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ABSTRACT
Background and Aims
Bioenergy crops are central to climate mitigation strategies that utilize biogenic carbon, such as BECCS (Bioenergy with Carbon Capture and Storage), alongside the use of biomass for heat, power, liquid fuels and in the future,  biorefining to chemicals. Several promising lignocellulosic crops are emerging that have no food role – fast growing trees and grasses – but are well suited as bioenergy feedstocks, including Populus, Salix, Arundo, Miscanthus, Panicum, and Sorghum.
Scope
These promising crops remain largely undomesticated and, until recently, have had limited germplasm resources. In order to avoid competition with food crops for land and nature conservation, it is likely that future bioenergy crops will be grown on marginal land that is not needed for food production and is of poor quality and subject to drought stress. Thus, here we define an ideotype for drought tolerance that will enable biomass production to be maintained in the face of moderate drought stress. This includes traits that can readily be measured in wide populations of several hundred unique genotypes for genome wide association studies (GWAS), alongside traits that are informative but can only easily be assessed in limited numbers or training populations that may be more suitable for Genomic Selection (GS). Phenotyping, not genotyping, is now the major bottleneck for progress since in all lignocellulosic crops studied, extensive use has been made of next generation sequencing such that several thousand markers are now available and populations are emerging that will enable rapid progress for drought tolerance breeding. The emergence of novel technologies for targeted genotype-by-sequencing are particularly welcome. Genome Editing (GE) has already been demonstrated for Populus and offers significant potential for rapid deployment of drought tolerant crops through manipulation of ABA receptors, as demonstrated in Arabidopsis, with other gene targets yet to be tested.
Conclusions   
Bioenergy is predicted to be the fastest developing renewable energy over the coming decade and significant investment over the past decade has been made in developing genomic resources and in collecting wild germplasm from within the natural ranges of several tree and grass crops. Harnessing these resources for climate-resilient crops for the future remains a challenge but one that is likely to be successful.

INTRODUCTION – BIOMASS IS REQUIRED FOR A LOW CARBON FUTURE
Biomass used for bioenergy has a significant greenhouse gas (GHG) mitigation potential and biomass resources are required now more than ever to ensure a sustainable low-carbon future for the planet. In the most recent Intergovernmental Panel on Climate Change  5th report (IPCC, 2014), the majority of  scenarios rely on bioenergy with carbon capture and storage (BECCS) to remove CO2 from the atmosphere. More recently, in a consideration of pathways to limit global warming to 1.5 ◦C, there is a heavy emphasis on technologies to rapidly achieve net zero or even negative emissions by 2050 - so called Negative Emissions Technologies (NETs, Fuss et al., 2014). The most significant of these technologies include afforestation and reforestation, the use of biochar, Direct Air Capture and Sequestration (DACCS), enhanced weathering of minerals, soil carbon sequestration and BECCS. Of these, BECCS has more potential to deliver reduced global warming than afforestation and reforestation and biochar, although DACCS and soil carbon sequestration are  considered to have an equivalent potential to BECCS (Fuss et al., 2018). For example, in the UK sustainable bioenergy is required to supply at least 10% of energy demand, even in a modest zero emissions scenario (Committee on Climate Change, 2019). Bioenergy and BECCS are significant elements of the technology options to limit global warming, where the favoured feedstocks are second generation (2G) dedicated cellulosic crops (e.g. Miscanthus and poplar). Although other innovative crops being considered include micro- and macro-algae, these are not included here since at present they remain uncompetitive due to the high costs of cultivation and harvest and, in the medium-term at least, may be more suited to high value chemical production (Laurens et al., 2017). Cellulosic crops have no food role, in contrast to many first generation bioenergy crops (e.g. oilseed rape and maize), and can be used for electricity, liquid fuel, biogas, hydrogen production and to supply feedstocks to complex biorefineries, producing energy alongside a range of high quality chemicals (Taylor, 2008). However, the merits of wide-scale bioenergy deployment to reduce greenhouse gas emissions  are still questioned since the Integrated Assessment Models (IAMs), used to explore energy futures make assumptions about land availability, idealized management and also about the cost of carbon. The land that may be required, globally, for future BECCS deployment alone has been estimated between 100- 500 Mha, by 2050 (Slade et al., 2014). At the same time, it is recognised that competition for land is increasing.Land is required for future sustainable food production that optimizes human health (Willett et al., 2019), delivers afforestation and reforestation (Bastin et al., 2019) and as such there is potential for bioenergy crops to displace land for food and other ecosystem services, with negative impacts on the environment (Petty and Barucha, 2014). Where this large land use change may occur and what the implications are for a wide range of ecosystems services and natural capital, including food and nutrient security and the preservation of biodiversity and soil carbon stocks, is only just emerging. Most of the mitigation scenarios use a base-line bioenergy crop yield for modelling of 10 tonnes of biomass ha-1 y-1, but in a recent global analysis of lignocellulosic crop yields (Allwright and Taylor, 2015), it is apparent that yield may be double this baseline value (Laurent et al., 2015). The impact of this on fuel yield will vary, depending on species due to the varying energy densities of different bioenergy crops (Valentine et al., 2011). This gap between actual and potential yield is most often associated with drought stress and is reduced by using irrigation. Interestingly, this study also showed that the most productive lignocellulosic crop was Arundo donax, a largely understudied and unimproved grass.
Despite its potential, significant unresolved challenges remain if BECCS is to be used at appropriate scale to deliver a 3 GtC eq. per year of net negative emissions out to 2100 as part of efforts to avoid a temperature rise in excess of  1.5◦C. Both the CCS and bioenergy components of BECCS require new insights, but significant challenges concerning the supply of sustainable biomass are highlighted in Table 1.
	
Table 1: Ensuring future deployment of bioenergy for climate change mitigation 

	

	Significant challenges to ensure sustainable bioenergy
Land availability  - finding marginal agricultural land for adequate bioenergy crop deployment

	Yield limitations -  addressing the gap between potential and actual yield

	Water use and climate resilience of bioenergy crops– water-energy-food nexus

	Sustainability with respect to ecosystem services, biodiversity and natural capital



At current rates of crop performance,  approximately 500 Mha of land dedicated to biomass supply is needed to fulfil the requirements of BECCS (Figure 1). Although this represents a fraction of that currently used for global arable crop production (1.5 billion ha) or pasture (3.5 billion ha), it is nevertheless significant, at approximately half of the land take estimated that might be available for improved global tree cover (Bastin et al., 2019).  Growth in food consumption is predicted to continue for at least the next 40 years (Godfray et al., 2014), with the consequence that  significant changes are likely  to the global food production system (Godfray et al., 2010) and many of the challenges facing the food system are also relevant to land use for bioenergy crops (Godfray et al., 2014). Although (2G) non-food bioenergy crops – dedicated fast growing trees and grasses - have gained prominence as a potential source of sustainable lignocellulosic biomass that could feed the bioenergy, BECCS and bioeconomy technology requirements (Somerville et al., 2010), they must be delivered with minimal impacts on food crops, in a future where pressure to produce more food will remain.  Thus, future bioenergy yield enhancement should be achieved alongside increasing environmental performance of production systems, with respect to fertilizer inputs, water use, carbon storage, food security and other management strategies to improve ecosystem services. 
The importance of yield increase for BECCS cannot be over-stated. Foley et al., (2011), considered production  intensification as imperative to enable the doubling of food delivery by 2050, thus avoiding further agricultural land expansion. Enhanced yield for BECCS will be particularly powerful, potentially enabling delivery of 100 EJ BECCS by 2100, requiring less than 250 Mha, rather than 300- 500 Mha (Figure 1a). As identified (Godfray et al., 2014) for food crops and in recent work for bioenergy crops as shown in Figure 1, significant gaps between potential and actual yield exist for both crop types. Current germplasm available has the technical potential to deliver >25 t ha-1 y-1 (Figure 1b), but this is rarely realised, because management regimes are often sub-optimal, and are likely to remain so on marginal land without targeting breeding for such specialist low-input conditions.
Significant new opportunities now exist to enhance yield, using technological approaches not available even five years ago, including i. genetic modification through gene editing, ii. plant breeding using molecular approaches and genomic selection, iii. precision agriculture and iv. agroecology as key to closing the yield gap. However, future sustainable intensification should also be minimize fertilizer and water inputs, since they may add to environmental degradation and GHG emissions. In addition to GHG mitigation, a wide consideration of ecosystem services impacts should also be considered for bioenergy cropping (Holland et al., 2015;  Manning et al., 2015; Milner et al., 2016). There seems little doubt that land must be utilised effectively in a future resource-constrained world. In these circumstances, understanding the nature of bioenergy crop yield and how this may be impacted by future climate scenarios is particularly timely and in this context, drought-prone sites where drought tolerant crops can grow, may be particularly important. Alongside this, an assessment of new technologies and how they may be deployed for the perennial lignocellulosic crops is also warranted.

DEVELOPING BIOENERGY CROPS FOR FUTURE DROUGHTED ENVIRONMENTS
Physiological and biochemical responses to water deficit
Water limits crop growth more than any other environmental variable and it is perhaps not surprising that in the largely unimproved germplasm of lignocellulosic feedstock crops, water has a significant and variable impact on yield across a wide range of diverse genetic material (Richard et al., 2019). At the same time, marginal land is likely to be drought-prone land for future  bioenergy crops for climate mitigation using BECCS. Thus, understanding how lignocellulose crops respond to limited water supply is critical for future crop breeding and selection. Observations and data acquired from model plants and food crops are likely to be, at best, only partially informative. Drought tolerance is a complex trait - difficult to quantify and highly variable (Passiora, 2012). For example, plant characteristics conferring positive drought tolerance in some circumstances may become detrimental in other circumstances, depending on the severity and duration of the drought (Tardieu, 2012) and thus it is essential to understand which drought scenarios are relevant for any particular cropping type. Non‐food bioenergy crops such as fast growing trees and grasses are thus required that are able to grow on marginal land where water supply is likely to be limited in future  (Oilver et al., 2019; Viger et al., 2016). Understanding the genetic basis of adaptation to drought is therefore a pressing research priority in these crops (Allwright and Taylor, 2015), where water supply is of overriding importance in determining biomass yield. Genotypes adapted to low precipitation regimes have been identified in a wide range of arable crops and fragmented data are now emerging for bioenergy crops, including Populus and Miscanthus (Da Costa et al., 2019) and also Arundo (Howarth et al 2019), suggesting that enough diversity exists for targeted genetic improvement for drought tolerance. Wide variation has been reported in traits such as intrinsic water use efficiency, leaf carbon isotope discrimination, stomatal conductance, stomatal density, and differences in gene expression and metabolic changes in response to drought in Populus and several bioenergy grasses including Phalaris, Dactylis  (Klaas et al., 2019) and Miscanthus (Stavridou et al., 2019) have been identified. The ability of some bioenergy crops, for example Populus species to tolerate extremely droughted environments, including Populus euphratica, found in salty and arid environments such as the Negev desert (Bogeat-Triboulet et al., 2007), has also been noted. Some bioenergy crops, in contrast to those considered here,  may be desert plants and highly tolerant of dry soils, however these extremes and severe droughts are outside the scope of this review and do not confirm to our ideotype for drought tolerance. Quantifying genetic diversity and understanding the physiological traits associated with genetic variation provides the first step to developing superior plants for drought tolerance that will underpin the release of trees and grasses resilient for future drought-prone climates.  Here we define drought tolerance as the ‘maintenance of plant biomass production in the face of moderate and persistent drought stress’ since this type of drought scenario is likely to be more relevant to continued productivity in biomass bioenergy crops. Much of the research undertaken to date on drought tolerance in model plants and arable crops, such as that on early vigor, flowering time, grain fill, and partitioning, is of limited relevance to bioenergy crops, since these traits in annual crops tend to reflect end-of-life mechanisms to overcome drought stress and are highly dependent on plant developmental stage. Plants mitigate the effects of limited soil water availability through a range of mechanisms and improvements in drought tolerance should be specific to the targeted crop system and the type of drought that occurs most frequently (Tardieu, 2012) and for maintaining productivity in bioenergy crops this means maximising overall biomass accumulation. Thus, drought tolerant genotypes must maintain cell production and expansion, leaf growth, greenness and gas exchange rates under soil water deficits (traits identified as being drought responsive; Liu and Dickman, 1999; Tschaplinski et al., 2006; Marron et al., 2002; Tardieu and Tuberosa, 2010; Di Ollas and Dodd, 2016). Root traits are also important in maintaining biomass production during drought (Parra-Londono et al., 2018; Xie et al., 2017). In contrast, other traits important during terminal or very intense drought events like cell protection mechanisms and cavitation prevention may be less relevant for the drought ideotype being considered here (Marron et al.,2002b; Sack and Holbrook, 2006;  Cochard et al., 2007).

	Developing an ideotype for drought tolerance – understanding complexity for future breeding
An ideotype is defined as the idealized plant for a given environment (Donald, 1968) and here we are interested in the ideotype for drought tolerance in bioenergy crops. Strictly speaking, several bioenergy drought tolerance ideotypes may exist and are likely to be species specific. A drought tolerance ideotype for bioenergy poplar trees suggests that selection of fast growing genotypes originating from wetter areas of Europe (e.g. northern Italy) out-performs those from droughted environments (e.g. southern Spain), even during drought. In this way, we found genotypes with high hydraulic capacity, and large leaves made up of many cells and high stomatal index and responsive stomata, with high transpiration efficiency (TE water loss per unit biomass gained) to be best suited to drought environments across Europe. Moreover, although water use efficiency (WUE) and saccharification potential are less heritable breeding targets, genotypes which combine high yield, WUE and saccharification potential have been identified. Interestingly, saccharification potential increased under moderate drought (Wildhagen et al. 2018). At the same time, Papcek et al., (2019), have over-expressed poplar ABA receptors in Arabidopsis and observed a 26% increase in WUE. This suggests that ABA induced stomatal closure may be an important drought tolerance mechanism in Populus, a result supported by the findings of Brunetti et al., (2019), who demonstrated a tight link between ABA-related gene expression and altered photosynthesis and stomatal conductance in response to drought in this bioenergy tree. The overwhelming impact of ABA control on biomass production was also demonstrated with a range of transgenic poplars grown outdoors (Yu et al. 2019). From these and other findings, a list of key phenotypic traits that are tractable in very large populations of bioenergy crops and underpin the drought tolerance ideotype have been identified and are summarized in Table 2. Since phenotyping has become the costly, time-consuming and ‘bottle-necked’ activity in the study of links between phenotype and genotype (Tardieu et al., 2017), here we have identified two types of informative phenotyping measurement.  1): measurements that can be made in many 100s of samples, that are well-studied and conceptualized and representative of drought responses and used for association and other mapping to inform genetic loci (GWAS traits);  2): measurements that are highly informative but too time consuming for whole population studies and may, therefore, be suited to Genomic Selection traits in training and test populations (GS traits). One area that is significantly understudied in bioenergy crops with respect to drought tolerance is that of root traits (Para-London et al., 2018), for which there is a paucity of information, although a recent report suggests that deep roots may become more significant for water transport in droughted conditions, at least for Arundo (Zageda-Lizarazu and Monti, 2019). Whilst root architecture and function certainly remain an area where further research is required, new modelling approaches are emerging that are likely to be of value in the discovery of root ideotypes for drought tolerance (Schnepf et al., 2018).












Table 2: A summary of phenotyping measurements that provide insight into the ideotype for drought tolerance in bioenergy crops, where type of measurement is defined as either 1) made on many 100s of samples possible for use in GWAS analysis or 2) informative measurements but too costly or time consuming for GWAS and may be more suited to Genomic Selection (GS). 
	Traits of value for drought tolerance assessment in bioenergy crops
	Relationship to drought tolerance
	GWAS or GS trait
	 Ref 

	Whole	plant
biomass
productivity
	Non-destructive assessments of tree diameter and height as a measure of productivity, taken start of drought and end of season. For grasses, tillering has been shown to be linked to yield during drought
	GWAS
	1

	Leaf 	size 	and shape
	Strong evidence as a proxy for yield potential in Populus and a key trait for drought tolerance 
	GWAS
	 2

	Leaf cell production and expansion
	Leaf cell production is highly heritable and linked to leaf size. Cell size has low heritability but elasticity of cells is linked to drought tolerance 
	GWAS
	 3

	Stomatal density and index
	Evidence from several crops of links to water use 
	GWAS
	4

	Turgor loss point and osmotic adjustment
	Literature has shown this to be a valuable trait and can be measured in many samples using an osmometer and metabolite analysis
	GWAS 
	5, 9

	Carbon isotope discrimination as a proxy 	for
WUE (integrated)
	Excellent proxy for integrated seasonal water used efficiency, using wood samples. Extensive evidence on heritability and usefulness in breeding 
	GWAS 
	6

	Hydraulic
conductivity
	Found to be tightly linked to drought tolerance 
	GS
	7

	Stomatal closure
	Rapid partial stomatal closure and maintenance of water potential linked to drought tolerance 
	GS
	NA

	Xylem water potential - - predawn
	A useful indicator to assess plant strategy to avoid or tolerate reduced soil moisture, alongside stomatal conductance 
	GS 
	NA 

	Canopy greenness
	Measured with proximal SPAD, an early indicator for drought tolerance for P. trichocarpa will now be improved using NDVI with a multi-spectral camera mounted on a UAV, with opportunity to quantify other spectra and make 1,000s of measurements, daily 
	GWAS
	NA 

	Canopy and leaf
infra-red temperature
	Hand held IR probe and UAV mounted camera as a proxy for stomatal opening, able to make 1000s, daily 
	GWAS
	NA

	Yield Stress Index
	

	GWAS 
	6

	Drought
Resistance Index
	

Where geno and pheno represent genotypic and phenotypic means 
	GWAS 
	8



Where references are 1, Laurue et al., 2019; 2, Rae et al., 2004; 3, Allwright and Taylor, 2015; 4, Bertolino et al., 2019; 5, Bartlett et al., 2012; 6, Fernandez et al., 1992; 7, Cochard et al., 2007; 8, Fischer and Maurer, 1978; 9, Tschaplinski et al, 2019.

ACCELERATING DISCOVERY - THE TECHNICAL POTENTIAL OF NEW GENOMIC TECHNOLOGIES FOR FUTURE BIOENERGY
Game-changing molecular technologies made available in the last few years are now set to make possible the rapid development and deployment of lignocellulosic bioenergy trees and grasses. Although twenty years in the making, the first reports of the application of Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 9 (CRISPR-Cas9) technology appeared only a few years ago (Lander et al., 2016), enabling precise and efficient gene editing using an adaptive immune response of bacteria (Lander et al., 2016). It is one of a cadre of nuclease technologies able to make precise double-stranded DNA breaks now,  used for significant new discoveries in a range of crop plants, some of which have now been agreed for release by appropriate authorities (Schaeffer and Nakata, 2016).  The advantage of CRISPR-Cas is the ability to back-cross and remove inserted DNA. This leads to fewer regulatory hurdles although the value of this for trees remains to be determined. The potential of these technologies cannot be overestimated – recent research comparing RNAi and CRISPR-Cas modified potatoes shows that although both technologies led to reduced vacuolar invertases, in CRISPR- Cas this was more effective and without the obligatory need to express the RNAi construct in commercial plants, in perpetuity. In the past the use of such new technologies have lagged behind in trees by years and often decades. However, with staggering speed, and only 2 years after the first plant experiment, two separate reports for bioenergy Populus were made in 2015, spanning different species of the Populus genus (Tsai and Xue, 2015; Fan et al., 2015). Many targets are already available that could potentially improve drought tolerance using a gene editing approach including genes coding for ABA receptor proteins and a drought response gene from sugar cane (Bagcy et al., 2019)
At the same time, yield and resilience to climatic stress are complex phenotypes, as described above, that may often be difficult to resolve at the level of a single gene and as such, other approaches are required to determine stacks of underpinning candidate genes for gene editing. Genome- wide association mapping provides the toolkit to develop such approaches and enables significant associations between complex traits and underlying genetic variation to be identified. Although useful in understanding the genetic basis of traits including in bioenergy crops (Lopez-Alverez et al., 2017; Porth et al., 2013) and staple food crops, such as wheat (Rasheed et al., 2018),  GWAS has been of limited value to breeding pipelines or Marker Assisted Selection (MAS) (Janninck et al, 2010). However, a paradigm-shift has occured in the last few years by the introduction of Genomic Selection (GS). Rather than seeking to identify single markers associated with traits of interest, GS uses all marker data to predict the trait in a test population, providing a breeding value that can then be tested in a validation population, as described for Miscanthus by Slavov et al., (2019). This knowledge is now being applied to bioenergy trees and grasses (Resende et al.,  2010) to overcome some of the innate difficulties of undomesticated tree populations with rapid rates of linkage disequilibrium (LD) decay, halving the time of the breeding cycle. Using a sophisticated, approach Slavov et al (2019) show that it is possible to work with multiple breeding targets using GS in the absence of a priori knowledge that may enable effective yield intensification in the future, where environmental constraints such as drought are considered. This approach is revolutionizing animal breeding and from initial results looks to be significantly more accurate for plant systems.
GS relies on a high density of molecular markers, accurate phenotypic data and a training and validation population (Desta et al., 2014). Molecular marker development in lignocellulosic crops has often been limited to relatively small panels of informative SNPs on small populations of individuals. However, rapid progress is now being made in these genetically diverse and unimproved crops. For example, going back to wild populations of  Miscanthus sacchariflorus, which is one of the parents of the commercial hybrid Miscanthus, Clark et al (2019) have identified over 34,000 SNPs in more than 700 individuals in the natural population range of this species across East Asia and have also resolved population structure. This has revealed enhanced genetic diversity relative to the other hybrid parent suggesting M. sacchariflorus as an important source of genetic diversity for future breeding efforts. Such wild collections also have a value in identifying early leads for breeding, since they are phenotypically diverse when assessed for yield and a recent report of such wild hybrids identified yield enhancement relative to the current commercial hybrid  (Huang et al., 2019). Genotyping-by-sequencing (GBS) approaches, as described for Miscanthus  are rapidly providing outstanding resources for molecular breeding, including in the less well characterized bioenergy trees, such as shrub willow (Carlson et al 2019) and oil crops including Jatropha (Vandepitte et al, 2019). For shrub willow, GBS has provided the first insights into linkage analysis and linkage disequilibrium for this crop, and identified chromosome 5 and 10 as important hotspots for yield-related traits. For Populus extensive genotyping has been undertaken in a number of wild populations, but particularly in a collection of wild P. trichocarpa from the western USA that has been effectively used to unravel the genomic basis of stress tolerance and bioenergy wood chemistry traits (Muchero et al., 2018; Porth et al., 2013; Evans et al., 2014). Even for forest trees, where secondary cell wall biosynthesis is complex and different to many monocot crop plants (Meents et al., 2018), progress is being made for widescale genotyping.  Despite this progress, however, GBS still remains costly and this may limit progress. In a novel genotyping-by -sequencing (GBS) approach that addresses the efficient and effective deployment of markers, in P. nigra, Single Primer Enrichment Technology (SPET) was used for the first time, to target SNPs within each gene model, thus reducing costs and providing a ‘smart’ enrichment technology. This provides a significant improvement over random sampling over genomic loci that may contain much redundancy and is inconsistent between laboratories (Scaglione et al., 2019).

OUTLOOK - BIOENERGY FUTURES IN A RESOURCE-CONSTRAINED WORLD
Bioenergy will lead the growth in renewables over the coming decades, according to the International Energy Agency renewables report, 2018 and will continue to make the largest contribution, globally to renewable energy, significantly through generation of heat and as a transport fuel and increasingly as part of the circular bioeconomy. Added to this, as BECCS technologies mature and are more widely deployed, bioenergy will also play a key role in the move towards net zero or negative CO2 emissions that will enable the global temperature rise to be held below  2.0 ◦C. Thus, bioenergy will be increasingly required for the emerging low carbon economy and society. At the same time, sustainable second generation, non-food, lignocellulosic crops that are key to these bioenergy developments remain largely under-developed with limited breeding and selection. Their perenniality, long breeding cycles, wide and heterogeneous germplasm and untapped genomic resources, until recently have presented a bottleneck.  However, as this review reports, the utilization of emerging DNA technologies is providing a step-change in discovery and accelerating our understanding of complex drought tolerance traits and their links to underlying genes and suites of molecular markers that can be used to underpin an array of genomic approaches for breeding and improvement. At the same time, although phenotyping remains a bottleneck that is now limiting how these genomic technologies can be deployed (Tardieu et al., 2017), the research reported here provides a clear insight into the ideotypes for drought tolerance that should be targeted using molecular breeding approaches and modelling frameworks to ensure success over the coming decades. Alongside this, genome editing has already been demonstrated in bioenergy Populus trees and provides a significant opportunity to develop future bioenergy crops that can tolerate droughted environments without incurring a yield penalty.
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Figure 1: A) land area required for global bioenergy crops [modified from Slade et al., 2014] and B) A synthesis of potential and actual yield data (inset) from a survey of yield experiments for three focal 2G lignocellulosic non-food crops, illustrating the existence of a significant yield gap [modified from Allwright and Taylor, 2015].
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