) 

and rust resistance (La Mantia et al. 2013) reported in recent years.  

This thesis is centred on a population of native European P. nigra; drawn from across the western 

European range of this species in Italy, France, Spain, Germany, Hungary and the Netherlands. The 

population had been previously cultivated in Belgium (Viger et al. 2016) and used in studies of the 

population genetic structure and demographic history of this species (Smulders et al. 2008; 

DeWoody et al. 2015). In this work extensive phenotyping has been reported in two further field 

trials under SRC in the UK and Italy. Genotyping of the population; first with a 12K array (Faivre-

Rampant et al. 2016) and subsequently through genotyping by sequencing (Chapter 4) has also 

permitted analysis of population genetic structure and association genetics for phenotyped traits. 

There are a number of key findings arising from this work. 

5.3.1 The Natural, Wide Population is a Highly Phenotypically and Genetically Diverse 

Resource 

Chapter 3 reports phenotyping for 714 members of the population under multi-stem SRC at the 

UK site for main stem height and biomass yield over three years (2011-2013) and additionally for 

basal area; primary stem number; leaf area; specific leaf area; stomatal density; stomatal index; 

epidermal cell area and epidermal cell number per leaf in 2013 only. Saccharification potential 

was also quantified for wood samples taken in summer 2012 following a standard enzymatic 

assay protocol (Van Acker et al. 2013). Chapter 4 reports a single stem SRC trial of 471 unique 

genotypes and phenotyping for stem height; diameter and volume index (biomass yield); absolute 

and relative growth rates; leaf area, length, width, weight and shape and specific leaf area in 2014 

and 2015. In 2015 a drought treatment was imposed on four of the eight blocks allowing the 

population’s performance to be assessed under water stress for the first time in the field (Figure 

4.1). Drought resistance index (DRI and yield stress index were calculated from absolute growth 

rate and leaf area. Both sites show the population to possess extensive variation both within and 

between genotype sites of origin (SO); consistent with previous field data from this population in 

Belgium (Viger et al. 2016). Genetic structure analysis using putatively neutral, unlinked SNPs 

from both the 12K array (Chapter 3) and from GBS (Chapter 4) in the programme STRUCTURE 

(Falush et al. 2003) showed the population dividing into two broad clusters (Figure 3.6). The 

northern Italian and Spanish genotypes appear to drive the differentiation with admixing in 

France. PCA of the neutral genetic variance showed seven significant PCs (Figure S3.7) and 
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pairwise FST between genotype sites of origin showed significant differentiation with FST > 0.1 for 

many comparisons (Figure 3.7). These data suggest this population of European P. nigra to show 

far greater genetic structure than similar natural, wide populations North American P. trichocarpa 

(McKown et al. 2014) or Swedish P. tremula (Wang et al. 2016). The sequence capture GBS 

reported in Chapter 4 saw substantial numbers of SNPs (~450,000, Figure 4.3), of primarily low 

minor allele frequency (MAF < 0.05), discovered de novo from the 130 bp paired end reads in 

addition to the 66,922 targeted SNPs. This extensive phenotypic and genetic diversity in a native, 

unimproved population makes this a valuable resource for association genetics and a possible 

source of novel germplasm for selective breeding or hybridisation.   

5.3.2 Biomass Yield and Saccharification Potential are not Linked 

Saccharification potential (UK site 2012) was the only trait at either site not to be significantly 

dependent upon SO, despite more than eight-fold variation across the population as a whole 

(Figure 3.3). Both biomass yield and saccharification potential are important for determining total 

glucose yield however, biomass shows greater variation across the population and accounts for a 

far greater proportion of the variation in total glucose. These data support prioritising the 

sustainable intensification of biomass yield over wood quality enhancement. The lack of 

significant correlation between biomass yield and saccharification however; implies that 

improvements to one trait need not result in a counterproductive deterioration in the other 

which is positive for the breeding of poplar as a feedstock for biochemical conversion to 

bioethanol (Figure 3.4). This result is consistent with work in willow which showed no significant 

correlation between biomass yield and glucose release and non-overlapping QTL for these traits; 

suggesting independent genetic control (Brereton et al. 2010).  

5.3.3 Leaf Size is Driven by Epidermal Cell Division and Closely Related to Biomass Yield 

In both sites yield is consistent between growing seasons and across a coppice cycle with strong 

positive correlations between biomass traits which show moderate to high narrow sense 

heritability (h2) estimates (Figure S3.4 and supplementary document S4.3). Very strong positive 

phenotypic and genetic correlations were observed between leaf area and biomass in 2013 in the 

UK (Figure 3.4); suggesting substantial shared additive genetic variance underlies these traits. Leaf 

area also showed a strong correlation with biomass yield at the Italy site in 2014 and 2015; an 

observation previously reported in poplar (Rae et al. 2004). Leaf area (also length, width and 

weight in Italy data) showed high h2 estimates and together with their tight relationship with 

biomass yield mean that leaf size can be considered as a strong diagnostic indicator of 

productivity (Marron et al. 2007) and an important target trait for bioenergy poplar development. 
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Leaf size appeared to be driven by increased cell division rather than cell expansion with a very 

strong positive correlation between leaf area and epidermal cell number (r = 0.973) but only a 

weak negative correlation between leaf area and cell area (r = -0.227). These values were 

consistent with those obtained by Viger et al. (2016) at the Belgium site for the same 

comparisons. These results, now confirmed in two distinct field trials, suggest that the cell division 

phase which occurs early in leaf development (Gonzalez et al. 2012) is a highly heritable 

(Marcotrigiano 2010; Gonzalez et al. 2012) and hence tractable target for breeding for yield.  

5.3.4 Leaf Morphology and Growth Strategies Reflect Climate at Site of Origin and Impact 

Drought Tolerance 

Genotype site of origin (SO) strongly impacts biomass yield and leaf development at both field 

sites; smaller yields and smaller leaves were generally observed for the Spanish and southern 

Italian genotypes and the highest yields and biggest leaves observed for the northern Italian, 

German and Dutch trees (also the genotypes from the French/German border at the UK site, not 

cultivated in Italy). There is a positive correlation between stomatal index (SI) and leaf area in 

2013 (Figure 3.4). The combination of larger leaf area and higher stomatal density may result in 

higher photosynthetic capacity (Tanaka et al. 2013) and drive faster growth and higher yields (Zhu 

et al. 2010; Simkin et al. 2015) in the northern Italian, German and Dutch genotypes. It was 

hypothesised however, that these genotypes’ large leaves and higher SI may also increase 

transpiration and render these fast growing genotypes more vulnerable to drought stress while 

those with slower growth and small leaved morphology might show greater drought tolerance. 

Transgenic studies in rice (Liu et al. 2012) and A. thaliana  (Xie et al. 2012) have shown improved 

drought tolerance with reduced leaf area and / or stomatal density. Stomatal traits were not 

quantified at the Italy site however; the genotypes from Ebro-Alfranca (Spain); Durance (France, 

not in UK site); Paglia (central Italy) and Basento (southern Italy) did show the greatest drought 

resistance in summer 2015 (Figures 4.5 and 4.6) with leaf area and AGR under irrigated conditions 

correlating negatively with DRI across the whole population. Previous studies in P. trichocarpa 

have shown relationships between geoclimate variables and traits of interest (Geraldes et al. 

2014; McKown et al. 2014). Common garden trials in Swedish P. tremula and Canadian P. 

balsamifera (population details in Table 1.3) have also shown latitudinal clines for photosynthetic 

rate and height gain in these Boreal forest species (Soolanayakanahally et al. 2015). Trees with 

high latitude of origin displayed a more rapid photosynthetic rate but biomass gain was reduced 

as a result of an earlier bud set; an adaptation to prevent frost damage at higher latitudes where 

colder conditions onset earlier in the season. This demonstrates the significance of seasonal 

phenology in germplasm performance. In this work Figure 4.6 shows drought resistance index by 
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SO, calculated from AGR and leaf area in 2015, regresses strongly and negatively with 

precipitation of the driest month. This suggests that these genotypes are indeed adapted to drier 

conditions at their site of origin. These data also present an interesting area for possible further 

work exploring the relationship between gas exchange, transpiration and water-use efficiency 

with biomass accumulation under well-watered and drought stressed conditions.  

5.3.5 Yield a More Valuable Target for Breeding than Drought Resistance under Moderate 

Stress 

The finding that growth rate and leaf size under well-watered conditions correlated negatively 

with DRI (supplementary document S4.3) suggests that a trade-off existed between biomass yield 

and drought resistance; as smaller leaved, slower growing genotypes showed the strongest 

relative performance under the moderate water stress imposed in 2015. This contrasts with the 

data discussed above for saccharification potential which was not significantly related to biomass 

yield. Yield stress index (YSI) is calculated to include both relative and absolute performance 

under drought and this metric showed the large leaved, fast growing trees from northern Italy, 

Germany and the Netherlands as the best performers. YSI AGR and YSI LA showed strong positive 

correlation with yield traits. These data demonstrate that under the moderate water stress 

imposed in the Italy trial total biomass yield was more important than drought resistance. 

Furthermore, the very weak to low narrow sense heritability estimates for DRI AGR and DRI LA 

(0.16 and 0.04 respectively) suggest that this trait may not be tractable for improvement through 

selective and molecular breeding. By contrast YSI, biomass yield and leaf size showed moderate to 

high narrow sense heritabilities (supplementary document S4.3); indicating a significant 

proportion of the variation in these traits is under genetic control and thus that they are 

amenable to targeted enhancement.  

5.3.6 Geoclimate Variables have Driven Genetic Differentiation in European P. nigra 

Mantel tests reported in Chapter 3 (Table 3.2) showed evidence of strong isolation by distance 

(IBD) and moderate isolation by adaptation (IBA) in this population; supporting previous work 

based on a small number of microsatellite markers (DeWoody et al. 2015). A good example of IBD 

was provided by the Spanish and southern Italian genotypes which were phenotypically similar 

and well adapted to hotter, drier conditions but shown to be substantially differentiated when 

considering pairwise FST (Table 3.2). As for P.trichocarpa in North America (Slavov et al. 2012; 

Oubida et al. 2015) geoclimate variables appeared to have played a central role in driving genetic 

differentiation in European P. nigra. In Chapter 4 more than 80% of the variance of the first 2 

principle components of the genetic variance (57,098 ‘stringent’ markers from GBS) was explained 
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by geoclimate variables (supplementary document S4.6). Longitude emerged as the most 

important variable for PC1 (as reported in Chapter 3 for the neutral genetic variance) along with 

altitude however; PC2 is dependent primarily on temperature minima, range and seasonality at 

genotype SO. Outlier analysis also revealed individual markers (including 2 clusters of outlier SNPs 

on chromosomes 5 and 10) showing strong localised differentiation. The genes themselves 

(described in Table 4.2) are strong candidates for undergoing adaptive selection; overlapping in 

the top 1% of the empirical distribution of three measures of genetic differentiation (FST, PC 

eigenvalues and XTX). A limitation of FST is that as a relative rather than absolute measure of 

differentiation it may estimate misleadingly high differentiation between populations when intra-

population variation is very low (Cruickshank and Hahn 2014). FST and PC eigenvalues may also be 

confounded by neutral genetic drift, localised LD and isolation by distance (Zou et al. 2010; Elhaik 

2012). The newer XTX statistic from Bayenv2 (Günther and Coop 2013) has been demonstrated to 

be more robust than FST as it controls for population demographic history (Lotterhos and Whitlock 

2014) and the use of all three tests of genetic differentiation in this work should ensure that 

candidates were not false positives. As for P. trichocarpa (Evans et al. 2014) the allele frequencies 

of many of the genetic outliers in the top 1% of the distribution of XTX showed strong 

relationships with geoclimate variables (supplementary document S4.4, Table 4.3, Figure 4.8) 

providing an indication of the likely drivers of adaptive selection in this population.  

5.3.7 GWAS with 12K Array and GBS Data Reveal Robust Trait-Marker Associations 

In both poplar (Wegrzyn et al. 2010; Guerra et al. 2013) and eucalyptus (Thavamanikumar et al. 

2011, 2014) candidate gene approaches have been employed for wood quality traits with robust 

trait-marker associations identified. In poplar these have been superseded by the development of 

a 34,000 SNP array for P. trichocarpa with SNPs drawn from 3543 candidate genes for a variety of 

valuable bioenergy traits (Geraldes et al. 2013). This array has been employed in a number of 

genome-wide association studies in poplar in the past three years identifying hundreds of trait-

marker associations for key traits including biomass yield (McKown et al. 2014); wood quality 

(Porth et al. 2013) and rust tolerance (La Mantia et al. 2013). Eucalyptus researchers are now 

pursuing a similar path with the recent publication of a 60,000 SNP chip that will permit GWAS in 

this species (Silva-Junior et al. 2015). For P. nigra a small 12K array was developed recently 

(Faivre-Rampant et al. 2016) and this work describes its first application for GWAS; using the UK 

site phenotyping data in Chapter 3. In Chapter 4 novel single primer enrichment technology 

(SPET) from Nugen (California, USA) was employed for GBS (Figure 4.2). This sequence capture 

methodology yielded more than 500,000 SNPs across the gene space with a targeted enrichment 

approach prioritising coding and regulatory regions similar to that employed in P. trichocarpa by 



Chapter 5 

207 

Zhou and Holliday (2012). Next generation sequencing and genotyping has also been recently 

reported in P. tremula and P. tremuloides (Wang et al. 2015, 2016). In this work 132,261 of the 

called markers were suitable for GWAS (‘liberal’ marker set) and these were utilised in GWAS with 

the phenotypic data from the Italy site (Figure 4.3). In both chapters 3 and 4 population 

stratification was controlled for on a trait specific basis using stepwise model selection with BIC to 

select appropriate covariates for the control of structure (McKown et al. 2014). Despite the need 

to employ stringent models for most traits to control for the extensive stratification within this 

population robust trait-marker associations were identified; 3 from the UK field site data (Figures 

3.8 and 3.9) and more than 200 associations (48 genes) from the Italy phenotyping data (Chapter 

4).  

5.3.8 Candidate Genes Identified for Biomass Yield, Leaf Development and Drought 

Tolerance 

Three genes in Chapter 3 and 48 genes in Chapter 4 were identified from the significant trait-

marker associations using the poplar genetic resource PopGenIE (Sjödin et al. 2009). These are 

listed in full in Tables 3.5 and 4.4 but some stand out as of particular interest with reports in the 

research literature supporting their function. 

Two candidate genes significantly associated with height were identified in Chapter 3. One was of 

unknown function but the other is a COL2-like, B-box zinc finger family transcription factor. 

Members of this gene family have been characterised in A. thaliana (Khanna et al. 2009) and 

implicated in growth with one member shown to act as a positive regulator of hypocotyl 

extension (Wang et al. 2015). The gene was also shown to be differentially expressed in 

developing xylem in a glasshouse trial of 3 diverse genotypes from the P. nigra population (Figure 

S3.12). The third candidate gene from the UK site GWAS was associated with epidermal cell 

number per leaf; a trait discussed above as a heritable driver of leaf size and biomass yield. 

POPTR_0013s00340 is similar to hydrophobic protein RCI2A which has been linked to the stress 

response in A. thaliana (Medina et al. 2005) but has not been previously associated with leaf size 

or cell division.    

In Chapter 4 ten candidate genes were identified for drought resistance index; six for DRI AGR and 

four for DRI LA however; none of these associations for DRI overlapped with those for yield or leaf 

development which is expected in view of the negative correlation between DRI and yield. By 

contrast many of the 17 candidate genes for yield and leaf size overlap with YSI which, as 

discussed above, may be a more valuable and tractable trait for the breeding of bioenergy poplar 

for high yields under moderate water stress. Of particular interest are those genes shown in 
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Figure S4.16 which were robust under both irrigated and rainfed treatments in 2015 or gained 

significance for yield traits under rainfed (drought) conditions. Potri.016G141500 is one such gene 

whose A. thaliana ortholog has been implicated in lateral root development (Mei 2014) and 

shown to be upregulated under drought stress (Bray 2002). Potri.006G236500 is a NADP Malic 

enzyme; a gene family upregulated in response to drought stress in P. trichocarpa (Yu et al. 2013). 

Many of the genes listed in Tables 3.5 and 4.4 have not been previously linked with yield traits 

and these represent novel candidates for bioenergy.  

5.4 Conclusions and Future Perspectives 

This thesis has demonstrated the existence of a yield gap for 2G bioenergy species (Allwright and 

Taylor 2016) including the model tree poplar and proposes that advanced, molecular breeding can  

drive sustainable intensification on a more rapid timescale than that permitted by traditional 

methods alone (Harfouche et al. 2012). Molecular approaches require an extensive understanding 

of the genetic basis of traits of interest and the relationships between them. Therefore, in this 

work, a natural, wide population of the native European species P. nigra was extensively 

phenotyped over two field trials in the UK and Italy for biomass yield, leaf development, 

saccharification potential and response to drought. Biomass yield and saccharification potential 

were shown to be unrelated while leaf size, driven by epidermal cell division, was shown to be 

tightly phenotypically and genetically correlated with yield. Drought response index was 

quantified in the population for the first time and found to be strongly determined by 

precipitation of the hottest quarter at genotype site of origin; with small leaved, slower growing 

genotypes from Spain and southern Italy appearing well adapted to moderate water stress. In 

general however, biomass yield was shown to be a more tractable and important trait for 

developing bioenergy poplar than relative drought resistance under these conditions. The primary 

importance of biomass yield means this could be the focus of further work in this population to 

better understand the physiological factors driving this complex trait and the genetic basis 

underlying it. For example, enhancing the rate of carbon assimilation has been suggested as a 

route to yield improvement in crop plants (Zhu et al. 2010; Kirschbaum 2011; Raines 2011) and 

hence the quantification of physiological variation in photosynthetic rate and gas exchange in this 

population could be of interest.   

Multiple regression showed geoclimate variables have played an important role in driving genetic 

differentiation in European P. nigra with longitude, altitude and temperature minima at genotype 

sites of origin key. Genes in Tables 4.2 and 4.3 were identified as robust candidates for 

experiencing selective pressure and in many cases showed a strong relationship with one or more 

geoclimate variables related to temperature or precipitation. Some of these outliers from Chapter 
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4 also overlap with those identified through PCA of the 12K Illumina array SNPs (Table S3.2) 

including the chalcone-flavonone isomerase Potri.010G213000. A chalcone synthase 

(Potri.003G176700) was also identified through the outlier analyses (Table 4.3) and these genes 

represent the first and second committed enzymes of the flavonoid biosynthetic pathway (Saito 

et al. 2013). The significance of the flavonoid pathway in climate adaptation is an important 

finding as these secondary metabolites have been shown to play a role in the response to a 

number of biotic and abiotic stresses in plants including drought (Nakabayashi et al. 2014). A 

future research avenue for these genes could be the generation of transgenic overexpression, 

RNAi or knockout lines to test for functional phenotypes on exposure to drought and / or 

temperature stresses in poplar.   

The 12K genotyping array for P. nigra was shown to be effective for the analysis of population 

genetic structure and of value for association genetics with 3 gene candidates emerging for stem 

height and epidermal cell number per leaf in Chapter 3. A more than ten-fold increase in marker 

number, covering the gene space, was then achieved through a targeted, sequence capture GBS 

approach in Chapter 4. These data permitted the largest GWAS reported to date in this species 

with 48 further robust gene candidates emerging for drought tolerance, leaf development and 

yield. Some of these genes have been previously identified in poplar or other plant species but 

many represent novel candidates. These GWAS add to those genetic and genomic studies 

previously reported for bioenergy traits in poplar in recent years (Table 2.1).  

The primary aim of this project is to support the breeding of poplar for bioenergy and to that 

effect these trait-marker associations can feed forwards into marker assisted selection (MAS), as 

reported in many crop plants (Miedaner and Korzun, 2012), for superior bioenergy trees. Large 

marker sets arising from GBS such as this one may also permit genomic selection (GS) in poplar; 

where breeding values are predicted for individual trees at a young age using all genotyped 

markers following phenotyping in a training population (Grattapaglia and Resende 2010). MAS 

approaches were discussed in Chapter 2 and have the potential to drive significant improvements 

in selection time and breeding efficiency in bioenergy trees (Xu et al. 2012; Isik 2014). Reverse 

genetics for proof of concept may also be able to further characterise the function of candidate 

genes with overexpression or knock-out lines (Moreno-Cortés et al. 2012; Vanholme et al. 2013). 

Genetically modified trees could provide significant improvements in performance but 

commercialisation may be prevented by regional policy restrictions on GM deployment (Paskalev 

2012). The first GM forest tree to be approved for commercial cultivation, a eucalyptus, has now 

been reported in Brazil (FuturaGene 2015) and it is to be hoped that other jurisdictions may 

follow in granting licenses for the commercialisation of GM poplar. 
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A possible limitation of the GWAS results described in Chapters 3 and 4 is the relatively small 

individual effect sizes (Figure S4.15) of many of the trait-associated SNPs. This suggests that the 

contribution of individual candidate genes in a MAS or GM breeding approach for polygenic yield 

traits may be very small or even non-existent. Substantial numbers (100s) of genes may 

contribute towards a complex trait as part of a co-expression network (Serin et al. 2016) and 

functional redundancy (Qian et al. 2010) or homeostatic mechanisms (Fleet et al. 2003) may cause 

the transgenic up or downregulation of a single gene candidate from within such a network to be 

phenotypically silent. It follows that for polygenic traits controlled by large numbers of loci of 

small effect whole genome selection approaches such as GS may be more appropriate in future 

forest tree breeding (Resende et al. 2012). Nevertheless, some of the effect sizes for trait-

associated markers in this work were in the range of 7 – 10% (Figure S4.15) and these may be 

large enough to have positive impact in MAS or GM approaches. The decision to progress to proof 

of concept work in a candidate may be supported by existing published research supports the role 

of a given gene in a trait of interest in another plant species. A good example of this is provided by 

Potri.016G018600, an AP2/ERF transcription factor associated with DRI LA (effect size of 7.5%), 

the A. thaliana ortholog of which has enhanced drought tolerance when transgenically 

overexpressed in both rice (Karaba et al. 2007) and clover (Abogadallah et al. 2011). The AP2/ERF 

family has been characterised in willow (Rao et al. 2015) and eucalyptus (Cao et al. 2015) and 

another member of this gene family (PtaERF003) has been shown to promote adventitious, lateral 

root formation in a Populus hybrid (Trupiano et al. 2013).  

In the past year the genome editing (GE) technology CRISPR/Cas has been successfully employed 

in poplar for the modification of the lignin biosynthetic pathway (Fan et al. 2015; Zhou et al. 

2015). This technology has huge potential for the enhancement of bioenergy feedstocks and 

permits precision, highly sequence specific genetic engineering in eukaryotes (Gaj et al. 2013). 

GWAS targeted CRISPR/Cas gene editing has been recently reported in human embryos for genes 

associated with Parkinson’s disease (Soldner et al. 2016). Alternatively, while this thesis has not 

focussed extensively on gene expression, a possible avenue for further work would be to take an 

RNAseq approach within the population to identify genes differentially expressed between 

diverse genotypes and / or between drought treatments. Such RNAseq data could be used to 

construct gene co-expression networks to identify drivers of phenotypes of interest (Zhao et al. 

2015). These networks may also inform GM or GE by identifying so called, “hub genes”, which are 

central to the control of a network (Liseron-Monfils and Ware 2015) and more likely to impact 

upon phenotype.   

With high-throughput genotyping and novel methodologies for genetic engineering becoming 

available it is now phenotyping that may pose the major bottleneck to research and breeding in 



Chapter 5 

211 

forest trees (Araus and Cairns 2014). Advanced, high-throughput phenotyping technologies and 

platforms may allow comprehensive phenotyping of trees in glasshouse and field trials on a more 

efficient time scale (Grobkinsky et al. 2015). Many of these technologies are image based with 

platforms able to non-destructively capture plant development through time with hundreds of 

individuals imaged daily (Fahlgren et al. 2015). 3-dimensional scanning of plants with x-rays or 

lasers is also now a possibility and these data can allow phenotyping for biomass yield, growth 

rate, leaf size and number, shoot and branch structure and canopy development (Chéné et al. 

2012). Thermal imaging can complement visual spectrum imaging; providing information on plant 

water status in the glasshouse or field (Vadivambal and Jayas 2011). Such multispectral imaging 

has been reported in the field in an apple tree plantation permitting high-throughput phenotyping 

and QTL mapping for morphological and transpiration traits under drought (Virlet et al. 2015).  

Both Europe and the USA are committed to increasing 2G biofuel market share; displacing 1G 

feedstocks while transitioning from fossil fuels. The USA EISA calls for 21 billion gallons of 

advanced biofuels per annum by 2022 (Renewable Fuels Association 2016) and the EU will require 

a 10% share for renewables in the transport sector by 2020 with a cap on 1G provision (European 

Parliament 2009; European Commission 2012). Cellulosic bioethanol can play a significant role in 

achieving these ambitions and commercial cellulosic biorefineries are expected to come on-

stream within the next decade (Valdivia et al. 2016). With high-throughput genotyping and 

phenotyping and the application of the advanced, molecular breeding methodologies discussed 

extensively in this thesis; poplar is well placed to provide a sustainable, commercially competitive 

feedstock to supply these biorefineries of the future (Porth and El-Kassaby 2015; Allwright and 

Taylor 2016).    
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Table 2.1: Progress in Genotyping-by-Sequencing (GBS) and Genome-Wide Association 

Studies (GWAS) in Four Second Generation Bioenergy Feedstocks 

Species GBS GWAS 

Poplar There are multiple publications 

reporting GBS in poplar utilising 

restriction enzyme[1], random 

sheering[2] and transcriptome 

resequencing[3] based methods. 

In the latter instance more than 

500,000 SNPs were called and 

assisted in the development of a 

34K genotyping array for P. 

trichocarpa[4].  

While candidate gene based association 

approaches have been employed in poplar; 

the 34K genotyping array for P. trichocarpa 

has permitted a number of GWAS to be 

conducted in a well-established association 

population for this species. Large numbers 

of associations have been identified for 

wood quality[5]; rust resistance[6] and 

phenology, ecophysiology and biomass 

traits[7].    

Willow Candidate gene cloning [8] and 

transcriptome resequencing [9] 

reported but no GBS in the 

literature at this time.   

Steps have been taken to establish 

association populations[10] and to assess 

genetic diversity and the potential for 

future GWAS[11].  

Miscanthus GBS has been undertaken in 

Miscanthus with both restriction 

enzyme[12] and RNA-

resequencing based 

techniques[13] with upwards of 

100,000 SNPs called in a single 

study[14].  

Association populations have been 

established[15] and a recent GWAS 

reported multiple associations for 17 traits 

related to phenology, biomass and cell wall 

composition[14].  

Switchgrass High throughput 

transcriptome[16] and microRNA 

sequencing[17]. More than 1 

million SNPs called in a diverse 

population using the UNEAK 

pipeline[18].   

An association population has been 

established and used in GBS and genomic 

selection[19] approaches but no GWAS or 

trait-marker associations have been 

reported at this time.  

Table S2.1 provides a summary of the key literature on the progress of advanced genotyping and 

association genetics in four promising cellulosic feedstocks for bioenergy. While poplar leads the 

way progress is beginning to be made in other important feedstocks.  
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Figure S3.1: Northington site history. The site was established in 2009 and first coppiced to 5 

cm above the ground in February 2010. Biomass measurements were taken in February 2011 

and 2012 after 1 and 2 years growth respectively. In August 2012, during the third year’s 

growth after coppicing, wood samples were taken for saccharification as described in this 

chapter. In February 2013 the site was coppiced once again to 5cm above the ground. In 

August 2013 mature leaf sampling took place and in November 2013 biomass measurements 

were taken once again at the end of the first season’s growth post-coppice.  

 

Figure S3.2: SVI conversion to biomass yield. 50 trees of a range of calculated SVIs were 

harvested, oven-dried and weighed. Biomass regresses very strongly with SVI (F1, 48 = 1391.37, 

p<0.001, r2 = 0.967) and the equation of this regression line was used in the estimation of oven-

dry biomass for a given tree from its allometric SVI measurements. 
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Figure S3.3: Boxplots for A) EB11, B) H11, C) EB12, D) H12, E) H13, F) SC13, G)BA13, H) SLA13, I) SD13   
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Figure S3.4A: Pairwise trait correlation matrix showing Pearson’s correlation coefficient (r) and p-value (upper and lower cell values respectively) for each 

comparison. Significant positive correlations (p<0.05) are shaded green with strong positive correlation (r>0.5); in dark green; significant negative correlations 

are shaded red with strong negative correlation (r<-0.5) in dark red. Dark grey shaded cells across matrix diagonal contain trait narrow sense heritabilities (h2). 
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Figure S3.4B: Pairwise trait correlation scatter plot matrix with lines of best fit. Histograms across matrix diagonal show trait frequency distributions of 

transformed data. 
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Figure S3.5: The PCA of the neutral genetic variance (2390 SNPs) revealed 7 significant PCs 

according to a broken stick model; cumulatively explaining 12.2% of the variation. 
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Figure S3.6: PCs 1, 2 and 3 of the neutral genetic variance explained 3.91, 2.18 and 1.95% 

respectively; a scatter plot of which shows good agreement with STRUCTURE (Figure 4) with 

distinctive clusters for the Northern and Central / Southern Italian genotypes; a close 

relationship between German and Dutch individuals and the Spanish populations separated 

from the other nations by the more diffusely arrayed French.  



Appendix B 

237 

 

Figure S3.7: The first 3PCs of the neutral genetic variances regress significantly with latitude and longitude of origin: PC1 with latitude (F1, 710 = 41.5, p<0.001, r2 = 

0.055); PC1 with longitude (F1, 710 = 319.28, p<0.001, r2 = 0.310); PC2 with latitude (F1, 710 = 6.23, p=0.013, r2 = 0.009); PC2 with longitude (F1, 710 = 257.92, 

p<0.001, r2 = 0.267); PC3 with latitude (F1, 710 = 59.82, p<0.001, r2 = 0.078); PC3 with longitude (F1, 710 = 9.35, p=0.002, r2 = 0.013). 
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Figure S3.8: The phenotypic PCA showed 2 significant PCs explaining 51.9 and 15.9% of the phenotypic variance respectively. The mean eigenvalues for these 

were calculated for the 20 sampled sites and the Euclidian distances calculated between them to produce a pairwise phenotypic distance matrix. 
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Figure S3.9: The first principal component of the phenotypic variation regressed weakly with 

longitude (r2 = 0.107) and trivially with latitude (r2 = 0.031).    
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Figure S3.10: QQ and Manhattan plots for all models for all traits. Plots are in the same order 

for all traits. First 6 plots are QQ plots and subsequent six are corresponding Manhattan plots. 

From the top-left plot reading from left to right the order progresses: Simple model, P-model, 

Q-model, K-model, Q+K-model, P+K-model.  
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Figure S3.11: The number of trait-marker associations under the simple model showed a 

strong positive regression with trait narrow sense heritability; F1, 13 = 31.14, p<0.001, r2 = 

0.701.  
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Figure S3.12: Displays expression data (Wildhagen et al. Unpublished) for the 3 candidate 

genes reaching full genome wide significance for three diverse genotypes (from Spain, France 

and Northern Italy) drawn from the wider association population. Biallelic genotype 

indicated for each tree on each bar. Young trees were cultivated from cuttings for 2.5 months 

in glasshouse conditions and tissue from developing xylem (A, B), leaves (C, D) and fine roots 

(E, F) harvested for RNA extraction and sequencing. The hydrophobic protein RC12A-like 

POPTR_0013s00340 (candidate gene for CNPL-13 and putatively associated with LA-13) is 

differentially expressed in developing xylem (A) and leaves (C) but not in fine roots (E). The 

COL2 transcription factor Poptr_0004s10800 (candidate gene for Height-13) is differentially 

expressed in developing xylem (B) but not in leaves (D) and is too weakly expressed to be 

quantifiable in fine roots. In developing xylem (B) it is the French genotype, which possesses 

the “A” allele positively associated with height (Figure 3.9) in this study, which shows the 

highest expression level. The transmembranous protein of unknown function 

POPTR_0007s11900 (candidate gene for Height-11 and putatively associated with Height-12) 

is too weakly expressed to be quantified in developing xylem or leaves in the glasshouse but 

is differentially expressed in fine roots (F). (Supplementary Table S4 contains the raw and 

normalised RNAseq count data for these genes for all tissues and replicates.)  
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Figure S3.13: The use of a reduced population has little impact on GWAS results. A reduced 

population of 622 genotypes was created by removing the four individual genotypes and four 

genotypes from Taubergiessen along with a randomly selected 84 genotypes from Val Allier. 

Filtering the SNP data set for MAF < 0.05 produced a marker set of 7,343 SNPs for this 

reduced population; the same number as for the full population and with only 14 SNPs 

differing. GWAS was performed in the reduced population for EB13 and Height13 using the 

optimal (Q+K) model for these traits for comparison with results using the full population. 

For both traits SNP log(P) values for trait-marker association regress strongly (p<0.001) 

between GWAS from the full and reduced populations with  r2 = 0.697 for EB13 (A) and 0.688 

for Height13 (B) respectively.    
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Figure S3.14: Linkage disequilibrium (LD) extends across a 1.5 Mbp outlier region of 

chromosome 17. Of the 18 SNPs in this region of chromosome 17 there are eight in the top 

0.2% of the eigenvalue distribution of the first principle component of the genetic variance 

and a further six in the top 1% (14 in total). This heatmap shows that LD extends strongly 

between the 14 outlier SNPs across this region and does not decay within the 4-6 Kbp typical 

for P. nigra. The four markers that show much reduced LD in this figure are, as expected, 

those not in the top 1% of the distribution of the PC1 eigenvalues.   
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Table S3.1: GLM results for Northington bioenergy trait data

Trait Abb. Site of Origin Genotype Block Run 

Total Basal Stem Area 2013 BA-13 *** *** *** - 
Leaf Cell Area 2013 CA-13 *** *** *** - 

Epidermal Cell No. Per Leaf 
2013 

CNPL-13 *** *** *** - 

Estimated Biomass in 2011 EB-11 *** *** *** - 
Height of tallest stem 2011 Height-11 *** *** *** - 

Estimated Biomass 2012 EB-12 *** *** *** - 
Height 12 Height-12 *** *** *** - 

Estimated Biomass 13 EB-13 *** *** *** - 
Height 13 Height-13 *** *** *** - 

Estimated Biomass 13 EB-13 *** *** *** - 
Leaf Area (size of first mature 

leaf) 13 
LA-13 *** *** *** - 

Stomatal Density 13 SD-13 *** *** *** - 
Stomatal Index 13 SI-13 *** *** *** - 

Specific Leaf Area 13 SLA-13 *** *** *** - 
Saccharification Potential 12 SP-12 0.056 *** *** *** 

Table S3.1: Results (p-values) for Northington bioenergy trait data analysis according to the  

general linear model: Yijk = µ + Si + Gj(i) + Bk + εijk where µ is the group mean, Si is the effect of site of 

origin considered as fixed and Gj(i) and Bk are the effects of genotype (nested within site) and block 

respectively both considered as random. In the case of saccharification potential the factor ‘Run’ 

was additionally included as a random effect. Only the site effect for SP-12 failed to reach 

significance at p<0.001 (***).   
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Table S3.2: Top loading SNPs of the genetic variance   

1st PC of Genetic Variance 2nd PC of Genetic Variance 

SNP  Chrom Position SNP  Chrom Position 

SNP_IGA_1_7274054 1 7227243 SNP_IGA_1_15053740 1 14955949 

SNP_IGA_1_13220806 1 13134242 SNP_IGA_1_15056764 1 14958963 

SNP_IGA_1_13237186 1 13150539 SNP_IGA_1_16661360 1 16553598 

SNP_IGA_1_14122692 1 14030363 SNP_IGA_1_16661471 1 16553709 

SNP_IGA_1_36544278 1 36323586 SNP_IGA_1_40086077 1 39844561 

SNP_IGA_1_37015899 1 36792585 SNP_IGA_1_40228383 1 39985934 

SNP_IGA_1_39968252 1 39727624 SNP_IGA_1_40873758 1 40627526 

SNP_IGA_1_39975595 1 39734937 SNP_IGA_1_40873926 1 40627694 

SNP_IGA_1_40070825 1 39829459 SNP_IGA_1_40875390 1 40629152 

SNP_IGA_1_40243162 1 40000617 SNP_IGA_1_40875768 1 40629529 

SNP_IGA_1_40694306 1 40449292 SNP_IGA_1_40875926 1 40629687 

SNP_IGA_1_41242171 1 40993500 SNP_IGA_1_40878845 1 40632602 

SNP_IGA_1_44799015 1 44533282 SNP_IGA_1_41797255 1 41544894 

SNP_IGA_1_44799337 1 44533604 SNP_IGA_1_41801766 1 41549367 

SNP_IGA_1_44799945 1 44534208 SNP_IGA_2_2433036 2 2417251 

SNP_IGA_1_44800300 1 44534563 SNP_IGA_2_2434128 2 2418340 

SNP_IGA_1_44800585 1 44534848 LG_IV_12_SNP3_131 4 10551545 

SNP_IGA_1_46855595 1 46578467 LG_IV_12_SNP3_374 4 10551788 

PnGI2_2_5805 2 4337318 LG_IV_13_SNP3_120 4 16452909 

SNP_IGA_6_16437767 6 16339139 SNP_IGA_6_5542840 6 5506967 

SNP_IGA_6_18823181 6 18711164 LG_VI_31_VS_SNP_330 6 5509161 

SNP_IGA_6_19419876 6 19304319 LG_VI_1_SNP_417 6 6392234 

SNP_IGA_6_20266059 6 20145216 SNP_IGA_6_6434155 6 6392913 

SNP_IGA_6_20310375 6 20189272 SNP_IGA_6_8173406 6 8120394 

SNP_IGA_6_22532236 6 22397386 SNP_IGA_6_8296993 6 8243173 

SNP_IGA_6_24634754 6 24485978 SNP_IGA_6_8313229 6 8259332 

SNP_IGA_6_24769337 6 24619824 SNP_IGA_6_9716406 6 9653686 

SNP_IGA_6_24774981 6 24625442 SNP_IGA_6_10271800 6 10205566 

SNP_IGA_6_24774991 6 24625452 SNP_IGA_6_10279476 6 10213196 

SNP_IGA_6_24781235 6 24631627 SNP_IGA_6_11937988 6 11861622 

SNP_IGA_6_24783819 6 24634193 SNP_IGA_6_13862916 6 13776183 

SNP_IGA_6_25185449 6 25033242 SNP_IGA_6_14645279 6 14554460 

SNP_IGA_7_3578512 7 3555624 SNP_IGA_6_16676496 6 16576637 

SNP_IGA_7_9438890 7 9387073 SNP_IGA_6_16687214 6 16587264 

PnPHYB1_2895 8 6557240 SNP_IGA_6_16688545 6 16588592 

PnPHYB1_3962 8 6558307 SNP_IGA_6_16690762 6 16590804 

SNP_IGA_8_6601827 8 6559447 SNP_IGA_6_16690877 6 16590919 

SNP_IGA_8_13725657 8 13636860 SNP_IGA_6_16691030 6 16591072 

SNP_IGA_8_13915521 8 13825604 SNP_IGA_6_22139145 6 22006673 

SNP_IGA_9_2188633 9 2176995 SNP_IGA_8_2418643 8 2403351 

SNP_IGA_10_8995306 10 8948229 SNP_IGA_8_4148062 8 4121963 

SNP_IGA_10_10730609 10 10672020 SNP_IGA_8_4193850 8 4167476 

SNP_IGA_10_10730870 10 10672281 SNP_IGA_8_4523212 8 4494413 

SNP_IGA_10_10990279 10 10930002 SNP_IGA_8_4535691 8 4506797 

SNP_IGA_10_18007555 10 17901332 SNP_IGA_8_4743234 8 4713025 
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SNP_IGA_10_18024087 10 17917745 SNP_IGA_8_5487674 8 5452686 

SNP_IGA_10_19126217 10 19013201 SNP_IGA_8_5546292 8 5510958 

SNP_IGA_10_19187127 10 19073708 SNP_IGA_8_5546660 8 5511326 

SNP_IGA_10_19199707 10 19086211 SNP_IGA_8_5548518 8 5513179 

SNP_IGA_11_15247189 11 15171285 SNP_IGA_8_5549908 8 5514562 

SNP_IGA_11_15247934 11 15172029 SNP_IGA_8_8091250 8 8038989 

SNP_IGA_12_1235719 12 1229139 SNP_IGA_8_10118033 8 10051870 

SNP_IGA_12_1238434 12 1231835 LG_VIII_7_SNP_139 8 11908296 

SNP_IGA_13_11740149 13 11679811 SNP_IGA_8_13515150 8 13427775 

SNP_IGA_13_11741946 13 11681600 LG_IX_29_SNP_33 9 1380161 

SNP_IGA_13_12355980 13 12292126 SNP_IGA_9_5174314 9 5143731 

CTR_14_16529014_Y 14 16428806 SNP_IGA_9_8280533 9 8229643 

CTR_14_16529690_R 14 16429482 SNP_IGA_10_6835493 10 6801839 

SNP_IGA_16_5416441 16 5381212 SNP_IGA_10_9798703 10 9746379 

SNP_IGA_16_13555205 16 13475278 SNP_IGA_10_17524587 10 17421479 

SNP_IGA_17_8593313 17 8546381 SNP_IGA_10_20861917 10 20737901 

SNP_IGA_17_8614723 17 8567690 LG_XII_16_194 12 13283457 

SNP_IGA_17_8673065 17 8625722 SNP_IGA_13_15374531 13 15291398 

SNP_IGA_17_8680132 17 8632761 SNP_IGA_13_15378652 13 15295498 

SNP_IGA_17_8847506 17 8799219 SNP_IGA_13_15378676 13 15295522 

SNP_IGA_17_9000564 17 8951501 SNP_IGA_13_15379235 13 15296077 

SNP_IGA_17_9233197 17 9183244 SNP_IGA_13_15379694 13 15296536 

SNP_IGA_17_9487328 17 9436135 SNP_IGA_13_15379753 13 15296595 

SNP_IGA_17_9755876 17 9703856 SNP_IGA_13_15379771 13 15296613 

SNP_IGA_17_10009615 17 9956463 SNP_IGA_13_15380027 13 15296869 

SNP_IGA_17_10016822 17 9963639 SNP_IGA_13_15380275 13 15297117 

SNP_IGA_17_10047883 17 9994542 SNP_IGA_13_15380761 13 15297602 

SNP_IGA_17_10050696 17 9997343 SNP_IGA_13_15435083 13 15351560 

SNP_IGA_17_10075626 17 10022138 LG_XVIII_5_SNP3_197 18 11664795 

Table S3.2: These are the top 1% (74) loaded SNPs for the first 2 principal components of the 

genetic variance. The top 0.2% (15) SNPs are highlighted in light green.  
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Table S3.3: Values of BIC from stepwise GWAS model selection  

Trait Simple P Q K Q+K P+K 

BA13 2104.528 1879.762 1906.136 1858.275 1849.501 1924.513 

CA -
1852.822 

-
1905.569 

-
1929.926 

-
1908.659 

-
1910.051 

-
1792.821 

CNPL 1988.267 1434.307 1571.498 1447.343 1412.052 1472.307 

EB11 -
3635.078 

-
3783.695 

-
3751.132 

-
3785.649 

-
3781.845 

-
3664.672 

EB12 -700.754 -926.094 -873.709 -927.399 -931.580 -840.139 

EB13 -
2473.845 

-
2699.044 

-
2680.410 

-
2711.070 

-
2714.395 

-
2599.190 

Height11 6615.015 6510.830 6524.727 6496.379 6482.333 6517.909 

Height12 7320.836 7113.626 7153.951 7096.978 7082.663 7107.852 

Height13 6810.509 6619.213 6620.005 6600.461 6580.680 6620.663 

LA 418.118 -98.509 42.947 -89.072 -116.651 -45.374 

SC13 547.533 483.576 486.502 451.602 453.288 545.544 

SD 5227.262 5086.744 5147.682 5108.719 5093.329 5119.460 

SI 1634.514 1570.293 1618.412 1576.617 1580.358 1644.103 

SLA 2332.011 2250.702 2321.554 2276.783 2269.630 2316.960 

SP 252.584 266.768 252.963 249.287 257.310 350.655 
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Table S3.4: RNAseq count data for each of the trees, genes and tissues shown in Figure S3.12 

 

Table S3.4: There are 8 biological replicates (individual trees) for each of the 3 genotypes (Spain, France and Italy). Both raw (count normalisation = "None") and mean 

ratio method (count normalisation = "MRM") counts are reported for each gene, tissue and replicate. The MRM normalisation was implemented in DESeq2 according to 

the methodology described in: Anders and Huber (2010) "Differential expression analysis for sequence count data", Genome Biology, 11, R106. The MRM normalised 

counts were used to plot the transcript abundance boxplots depicted in Figure S3.12.   

Tissue Poptr_v2 Poptr_v2 description Ath best hit E-value Ath hit description Count Normalisation Sp_1 Sp_2 Sp_3 Sp_4 Sp_5 Sp_6 Sp_7 Sp_8 Fr_1 Fr_2 Fr_3 Fr_4 Fr_5 Fr_6 Fr_7 Fr_8 It_1 It_2 It_3 It_4 It_5 It_6 It_7 It_8

None 568 371 508 564 404 377 576 359 637 691 590 549 796 637 479 474 607 634 568 619 532 466 733 479

MRM 500 430 564 447 467 388 357 373 659 818 617 612 870 781 639 522 611 646 525 584 499 476 665 285

None 72 38 74 41 37 79 47 35 91 56 80 56 71 55 36 74 53 25 63 33 46 33 69 47

MRM 63 44 82 33 43 81 29 36 94 66 84 62 78 67 48 82 53 25 58 31 43 34 63 28

None 1474 1868 1713 3157 1827 2553 1289 1226 1466 2241 1024 1872 1534 1762 2191 2558 1186 1382 786 629 969 1069 878 1723

MRM 1974 2627 1955 3743 1842 2220 843 1312 1537 2524 1249 1297 1775 1769 1324 2497 1218 1328 961 749 979 665 900 1539

None 214 313 205 169 361 223 257 115 342 150 314 401 320 203 406 218 333 179 187 140 335 353 320 169

MRM 287 440 234 200 364 194 168 123 359 169 383 278 370 204 245 213 342 172 229 167 338 220 328 151

None 422 475 648 518 486 591 666 500 556 418 515 839 538 658 664 483 600 777 688 503 855 509 273 369

MRM 437 497 603 474 663 640 551 503 717 364 596 471 542 619 752 577 694 548 486 407 715 639 348 501

None 13 23 15 15 9 7 21 15 12 46 23 45 33 22 14 23 11 18 37 22 24 13 19 12

MRM 13 24 14 14 12 8 17 15 15 40 27 25 33 21 16 27 13 13 26 18 20 16 24 16

Devoloping Xylem

Leaf

Fine Roots

unknown protein; Involved in : vegetative to reproductive phase transition of meristem

3.00E-13

1.00E-115

AT3G05880.1

AT5G15840.1

AT3G05880.1

AT4G12680.1

3.00E-13

2.00E-53

RARE-COLD-INDUCIBLE 2A, RCI2A;   Induced by low temperatures, dehydration and salt stress and ABA. Encodes a small (54 amino acids), highly hydrophobic protein that bears two potential transmembrane domains.

Encodes a protein showing similarities to zinc finger transcription factors, involved in regulation of flowering under long days. Acts upstream of FT and SOC1

RARE-COLD-INDUCIBLE 2A, RCI2A;   Induced by low temperatures, dehydration and salt stress and ABA. Encodes a small (54 amino acids), highly hydrophobic protein that bears two potential transmembrane domains.

Poptr_0013s00340

Poptr_0004s10800

Poptr_0013s00340

Poptr_0007s11900

similar to Hydrophobic protein RCI2A

similar to CONSTANS-like protein CO2

similar to Hydrophobic protein RCI2A

unknown protein

3.00E-13

2.00E-53

RARE-COLD-INDUCIBLE 2A, RCI2A;   Induced by low temperatures, dehydration and salt stress and ABA. Encodes a small (54 amino acids), highly hydrophobic protein that bears two potential transmembrane domains.

Encodes a protein showing similarities to zinc finger transcription factors, involved in regulation of flowering under long days. Acts upstream of FT and SOC1

Poptr_0013s00340

Poptr_0004s10800

similar to Hydrophobic protein RCI2A

similar to CONSTANS-like protein CO2

AT3G05880.1

AT5G15840.1
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Appendix C         Chapter 4 Supplementary Data 

 

Figure S4.1: Savigliano Site Layout. A) The field trial at Savigliano is laid out in 8 blocks 

spaced 5m apart with blocks 1-4 designated as drought (rainfed) and blocks 5-8 designated 

as watered (irrigated). B) Within blocks trees were planted 75cm apart in single rows with 

2.3m between rows. 
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Figure S4.2: Savigliano Site Management. The Savigliano site was established from cuttings in 

April 2013 and established through the summer of 2013. The site was coppiced in March 

2014 and trees were single stemmed in April. Allometric biomass measurements (main stem 

height and diameter) were carried out in June and repeated in August along with leaf 

phenotyping. Trees were coppiced again in March 2015. In summer 2015 irrigated and 

rainfed treatments were implemented and June and August measurements carried out pre 

and post-treatment.   
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Figure S4.3: Volumetric Soil Moisture Probe Data. All 8 blocks had Decagon EC5 soil moisture 

probes installed at 20 and 40cm depth in 2015. Recorded volumetric soil moisture content is 

shown for each probe from 11th June (the date of installation) to 18th September. The probe at 

40cm in block 7 (circled) was discordant and was discarded from the before after control 

impact (BACI) calculation shown in Figure 4.1B. 
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Figure S4.4: GBS Data Pre-Processing Following Library Enrichment and Sequencing. Read 

demultiplexing was carried out with CASAVA 1.8.3 (Illumina, USA) using the 6 random base 

de-duplication tags which followed the 8 index bases (adapter) sequenced by the index-

primer; as described in the Ovation Target Enrichment manual. Cutadapt was used to remove 

leftover adapter sequences by searching for alignment matches to either the standard 

Illumina adapter or the linker sequence residing between each probe and the remaining 

Illumina-like adapter (the first 15bp sequenced by “second-in-pair” reads). Low quality ends 

were removed using erne-filter as previously described. Alignment of paired reads to the 

reference genome of P. trichocarpa was performed with the BWA MEM algorithm (v0.7.10). A 

custom script was used to remove PCR duplicates by means of the 5’ position of “first-in-pair” 

reads and their corresponding random 6 bases (de-duplication tag) sequenced after the 

index. SNP calling was performed with GATK Unified Genotyper as previously described. All 

SNP calls residing in regions involved in probe hybridization were removed as potentially 

generated by spurious nucleotides in the primers acting as probes. SNP sites were then 

divided into those targeted by the SNP selection panel and those discovered de novo; to a 

maximum distance of 1000bp from each probe’s 3’-end. Genotype calls were further refined 

on the basis of: i) Minimum coverage of 6 reads to call homozygous samples; ii) MAF > 0.20 to 

call heterozygous genotypes; iii) Minimum SNP quality score ≥ 500 for targeted SNPs and ≥ 

1000 for off-target SNPs.   
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Figure S4.5: MAF Distribution of ‘On-Target’ and ‘Off-Target’ SNPs in ‘Stringent’ and ‘Liberal’ 

Marker Sets. Minor allele frequency (MAF) distribution is shown for A) the 27,510 targeted 

SNPs in the ‘stringent’ marker set; B) the 29,588 de novo discovered SNPs in the ‘stringent’ 

marker set; C) all 57,098 SNPs in the ‘stringent’ marker set; D) the 51,746 targeted SNPs In 

the ‘liberal’ marker set; E) the 80,515 de novo discovered SNPs in the ‘liberal’ marker set and 

F) all 132,261 SNPs in the ‘liberal’ marker set. 
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Figure S4.6: STRUCTURE Analysis of Neutral Genetic Variation Finds Optimal K=2. 1000 

randomly selected, putatively neutral, unlinked SNPs were employed in modelling clusters 

(K’s) 1-10. The method of Evanno et al. (2005) was used to select the optimal value of K, 

which was found to equal 2. 
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Figure S4.7: PCA of Neutral Genetic Variation Identifies 7 Significant PCs. The first 7 PCs of the 

neutral genetic variation (1000 SNPs) are found to be significant from broken stick 

modelling. 
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Figure S4.8: Distribution of FST, PC1 Squared Loadings, and XTX of ‘Stringent’ Marker Set. A) 

Distribution of the squared loadings of the first principal component of the genetic variance 

of the ‘stringent’ marker set. B) Distribution of per locus FST in the ‘stringent’ marker set. C) 

Scatter plot of these variables with SNPs overlapping in the top 1% of the distribution for 

both measures shaded. 
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Figure S4.9: Overlap between FST, XTX and PC1 Loading Outliers.  The Venn diagram shows 

the overlap between markers in the top 1% (571 SNPs) of the empirical distributions of per 

locus FST, PC1 eigenvalue loadings and XTX for the 57,098 markers in the ‘stringent’ marker 

set. 34 SNPs in 25 genes are shared by the outliers of all 3 measures of population 

differentiation. A Fisher’s exact test shows there is greater overlap of outlier SNPs between 

measures of population differentiation than expected by random chance (p<0.001).  
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Figure S4.10: Identifying Candidates for Selection for Drought Resistance. Venn diagrams 

show overlap between XTX outliers and the top 1% of Bayes factors (BF) and top 1% of 

Spearman’s rank coefficients (p) for all SNPs in ‘stringent’ marker set with A) DRI AGR and B) 

DRI LA. SNPs in the top 1% of the distribution of BF and p can be considered as putative 

candidates for adaptive selection for drought resistance (Günther and Coop 2013). 257 and 

221 markers meet this threshold for A) DRI AGR and B) DRI LA respectively (98 shared by 

both indices). 3 and 2 markers for DRI AGR and DRI LA respectively further overlap with the 

top 1% of the empirical distribution of XTX (1 shared by both indices).  
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Figure S4.11: Manhattan and QQ Plots for ‘Stringent’ Marker Set, All Traits 2014. A) AD, B) 

AGR, C) AH, D) ASVI, E) JD, F) JH, G) JSVI, H) LA, I) LL, J) LW, K) LWR, L) LWt, M) RGR, N) SLA
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Figure S4.12: Manhattan and QQ Plots for ‘Stringent’ Marker Set, All Traits 2015.  A) AD Irrigated, B) AD Rainfed, C) AGR Irrigated, D) AGR Rainfed, E) AH 

Irrigated, F) AH Rainfed, G) ASVI Irrigated, H) ASVI Rainfed, I) DRI AGR, J) DRI LA, K) JD, L) JH, M) JSVI, N) LA Irrigated, O) LA Rainfed, P) LL Irrigated, Q) LL 

Rainfed, R) LW Irrigated, S) LW Rainfed, T) LWR Irrigated, U) LWR Rainfed, V) LWt Irrigated, W) LWt Rainfed, X) RGR Irrigated, Y) RGR Rainfed, Z) SLA Irrigated, 

AA) SLA Rainfed, AB) YSI AGR, AC) YSI LA  
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Figure S4.13: Manhattan and QQ Plots for ‘Liberal’ Marker Set, All Traits 2014. A) AD, B) AGR, 

C) AH, D) ASVI, E) JD, F) JH, G) JSVI, H) LA, I) LL, J) LW, K) LWR, L) LWt, M) RGR, N) SLA 
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Figure S4.14: Manhattan and QQ Plots for ‘Liberal’ Marker Set, All Traits 2015. A) AD Irrigated, B) AD Rainfed, C) AGR Irrigated, D) AGR Rainfed, E) AH Irrigated, 

F) AH Rainfed, G) ASVI Irrigated, H) ASVI Rainfed, I) DRI AGR, J) DRI LA, K) JD, L) JH, M) JSVI, N) LA Irrigated, O) LA Rainfed, P) LL Irrigated, Q) LL Rainfed, R) LW 

Irrigated, S) LW Rainfed, T) LWR Irrigated, U) LWR Rainfed, V) LWt Irrigated, W) LWt Rainfed, X) RGR Irrigated, Y) RGR Rainfed, Z) SLA Irrigated, AA) SLA 

Rainfed, AB) YSI AGR, AC) YSI LA
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Figure S4.15: Distribution of effect sizes for significant trait-marker associations. The effect 

sizes (marker r2) of the 223 genome-wide significant trait-marker associations identified 

from GWAS were extracted from the TASSEL results files and range from 1.8% to 10.0% of 

the phenotypic variance explained by a given SNP. 
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Figure S4.16: Robust and Treatment Specific Candidate Genes for Yield Traits. 20 SNPs (17 

candidate genes) within the ‘liberal’ and / or ‘stringent’ marker sets are associated with one 

or more of the closely correlated and moderately to highly heritable yield traits: AH, AD, ASVI, 

AGR, LWt, LL, LW and LA in 2015. Candidates associated with a given trait only under rainfed 

conditions are shown in red. Candidates associated with a trait only under irrigated 

conditions are shown in blue. Candidates that are robustly trait associated under both 

irrigated and rainfed conditions are shown in green.   
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Table S4.1: Acronyms and descriptions for biomass yield and leaf development traits 

quantified in 2014 and 2015 

Acronym Trait Description Year 

JH June Height (Main Stem, cm) 2014 and 2015 
JD June Diameter (Main Stem, mm) 2014 and 2015 

JSVI June Stem Volume Index (cm3) 2014 and 2015 
AH August Height (Main Stem, cm) 2014 and 2015 
AD August Diameter (Main Stem, mm) 2014 and 2015 

ASVI August Stem Volume Index (cm3) 2014 and 2015 
AGR Absolute Growth Rate (June to August, cm3 d-1) 2014 and 2015 
RGR Relative Growth Rate (June to August, cm3 cm-3 d-1) 2014 and 2015 
LWt Leaf Weight (g) 2014 and 2015 
LL Leaf Length (mm) 2014 and 2015 

LW Leaf Width (mm) 2014 and 2015 
LWR Leaf Length: Width Ratio 2014 and 2015 
LA Leaf Area (mm2) 2014 and 2015 

SLA Specific Leaf Area (mm2 g-1) 2014 and 2015 
DRI AGR Drought Resistance Index calculated from AGR after 

(Fischer and Maurer, 1978) 
2015 

DRI LA Drought Resistance Index calculated from LA 
(Fischer and Maurer, 1978) 

2015 

YSI AGR Yield Stress Index calculated from AGR (Fernandez, 
1992) 

2015 

YSI LA Yield Stress Index calculated from LA (Fernandez, 
1992) 

2015 
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Table S4.2: Available whole genome sequencing data from 51 P.nigra accessions; genotype 

accession codes and average coverage of sequencing. 

Accession code 
Avg. 

coverage (x) 
Accession 

code 
Avg. 

coverage (x) 
Accession 

code 
Avg. 

coverage (x) 

BDG 64.65 98568-1 3.24 N11 5.34 

71077-308 68.35 99582-1 11.30 N47 2.18 

POLI 93.81 92510-3 10.21 N38 2.79 

BEN3 52 92520-6 10.52 SN11 5.23 

NL2051 5.97 92525-25 17.94 SN21 9.61 

NL1217 7.40 92538 12.24 SN26 6.47 

NL1238 7.16 71072-501 2.94 SN40 3.64 

NL1329 5.10 SRZ 14.37 58-861 4.43 

NL1682 4.47 1A10 16.89 PG-5 2.92 

NL1797 2.32 6A06 17.90 PG13 2.27 

Ginsheim1 4.45 6A23 14.91 PG22 7.41 

Ginsheim3 6.02 6A31 11.74 C1 2.11 

NVHOF_2-19 14.48 VGN 15.00 C12 2.83 

NVHOF_3-17 3.46 72145-7 12.26 C2 4.37 

NVHOF_3-5 6.49 73193-25 3.07 C6 4.38 

FTNY-18 4.91 BDX-06 2.97 CART5 3.01 

FTNY-19 7.28 CZB-25 8.90 RIN4-1 3.30 
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Table S4.3: Results of general linear model (GLM) analysis for all traits in 2014 and 2015. 

Significance (P) values are provided for all main effects and interactions including the effect 

of drought imposition in 2015. A * indicates p <0.05; ** indicates p <0.01 and *** indicates p 

<0.001.   

Trait Treatment 
Site of 

Origin (SO) 
Treatment 

* SO 
Genotype 

(SO) 
Treatment * 

Genotype (SO) 
Block 

(Treatment) 

JH_14 - *** - *** - *** 

JD_14 - *** - *** - *** 

JSVI_14 - *** - *** - *** 

AH_14 - *** - *** - *** 

AD_14 - *** - *** - *** 

ASVI_14 - *** - *** - *** 

AGR_14 - *** - *** - *** 

RGR_14 - *** - *** - *** 

LWt_14 - *** - *** - ** 

LL_14 - *** - *** - * 

LW_14 - *** - *** - *** 

LWR_14 - *** - *** - *** 

LA_14 - *** - *** - *** 

SLA_14 - * - *** - *** 

JH_15 - *** - *** - *** 

JD_15 - *** - *** - *** 

JSVI_15 - *** - *** - *** 

AH_15 0.359 *** *** *** 0.854 *** 

AD_15 0.89 *** *** *** 0.153 *** 

ASVI_15 0.664 *** *** *** 0.277 *** 

AGR_15 0.402 *** *** *** 0.315 *** 

RGR_15 * *** * *** 0.124 *** 

LWt_15 0.167 *** 0.062 *** 0.191 ** 

LL_15 ** *** *** *** * *** 

LW_15 * *** *** *** 0.313 *** 

LWR_15 0.815 *** 0.066 *** 0.422 *** 

LA_15 * *** *** *** 0.251 *** 

SLA_15 0.121 ** 0.069 *** *** *** 
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Table S4.4: Values of BIC from stepwise model selection for GWAS ‘optimal’ model for all 

traits.  

Trait Simple P Q K Q+K 

JH_14 4287.702 3970.463 3989.617 4002.096 3964.316 

JD_14 2299.412 1868.558 1878.315 1905.805 1855.838 

JSVI_14 2616.803 2183.374 2190.503 2220.685 2171.93 

AH_14 4969.287 4628.733 4637.656 4663.4 4614.833 

AD_14 3061.688 2672.499 2659.927 2707.383 2650.252 

ASVI_14 3722.324 3307.108 3295.107 3346.203 3286.302 

AGR_14 1768.074 1361.145 1347.597 1402.039 1348.005 

RGR_14 115.3186 109.8861 120.1886 99.93846 108.6132 

LWt_14 -191.2116 -769.6307 -653.0221 -667.3856 -723.6647 

LL_14 4220.512 3642.578 3777.08 3753.144 3687.361 

LW_14 4417.411 3858.159 3965.816 3944.08 3879.769 

LWR_14 -695.3391 -735.7987 -717.8575 -741.7193 -734.4804 

LA_14 4153.965 3566.145 3689.807 3661.454 3595.843 

SLA_14 -1674.271 -1640.835 -1673.515 -1665.148 -1652.964 

JH_15 4201.209 3802.909 3874.694 3863.803 3812.746 

JD_15 2408.623 1892.384 1951.603 1964.058 1894.662 

JSVI_15 2549.468 2041.945 2096.749 2106.796 2040.943 

AH_15 7669.561 7339.939 7342.534 7363.223 7315.42 

AD_15 3139.954 2780.559 2789.372 2821.122 2776.143 

ASVI_15 3618.226 3239.175 3239.25 3275.768 3227.368 

AGR_15 1777.434 1407.852 1406.04 1448.601 1404.039 

RGR_15 -141.9847 -164.8077 -159.8951 -159.5251 -155.1207 

AH_Drt_15 10251.13 9939.341 9929.039 9946.404 9892.268 

AD_Drt_15 3021.765 2710.089 2713.682 2717.195 2689.02 

ASVI_Drt_15 3502.12 3161.713 3157.809 3180.082 3143.099 

AGR_Drt_15 1648.013 1320.946 1314.321 1342.469 1310.192 

RGR_Drt_15 501.6955 449.5452 491.4406 472.8778 476.9972 

DRI_AGR -980.425 -968.5549 -990.174 -982.6796 -974.5155 

YSI_AGR -414.1283 -787.0788 -781.0804 -746.4043 -780.6643 

LWt_15 -82.42947 -550.029 -462.009 -469.5692 -515.1982 

LL_15 4240.338 3734.948 3854.717 3838.71 3775.898 

LW_15 4515.302 4038.018 4128.705 4114.827 4054.763 

LWR_15 -543.1321 -600.8849 -576.7935 -594.2943 -589.8275 

LA_15 4244.263 3737.095 3845.031 3824.357 3763.023 

SLA_15 -1147.818 -1129.651 -1153.408 -1139.187 -1130.439 

LWt_Drt_15 -133.0071 -534.1875 -480.3538 -477.6397 -518.9687 

LL_Drt_15 4167.745 3762.383 3844.312 3828.697 3777.012 

LW_Drt_15 4423.438 4021.147 4073.653 4074.262 4016.936 

LWR_Drt_15 -629.2734 -674.9399 -666.8779 -669.2934 -667.8199 

LA_Drt_15 4147.53 3730.432 3795.3 3784.345 3731.252 

SLA_Drt_15 -781.2585 -768.9644 -802.7759 -780.6862 -781.233 

DRI_LA 62.61226 86.21564 61.03545 69.84576 77.52395 

YSI_LA -622.0042 -1085.236 -988.1502 -999.0576 -1044.347 
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Table S4.4: Simple (no correction); P (7 significant principle components of the neutral genetic 

variation included as covariate); Q (K=2 Q-matrix included as covariate); K (kinship matrix included 

as covariate) and Q+K (Q-matrix and kinship matrix included as covariates) were considered. The 

lowest value of BIC (and hence the ‘optimal’ model) for each trait is highlighted in bold font. In 3 

instances (AGR_14, DRI_AGR and DRI_LA) the model with the lowest value of BIC proved 

inadequate from inspection of QQ plots. In these cases a more stringent model was selected and 

these are indicated with bold, italic font.      


