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Agroecological genetics of biomass allocation in wheat uncovers
genotype interactions with canopy shade and plant size

Guy Golan! (), Jacob Weiner” (), Yusheng Zhao' (*) and Thorsten Schnurbusch'?

"Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), OT Gatersleben, 06466, Seeland, Germany; 2Department of Plant and Environmental Sciences, University of Copenhagen,

DK-1871, Frederiksberg, Denmark; *Martin Luther University Halle-Wittenberg, Faculty of Natural Sciences III, Institute of Agricultural and Nutritional Sciences, 06120, Halle, Germany

Summary

Author for correspondence:
Guy Golan
Email: golan@ipk-gatersleben.de

¢ How plants distribute biomass among organs influences resource acquisition, reproduction
and plant-plant interactions, and is essential in understanding plant ecology, evolution, and
yield production in agriculture. However, the genetic mechanisms regulating allocation
responses to the environment are largely unknown.

¢ We studied recombinant lines of wheat (Triticum spp.) grown as single plants under sun-
light and simulated canopy shade to investigate genotype-by-environment interactions in bio-
mass allocation to the leaves, stems, spikes, and grains. Size-corrected mass fractions and
New Phytologist (2024) 242: 107-120 allometric slopes were employed to dissect allocation responses to light limitation and plant
doi: 10.1111/nph.19576 size.

e Size adjustments revealed light-responsive alleles associated with adaptation to the crop
environment. Combined with an allometric approach, we demonstrated that polymorphism in
the DELLA protein is associated with the response to shade and size. While a gibberellin-
sensitive allelic effect on stem allocation was amplified when plants were shaded,
size-dependent effects of this allele drive allocation to reproduction, suggesting that the onto-
genetic trajectory of the plant affects the consequences of shade responses for allocation.

e Our approach provides a basis for exploring the genetic determinants underlying invest-
ment strategies in the face of different resource constraints and will be useful in predicting
social behaviours of individuals in a crop community.
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Introduction

Plants fix carbon during photosynthesis, and the biomass pro-
duced is allocated to different organs and tissues to support
growth and reproduction. Biomass allocation is not fixed and
may vary across environments and during the growth and devel-
opment of the plant. Optimal partitioning theory (OPT) predicts
that plants will shift biomass allocation to the organ that acquires
the most limiting resource to increase growth (Bloom et al,
1985). For example, when plants sense that light is limiting
growth, OPT predicts a shift in allocation to leaves. Similarly,
under low nutrient conditions plants should increase biomass
allocation to the roots. Thus, the abiotic conditions within the
crop microenvironment will affect the allocation patterns among
the individuals in the community. In agriculture, such changes in
the allocation patterns are also likely to alter the source-sink bal-
ance, directly affecting crop yields (Lafitte & Edmeades, 1994;
Igartua ez al., 1995; Edmeades ez al., 1999; Assefa ez al., 2013).
Several studies have suggested that plasticity in allocation in
response to resource limitation is a result of allometric growth
(Miiller ez al., 2000; Cahill Jr, 2003; Weiner, 2004; Peng &
Yang, 2016; Eziz et al., 2017; Liu et al, 2021). The principal
assumption of the allometric approach is that biomass allocation
to plant organs is primarily a function of plant size and will,
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therefore, follow a program associated with the ontogenetic tra-
jectory of the plant (Niklas, 1994; Enquist & Niklas, 2002; Poor-
ter et al., 2015). Therefore, comparisons should be made at
common size or size corrected (Coleman ez al., 1994), or across
sizes (Weiner, 2004), to understand whether plants also shift
their allocation patterns in a direct response to an environmental
factor. Previous studies have focused on the allometric relation-
ships between plant size and plant growth rate in Arabidopsis
thaliana, thereby providing a genetic link between life history
variation and strategies for leaf resource use (Vasseur er al,
2012), with consequences for environmental adaptation (Vasseur
er al., 2018, 2023). Yet, the genetic regulation of size-dependent
resource allocation among organs and their implications for the
crop environment remain unknown.

Resource allocation implies trade-offs between the growth and
function of different organs, and the relative amount of biomass
in the various organs determines the plant’s fitness and reflects its
investment strategy (Weiner, 2004; Veresoglou & Peiiuelas,
2019). Thus, the allocation pattern of the plant will determine,
to a large extent, resource acquisition and inter-plant competi-
tion, which are of fundamental importance in plant ecology, evo-
lution, agriculture, and plant breeding (Donald, 1968;
Schwinning & Weiner, 1998; Denison ez al, 2003; Weiner,
2004, 2019; Denison, 2012; Poorter ez al, 2012). A plant’s
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ability to gather resources is highly influenced by its morphology.
For example, larger leaves and longer stems may increase light
interception, and a prolific root system will promote nutrient and
water uptake. Allocation to resource-foraging organs such as
leaves, stems, and roots entails reduced allocation to reproductive
growth and intensifies competition for resources, which may lead
to the so-called “Tragedy of the Commons’ (Hardin, 1968; Ran-
kin ez al, 2007), in which increases in individual plant fitness
reduce population yield.

Although ecological knowledge accumulated on biomass allo-
cation and its response to resource limitation has vast implica-
tions for agricultural production, it has rarely been recognized
and applied in crop plant research. Given the significant influ-
ence that abiotic factors and resource limitation have on agricul-
tural yields (Boyer, 1982; Mittler, 20006), investigating the
distribution of biomass in an ecological-genetic framework could
provide valuable insights for increasing yields. Such an analysis
would take into account not only the genotype effect but also the
impact of environmental factors, plant size, and their interactions
with the genotype (Weiner, 2004; Poorter ez al., 2012).

Increases in crop density have played a major role in increasing
cereal yields in recent decades. Because active competition among
crop plants uses resources that could be used for yield, yield pro-
duction will benefit from less ‘selfish’ and more ‘cooperative’
resource acquisition behaviours (Weiner, 2017, 2019; Abbai
et al., 2020; Zhu et al., 2022). Natural selection favours the most
fit/competitive individuals in the population; however (Denison
et al., 2003; Denison, 2012), making ‘cooperative’ behaviours
evolutionary unstable and implying that modern crop plants have
inherited competitive alleles from their wild progenitors (Zhang
et al., 1999). Recognizing this, Donald (1968) suggested selec-
tion based on a theoretical wheat plant ‘ideotype’ designed to
minimize active inter-plant competition and optimize resource
allocation at the population level. It was proposed that such an
ideal plant architecture would feature a compact form with a lim-
ited number of upright leaves and a productive inflorescence
growing on a single stem. This configuration would prioritize
reproductive allocation while sacrificing resources that would be
used for competitive structures such as leaves and stems.

Numerous studies have provided compelling evidence that a
genotype’s reaction to competition from neighbours is a critical
determinant of its yield potential. Specifically, low-yielding geno-
types show greater plasticity in response to competition than their
high-yielding counterparts, indicating that the former are less sui-
ted to the resource constraints in a high-density crop environ-
ment (Reynolds er al, 1994; Sadras & Lawson, 2011;
Sukumaran et al., 2015; Lake et al, 2016). Recent studies have
shown a strong correlation between responses to plant density
and to low light, indicating that the scarcity of light is often a
limiting factor in high-density crop communities (Poorter
et al., 2019; Postma ez al., 2021). The performance of individual
plants cultivated under simulated shade shows stronger correla-
tions with the performance of the monoculture community than
individuals grown under natural sunlight conditions (Golan
et al., 2023). Practices such as tillage, fertilizing the soil, and reg-
ulating the water supply can reduce competition for water and
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nutrients, but they amplify competition for light. These observa-
tions suggest that studying the genetic basis of plant responses to
changes in the intensity and spectrum of light due to competition
from neighbouring plants will advance our understanding of
adaptation to the crop environment.

Here, we apply a new approach that combines principles from
plant ecology and quantitative genetics to identify genetic deter-
minants underlying biomass allocation responses. We used a
recombinant inbred lines (RIL) population developed from
a cross between a wild emmer genotype and an elite durum wheat
cultivar showing contrasting biomass allocation patterns. Mixed
linear models were employed to detect genetic loci that control
biomass allocation among the leaves, stem, spike, and grains, and
to measure the influence of these loci on allocation responses to
light. We take an allometric approach to differentiate between
alleles promoting direct responses to light and those changing
allocation due to plant size (allometric loci).

In summary, our study aims to provide a framework for inves-
tigating the genetics of biomass allocation and growth in the face
of resource constraints that is particularly useful for distinguish-
ing between alleles that exhibit cooperative vs competitive beha-
viours for resource acquisition.

Materials and Methods

Experimental approach

To elucidate the genetic basis underlying the investment strategy
of individual wheat plants and how it is influenced by canopy
shade, we grew recombinant inbred lines in a mixture under nat-
ural sunlight and simulated canopy shade (Golan ez 4/, 2023) to
obtain the biomass of the leaves, stems, spikes, and grains. Two
complementary approaches were employed using organ masses to
investigate the genetic factors influencing plasticity in biomass
allocation: The first approach involved calculating mass fractions
and utilizing a residual method to account for plant size effects.
The size-corrected mass fractions (MF) were then incorporated
into a multi-environment quantitative trait locus (QTL) model
to identify allocation loci and examine their interactions with the
light environment. The second approach explored size-induced
allocation responses by analysing the slopes of plant mass vs
organ mass regressions in a similar QTL model. By combining
these two lines of investigation, our experimental approach allows
us to identify the genetic determinants of a response to the limit-
ing resource (light quantity and quality in the present study) as
well as any response to plant size (Fig. 1).

Plant material and experimental set-up

Recombinant inbred lines (Fg generation) were developed from a
cross between the durum (7riticum turgidum ssp. durum) cultivar
Svevo (Maccaferri et al, 2019) and the wild emmer accession
Zavitan (Triticum turgidum ssp. dicoccoides) (Avni et al., 2017)
using the single-seed descent approach. Genotypic profiling of
the RILs was conducted using the Illumina iSelect 90 K single
nucleotide polymorphism assay (Avni er al, 2014; Wang
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Fig. 1 The experimental approach employed for the genetic dissection of plasticity in biomass allocation into responses to light properties and plant size. (a)
Under natural sunlight and simulated canopy shade (low red and blue light), a total of 131 wheat recombinant inbred lines (RIL) were cultivated (n =4) in
soil in two glasshouses with open sides, arranged in an incomplete block design. (b) Plants were harvested at maturity to obtain the mass of the main tiller
leaves, stems, and spikes, as well as the vegetative mass, spikes, and grains of the entire plant. (c) Mass fractions were corrected for plant size using a
residual approach and organ mass was plotted against plant mass to determine the allometric slope of each genotype in each environment. (d) Allocation
loci were mapped and the interaction of the loci with the light environment was modelled.
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et al., 2014) and the linkage map was constructed as previously
described (Nave ez al., 2016). Since the initial linkage map was
created before assembling the reference genome for tetraploid
wheat, we reviewed the map and replaced markers that exhibited
inconsistencies with their physical positions with markers that
shared a similar genetic position, aligning with the physical posi-
tion in the Zavitan reference genome V2 (see updated map in
Supporting Information Table S1). Two glasshouses were used
to cultivate the RILs, using natural loamy soil supplemented with
1401 of substrate2 (Klasman-Deilmann, Geeste, Germany) each.
The glasshouses had two open sides with porous metal netting to
allow air circulation. Canopy shade was simulated using a green
plastic filter (Lee122 Fern green; LEE filters, Andover, UK), as
previously described (Golan ez al., 2023), reducing the irradiation
of blue and red light by ¢. 80% and resulting in a reduction of
the red/far-red (715-745 nm) ratio from 1.13 to 0.28. The
photosynthetically active radiation (PAR) under the simulated
canopy shade was reduced by ¢ 55%. While the green filter
altered the light environment notably between the glasshouses,
we cannot dismiss the possibility that variation in other abiotic
factors, like temperature and soil conditions, potentially influen-
cing plant growth. However, incorporating these extra factors
would have been impractical for a thorough genetic screening.
Hence, we opted for a more direct approach that allows screening
of large populations throughout their complete life cycle and
could potentially serve as a method for individual plant selections
in breeding.

At the end of March 2021, 131 RILs were sown in jiffy pots
under controlled environmental conditions (photoperiod:
16h:8h, 20°C: 16°C, light : dark). After 12 d (Zadok’s scale11-
12), the seedlings were transplanted in the glasshouse in an alpha
lattice design with incomplete blocks of nine plants per block
arranged in four replications (Table S2). To facilitate single-plant
phenotyping, ¢. 1015 cm spacing was maintained between plants
within a 1-m row and 20-25 cm between rows. The plants were
watered three times a week and fertilized during the stem elonga-
tion phase with 300 g of calcium ammonium nitrate.

Due to a technical error, the current study did not include the
parental lines. However, we have recently published a compre-
hensive analysis comparing the responses of Svevo and Zavitan to
shade, under conditions similar to those described in the present
study (Golan et al., 2023).

Phenotypic measurements

All phenotypes (Table S3) were evaluated from single plants and
harvested at the soil surface when they reached maturity (108 d
after sowing, Zadok’s scale 94-95). Biomass was measured fol-
lowing a seven-day drying period at 40°C. Leaf number was
recorded at anthesis (Zadok’s scale 65) and tiller number during
stem elongation (Zadok’s scale 33—-34). We used the main tiller
(My) for phenotyping final leaf number, leaf mass, plant height,
stem mass, and spike mass. Plant height was measured as the dis-
tance between the soil and the spike base (the junction between
the spike and the peduncle). Leaf mass fraction (LMF), stem
mass fraction (StMF), and main tiller spike mass fraction (SpMF)
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were calculated by dividing the organ mass by the total main tiller
mass. We also measured the whole plant vegetative mass, spike
mass, and grain mass to calculate SpMF and the grain mass frac-
tion (Harvest index, hereafter HI).

Phenotypic analysis

We used a mixed linear model to examine the effects of the light
environment, plant size (mass), and the genotype on biomass
allocation to the leaves, the stem, the spike, and the grains using
mass fractions (the proportion of the total mass that is organ
mass) as

Mass fraction=p+ E+ S+ (EXS)+ G+ R+ B+e
Eqn 1

where the intercept (i), the light environment (£), plant size (S),
and light X size interactions (EX §) are fixed effects and the gen-
otype (G), the replication (R), and the block (B) are random
effects.

Genetic analysis

To understand how the light environment affects the allocation
of biomass in a genotype-dependent manner, we examined the
genetic factors affecting mass fractions while controlling for size
effects. The mass fractions were size-corrected by associating
them with the logarithmically transformed plant size (g) data
(Poorter & Sack, 2012) and considering the residuals from
the regression analysis (Fig. S1) as size-corrected mass fractions.
The relationships between the Mt_StMF and the Mt _SpMF
to the Main tiller total mass showed dynamic trends across plant
size and were fitted using the LOESS (locally estimated scatter-
plot smoothing smother) function in Jmp 16 software (SAS Insti-
tute). The LOESS curve was fitcted with o = 0.5 using a locally
linear functional form. Robustness weights were incorporated in
the fitting process, which was repeated four times.

Before performing the QTL analysis, we used the two-step
mixed model analysis in Genstat (VSN International, Hemel
Hempstead, UK) to obtain the within-environment unit error
and calculate the Best Linear Unbiased Estimation (BLUE) for
each genotype in each environment to be used in subsequent
QTL analysis. The first step involved fitting the genotype and the
replication and block as random factors to determine the variance
components. In the second step, the genotype (G) was fitted as a
fixed term, and the replication (R) and the block (B) were fitted
as random, as
Y=puy+G+R+B+e¢e Eqn 2

Detection of QTL and their interaction with the environment
was conducted in Genstat using the multi-environment trial
model (Malosetti et 2/, 2013). The best variance—covariance
model describing the variation between genotypes, both within
and between environments, was selected based on Schwarz infor-
mation criterion (SIC) and subsequently used to denote the
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phenotypic data structure in a genome-wide scan by applying sin-
gle QTL models across the genome at marker and inter-marker
positions (simple interval mapping, SIM) using a maximum step
size of 10 cM. In total, 483 genetic predictors were tested. Signif-
icant QTLs were then used as co-factors in composite interval
mapping (CIM) until the significant QTLs profile stabilized. Sig-
nificant QTLs determined using backward selection were
included in the final muld-QTL model using a minimum co-
factor proximity of 50 cM and a minimum separation of 30 cM
between selected QTLs. Genome-wide QTL significance was
assessed at & =0.05 (LOD =3.653) based on the number of
effectively independent tests (Li & Ji, 2005). The final model for
each trait enabled exploration of the consistency of QTL effects
across different environments by decomposing the QTL
effects into main effects and effects due to QTL-environment
interactions (QEI), as
Y=pu+E+G+YQTL+ X(QTL x E) + ¢ Eqn 3
where p is the intercept, E is the light environment effect, G is
the random genetic effect, Y QTL is the total additive effect of
each QTL, Y(QTL X E) represents the total QTL effects X
environment interactions, and e is the residual term (including
the QEI residual) modelled by the variance—covariance matrix.
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Allelic differences within the sequences of candidate genes were
identified using the two reference genomes of the parental lines
(Avni et al., 2017; Maccaferri et al., 2019).

Results

Effects of light and plant size on biomass allocation in the
RIL population

The phenotypic analysis of each mass fraction with mixed linear
models showed that the genetic constituents of the RILs
accounted for most of the variation in biomass allocation in the
random effects models (Table S4), indicating that the genetic
program largely determines biomass allocation. The LMF was
9% higher under simulated canopy shade, due to the effects of
both the light environment and plant size (Fig. 2a; Table S4).
The significant effect of the light environment indicates that
shading increased LMF in addition to effects caused by size dif-
ferences. The LMF was negatively associated with the total
weight of the main tiller (F=230.29, P< 0.0001) in both light
environments, indicating that when plants are smaller, allometric
growth shifts allocation to the leaves in a manner consistent with
OPT. The nonsignificant interaction between the main tiller size
and the light environment indicates that an increase in tiller size

(©
iy
LA

Main tiller o5 ’
spike mass
\ ‘ fraction 04

03
F=714 F =0.0028
P =0.0077 0.2 P =0.957
Sunlight ~ Canopy Sunlight Canopy
shade shade
F=0.242
P =0.622
Sunlight  Canopy
shade

Fig. 2 Biomass distribution per plant under natural sunlight and simulated canopy shade in the wheat recombinant inbred line (RIL) population. (a—e)
phenotypic recordings of mass fractions. Median and whiskers extending to the expected minimum and maximum are indicated. The effects of light on
mass fractions is presented using the F statistics and P-values obtained from a mixed linear model (Supporting Information Table S4).
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results in comparable decrease in LMF in both light environ-
ments. The StMF decreased slightly (c. 2%) in response to
canopy shade (Fig. 2b, F=7.14, P=10.007) and was affected by
the main tiller weight and its interaction with the light environ-
ment (Table S4). For small individuals (Mt mass between 1 and
3 g), an increase in size implies reduced allocation to the stems,
while the opposite trend is observed for larger individuals
(Fig. S1). The significant interaction between the Mt weight and
the light environment indicates that the effects of tiller size on
StMF were light-dependent.

The SpMF was not affected by shading but was influenced by
the main tiller weight (#=68.32, P < 0.0001) and its interaction
with the light environment (F=11.28, P=0.0008). Allocation
to the spike increased with size in small individuals and decreased
in larger plants. The whole plant SpMF and the grain mass frac-
tion (HI) were reduced when plant biomass was reduced, and the
effects were larger under shade (Fig. S1), indicating plasticity in
reproductive allometry in response to canopy shade. Light had no
significant main effect on whole plant allocation to reproduction
(Table S4). In summary, the mixed linear models show that, at
the RIL population level, the direct effect of light is mainly on
biomass allocation to leaves and, to a lesser extent, to the stems.
However, size and size X light interactions significantly affected
resource allocation, not only to the leaves and stems but also to
reproduction.

Accounting for plant size effects reveals QTL x light
interactions

New
Phytologist

5A (Table S5). The Reduced-height-B1 (Rht-BI) locus (chr 4B),
encoding a DELLA protein that suppresses GA-mediated growth,
was the most dominant factor in determining resource allocation
in the RIL population. Wild emmer Zavitan (parental line) car-
ries the GA-sensitive allele (#h¢-Bla), while Svevo contains an
carly stop codon (Fig. S2a), giving rise most likely to an N-
terminally truncated Rht-B1b protein (Peng ez al., 1999) confer-
ring the dominant semi-dwarfism associated with low StMF and
high allocation to the spike, leaves and grains.

The LMF was regulated by three loci, one on chromosome 4B
(associated with RAz-BI) and two on chromosome 5A, one of
them associated with the VERNALIZATION-A1 (VRN-Al
locus). The allelic effects were similar in both environments, indi-
cating a lack of genetic variation for LMF plasticity in the studied
RIL population (Fig. 3a; Table S5). The wild allele in the VRN-
Al locus on chromosome 5A increased LMF, most likely due to
its promoting effect on leaf number (Table S5). Furthermore,
our analysis revealed that the wild allele (v77-A1) stimulates tiller
number and delays the heading time of the spikes (Table S5).
The observed effects on the size-corrected LMF, leaf number, til-
ler number, and heading time indicate that the wild allele
enhances the genotype’s competitive nature by increasing tiller
number, and promoting light interception through higher invest-
ments in leaves. The VRN-AI locus encodes APETALAI (AP1),
a MADS-box transcription factor that modulates the requirement
for cold temperatures for flowering. In line with our QTL map-
ping, a comparison of the gene sequence at VRN-AI in the paren-
tal lines showed that the durum cv Svevo carries a large deletion
(c. 7.4kb) within the gene’s first intron (Fig. S2b), which

QTL mapping of the size-corrected mass fractions associated with ~ is assumed to eliminate vernalization requirements (Fu
different organs identified six loci on chromosomes 3A, 4B, and et al., 2005).
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) . T
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Fig. 3 Genetic basis of wheat allocation responses to light. (a) Additive effects (+SE) of size-corrected mass fractions alleles for the stem (StMF), the leaves
(LMF), the spikes (SpMF) and the grains (HI) calculated from the main tiller (Mt) or the whole plant under sunlight (blue) and simulated canopy shade
(green). Asterisks indicate loci exhibiting a significant interaction with light. The Y-axis is absolute values, where the positive values indicate increasing
alleles contributed by Zavitan and negative values indicate alleles contributed by Svevo. The chromosome and the underlying candidate gene and increas-
ing allele of the QTL peak marker are indicated below. (b) The effect of Reduced-height-B1 (Rht-B1) alleles on the stem length per unit mass under sunlight
and canopy shade. Error bars are 95% confidence intervals of the mean.
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We detected a significant QEI for StMF, where the effect of
the wild 74#-Bla allele increased by 39% in the shaded environ-
ment compared to natural sunlight (Fig. 3a). This result suggests
a substantial light effect on StMF mediated by Rh#-BI. Analysis
of the spike mass fractions showed that the dominant Rbz-B1b
allele, increases allocation to the spike, and this effect is increased
by 47% and 13% for the main tiller and the whole plant, respec-
tively, under shaded conditions. These results suggest that the
allelic status at the Rht-BI locus determines biomass allocation
between the stem and the spike and its effect is light-dependent.
It also demonstrates the increasing advantage of the durum allele
to promote reproduction in a dense population where plants
experience mutual shading. The wild allele, however, enhances
‘selfish’ behaviour under shade by augmenting its promoting
effect on StMF, thus reinforcing the drive for light competition.

Durum alleles promoted the HI at four loci on chromosomes
3A, 4B, and 5A. The QTL on chromosome 4B showed a double
peak in the QTL analysis; one peak associated with Rh#-BI and
another peak ¢. 12 cM away from Rh#-B1 showed a higher signifi-
cance and was included in the final QTL model (following back-
ward selection) (Table S5). While the QTL on chromosomes 3A
and 4B showed no interaction with the light environment, the
QTL on chromosome 5A (c. 53 cM proximal to VRN-AI) was
effective only under sunlight conditions (Fig. 3a, Table S5).
Another QTL at the distal end of chromosome 5A had an effect
only under simulated canopy shade. Overall, wild emmer alleles
promoted the growth of competitive structures such as leaves and
stems, whereas alleles from durum wheat favoured reproductive
growth, potentially reducing competition among plants.

We then examined possible mechanisms underlying the
increased effect of the wild 7h#-Bla allele on StMF when plants
are shaded. We hypothesize that the allelic status at the Rb#-B1
locus impacts stem elongation in response to canopy shade. sub-
sequently influencing biomass distribution. Notably, we observed
no significant increase in the final plant height under shade when
analysing the plant’s response to canopy shade (Table S6). In fact,
there was a minor reduction in plant height, indicating that the
larger effect on resource allocation towards the stem in shaded
environments is not associated with a general rise in final plant
height. Nevertheless, there was variation in the relative height of
the main tiller, measured as the length of the main stem divided
by the overall mass of the tiller. Genotypes that possessed the
wild 7h#-Bla allele exhibited greater stem lengths relative to their
biomass, and this effect was amplified in shaded conditions
(Fig. 3b). The increase in shaded environments may imply an
increase in StMF to maintain height under low light, as revealed
by our analysis of QEIL

We investigated the phenotypic and genetic relationships
between phenology and allocation patterns to ask whether varia-
tion in phenology resulting from shading or genetic factors
impact allocation patterns. Simulated canopy shade had a negligi-
ble effect on the number of days to heading (DTH; Fig. S3a).
However, we observed positive associations between the size-
corrected LMF and DTH, and negative associations between the
size-corrected StMF and DTH, regardless of the light environ-
ment (Fig. S3b,c). These associations could partly be explained
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by the genotype effects. Two DTH QTL were associated with
the allocation loci. The late heading allele of vrn-AI (wild) was
associated with a higher LMF, and an early heading allele asso-
ciated with 74#-BI (wild) promoted StMF and decreased LMF
(Table S5). These findings suggest possibly genetic pleiotropic
links between phenology and biomass allocation patterns.

After identifying the allelic effects that contribute to the size-
corrected mass fractions, in which the presence of QEI signifies a
response to light, we compared these effects with those influen-
cing the observed mass fractions when they were not corrected
for plant size. The uncorrected mass fractions encompass both
the responsiveness to light and the plasticity resulting from
changes in plant size. This comparison should indicate the dis-
tinct plant size effects of different alleles on allocation. For exam-
ple, the increasing allele related to LMF on chromosome 4B
(associated with the semi-dwarf allele) showed an additive effect
of 0.005 when adjustments for size were considered and an
effect of 0.009 without any size correction (Fig. S4a; Table S5).
This comparison suggests that a considerable portion of the
allele’s effect stems from its capacity to diminish size. Similarly,
QTL mapping of the uncorrected LMF could not detect the
VRN-AI locus, suggesting its increasing effect on the total tiller
mass eliminated its influence on biomass allocation to the leaves
(Table S5). For StMF, we see that the promoting effects of the
rht-Bla (wild) allele are lower when adjusted for size (Fig. S4a;
Table S5), suggesting that the promoting effect of the allele on
the total tiller mass contributes to its effect on StMF.

We found that the Rhz-BI locus shows a more significant
QEI for StMF and SpMF with size correction (Table S5;
Fig. S4b). These results indicate a contrasting influence of size
and light on allocation associated with the Rh+BI locus,
implying that the growth consequences of responses to light,
such as shade avoidance responses, are conditioned by plant
size. Additionally, size corrections exposed a QTL for HI on
the distal end of chromosome 5A, which was not detected
using the uncorrected data, and the durum allele for this QTL
had the strongest effect under shade (Fig. 3a; Table S5). Over-
all, differences in QEI and in the set of QTLs detected when
size corrections were used imply genetic variation for size
effects on biomass allocation.

Rht-B1 links reproductive allocation and sensitivity to
plant mass

To pinpoint the genetic loci that influence biomass allocation in
a size-dependent manner, we investigated the relationships
between the mass of the different organs and the mass of either
the whole plant or the main tiller. The slopes for each RIL in
each environment were then utilized in a QTL analysis. We
detected two loci underlying the main tiller mass-main stem mass
regressions slopes. One QTL was associated with RbzBI1, and
another locus on chromosome 2B was associated with the
Photoperiod-B1 (PPD-BI) locus. Genotypes possessing the wild
rht-Bla allele exhibit steeper slopes than those with the durum
allele (Fig. 4a; Table S5). Consequently, when plants are small,

biomass allocation to the stem will be more reduced in genotypes
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shade, respectively.

with the wild 7h#-Bla allele than those with the durum Rh+-BI1b
allele. Similarly, the presence of the durum allele in the PPD-BI
locus increased the steepness of the slopes, implying that genes
responsible for the speed of development may affect allometric
growth.

Size-dependent allocation to spikes on the main tiller and the
whole plant was promoted by Rh#-BI1b, which conferred steeper
allometric slopes (Fig. 4a; Table S5). This means that smaller
plant size will affect spike growth more in semi-dwarf genotypes
than in tall genotypes. When we examined the relationship
between the vegetative biomass and the grain yield of the plant,
we found that the Rht-Blb semi-dwarf allele confers steeper
slopes than the tall allele, thus compromising yield potential rela-
tively more when plants are small. In addition, we detected
another QTL on chromosome 1A, where the durum allele con-
fers steeper slopes, similarly implying greater sensitivity of grain
yield to overall size (Fig. 4a; Table S5).

New Phytologist (2024) 242: 107-120
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Rht-B1 was found to mediate a trade-off in the sensitivity of
the stem and spike growth to plant mass, the most significant
trade-off in allocation in our study. In case of the wild rb+-Bla
allele, reductions in size primarily impact stem growth, with a les-
ser effect on spike growth. Conversely, when the durum Rb+-B1b
allele is present, the opposite effect is observed: smaller size affects
spike growth more prominently and having a lesser impact on
stem growth. Overall, the contribution of the durum alleles
underlying reproductive allometry to the production of grain
yield is most pronounced when plants are large, and its effective-
ness diminishes when a plant is small, shifting allocation more
towards vegetative biomass (Fig. 4b,c). The steeper allometric
slopes of these alleles are associated with a higher size-corrected
HI adapted to canopy shade (Fig. S5), suggesting that genotypes
with a higher HI are more sensitive to changes in plant size.

We also detected interactions of the QTL underlying repro-
ductive allometry (Rh#=BI and the 1A QTL) with the light
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environment, indicating genotype-dependent plasticity in allo-
metry due to canopy shade. The durum allele of Rh#B1b exhib-
ited steeper allometric slopes under canopy shade compared to
sunlight conditions. The wild allele showed the opposite trend,
with smaller allometric slopes under shade. Thus, the effect of
the Rht-BI locus on spike growth allometry was larger under
shade (Fig. S6a,b). The 1A QTL showed similar patterns for the
allometric slope of grain yield (Fig. S6¢), together suggesting that
the differences between wild and durum alleles in the sensitivity
of reproductive growth to size are greater in a shaded environ-
ment.

Basis for plant size responses to limited light intensity and
quality

Size-corrected mass fractions correspond to the portion of organ
mass resulting from resource allocation to that particular organ.
These fractions can account for ¢. 52% of the differences in leaf
weight per culm and 21-32% of the variation in stem weight
under sunlight and simulated canopy shade (Fig. 5a). Allocation
to the main tiller spike accounted for 14-16% of the variation in
spike mass on the main diller under both sunlight and canopy
shade. Moreover, biomass allocation could only account for 6%
of the plant spike weight and ¢. 16-20% of the grain yield per
plant. The variation in organ mass not accounted for by alloca-
tion is probably due to differences in plant size, determined by
the genotype’s ability to convert resources to biomass, which is
measured in our study as the total aboveground dry matter
(AGDM) of the main tiller or the whole plant. In general, plant
size accounted for most of the variation in organ mass. Neverthe-
less, under canopy shade, where plants are small, allocation pat-
terns play a more important role in organ growth (Fig. 5a).

We identified four loci associated with plant size. Wild alleles
at the Rh#-BI and VRN-AI governing biomass distribution in the
RILs promoted the main tiller mass and were major contributors
to the total plant mass. A wild allele on chromosome 1A, which
was associated with allometry, and a durum allele on chromo-
some 5B, which did not affect allocation, also promoted whole
plant mass (Fig. 5b,c). The light environment conditioned the
allelic effects of the plant size loci, as we observed reduced allelic
effects of these loci under simulated canopy shade. The most sub-
stantial QEI was related to the effect of 7hz-Bla on plant size.
The allelic effect was reduced by 68% compared to under sun-
light conditions. The wild vrn-AI allele exhibited comparable
effects on the main tiller mass in both environments, but its influ-
ence on the whole plant mass was diminished by 32% under
canopy shade, most likely due to a compromised impact on tiller-
ing (Table S5).

The 1A QTL and the 5B QTL effects were reduced by 44%
and 56% under simulated canopy, respectively. This suggests that
the impact of the identified plant size loci (chr 1A, 4B, 5A, 5B)
was influenced by the amount of radiation intercepted, and the
different loci were associated with different growth rate responses
to such limitation. Modelling plant size QEI makes it possible to
identify alleles more suitably adapted to canopy shade conditions
associated with high-density stands.
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Discussion

Competition among plants limits the resources available to indi-
viduals and plays an important role in crop production
(Donald, 1968; Zhang ez al., 1999; Weiner & Freckleton, 2010;
Denison, 2012; Weiner, 2019). This is especially important in
high-density cereal crop stands, which have been the basis for
increased cereal yields over recent decades. When considering a
density series spanning very low to very high density, the total
biomass produced per area demonstrates a linear increase with
density when density is low but reaches a plateau and remains
relatively stable as densities increase (Weiner & Freckle-
ton, 2010). The explanation is that, at very low densities, there is
no competition among individuals, and an increase in plant den-
sity will entail a higher biomass per area. However, further
increases in density result in and amplify inter-plant competition,
which reduces the individual plant size, primarily caused by
decreases in light availability (Poorter er al, 2019; Postma
et al., 2021) in high-resource crop production. Furthermore, in
wheat, the light spectrum, specifically the decrease in the red/far-
red light ratio due to competition for light, directly impacts
potential yield (Evers ez al, 2006; Chelle er al, 2007; Ugarte
et al., 2010; Dreccer et al., 2022).

Plant responses to their environment are largely expressed in
changes in the allocation of resources among different organs
(Poorter ez al., 2012, 2019), which has significant consequences
on yield production. For example, HI, an important determinant
of grain yield, changes in response to plant density (Donald &
Hamblin, 1976; Vega et al, 2000; Echarte & Andrade, 2003;
Qin et al, 2013). Changes in the plant HI due to crowding
reflect the degree of competition among plants in the field (Deni-
son, 2012), and identifying the genetic factors responsible for
such responses in resource allocation can facilitate the develop-
ment of high-yielding cooperative genotypes. Although previous
studies have looked into HI from a genetic point of view (Molero
et al, 2019, 2023; Dreisigacker er al, 2021; Sierra-Gonzalez
et al., 2021; Ruiz et al, 2023), as far as we know, no genetic
investigation has been carried out to analyse the plasticity in
resource allocation.

It is essential to understand whether a change in allocation is a
direct response to the limiting resource, a result of plant size, or
both. In the context of crop improvement, previous studies have
indicated that tolerance of different crops to abiotic factors, such
as water, nitrogen, and salinity are primarily related to the alloca-
tion patterns under these limiting conditions (Lafitte &
Edmeades, 1994; Igartua et al, 1995; Edmeades ez al, 1999;
Assefa et al., 2013). However, studies of the tolerance of crops to
abiotic factors usually neglect size-driven allocation, described by
allometric relationships and shown to account for much of the
variation in the allocation response to abiotic factors in ecological
studies (Miiller ez 4/, 2000; Cahill Jr, 2003; Weiner, 2004; Peng
& Yang, 2016; Eziz et al., 2017; Liu ez al., 2021).

By accounting for size in the analysis of mass fractions, we see
that the Rh#-B1 locus encoding a DELLA protein is responsive to
light (Fig. 3a, significant QEI). In this locus, the presence of the

wild (emmer) allele leads competitive behaviour, which reduces
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population yield by promoting a relatively higher resource alloca-
tion to the stem and away from the spike. This finding aligns
with the GA-mediated degradation of DELLA proteins when
red/far-red light ratio is low to enable the growth of the hypoco-
tyl and the petiole of Arabidopsis plants as a means to avoid being
shaded (Achard ez al., 2007; Djakovic-Petrovic ez al., 2007). But
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Rht-BI also affects allocation responses through allometry in
directions that may oppose the response to light. Genotypes car-
rying the wild rht-Bla allele exhibit greater tolerance to smaller
size than those carrying the semi-dwarf allele, as the reduction in
reproductive growth associated with the wild 7h#-Bla allele is
comparatively smaller (Fig. 4). The opposing effect of canopy
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shade and plant size on biomass allocation may be due to the dual
effect of the green filter on light spectra and light intensity. For
example, in genotypes carrying the GA-sensitive wild allele, the
low red/far-red ratio may increase the stem mass fraction through
stem elongation (Colombo et 4l., 2022), while the lower light
intensity induces a more significant restriction on stem growth
due to the allometric trajectory of the genotypes carrying the wild
allele.

The introduction of semi-dwarf genotypes during the 1960s
Green Revolution was pivotal in increasing crop grain yields.
This achievement was largely possible due to the extensive adop-
tion of chemical fertilizers, pesticides, and controlled irrigation.
Creating optimal conditions for cultivating the semi-dwarf vari-
eties, which possess resistance against lodging but require signifi-
cant amounts of nitrogen fertilizers to maximize their
productivity per unit area, played a crucial role (Wu ez 2/., 2020;
Liu et al., 2022; Song et al., 2023). The intensification of crop
production, especially the substantial increase in fertilizer usage,
resulted in enhanced plant growth per unit area. This intensifica-
tion also led to a higher degree of mutual shading among plants
in the field, and the new varieties selected had to perform well in
this new crop environment. Our findings indeed show that semi-
dwarf genotypes carrying the Rb#-BI1b allele are more adapted to
the modern crop environment, as they exhibit allocation patterns
favourable for the crop population (less allocation to the stems
and more to reproduction), which become even more advanta-
geous under shade (Fig. 3).

On the other hand, under limiting conditions like drought,
semi-dwarf varieties typically do not outperform their taller
counterparts (Jatayev et al., 2020), as well as (Butler e al., 2005;
Lanning er al, 2012; Sanad et al, 2016; Keser er al., 2017).
These observations are consistent with our allometric analyses,
which reveal that semi-dwarf lines are more sensitive to smaller
size (Fig. 4). Our analysis highlights the benefit of the semi-dwarf
Rbt-B1b allele in facilitating spike growth in larger plants,
whereas this advantage is much smaller in smaller plants. Under
drought conditions, the semi-dwarf genotypes are limited in size,
and growth in these plants may prioritize roots, not reproductive
parts (Eziz et al., 2017). Consistent with these findings, it has
been proposed that allometry regulates the trade-off between
yield potential, assessed under favourable conditions, and yield
stability in limiting environments (Weiner er 4/, 2021). How-
ever, a study in maize indicated that yield potential does not con-
flict with tolerance to density (Gonzalez er al., 2018), suggesting
that yield potential and allometry could be selected indepen-
dently. We encourage genetic investigations into reproductive
allometry in crops to identify favourable genetic variation for
allocation. By integrating these findings into breeding programs,
we may be able to enhance the ability of crops to withstand
resource limitations.

The capacity of a genotype to convert resources into biomass
largely determines organ growth, and the major improvement in
grain yield potential during wheat breeding has largely been
attributed to notable increases in aboveground biomass per unit
area (Shearman et al, 2005; Sadras & Lawson, 2011; Aisawi
et al., 2015). However, it is important to select beneficial plant
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size alleles that do not impair the reproductive allocation patterns
of the plant (Rivera-Amado ez al, 2019). Ideally, favourable
alleles should exhibit minimal interaction with the environment
and not decrease reproductive allocation, even under limited
resources and conditions resulting in smaller plant sizes. In our
RIL population, the increases in plant AGDM were predomi-
nantly attributed to the presence of wild emmer alleles, indicating
their potential as a valuable resource for enhancing biomass in
elite varieties. Of the four loci detected, only one (chromosome
5B), originating from Svevo was not related to the allocation pat-
terns of the plants (Fig. 5¢), indicating it is useful for increasing
plant potential and was, therefore, selected during crop evolution
and breeding.

The Rht-B1b allele and the durum allele on chromosome 1A
may also contribute to yield potential as they increase allometric
slopes for grain yield, promoting grain production when plants
are less limited in size. Selection of the wild alleles associated with
Rht-BI and VRN-AI may affect allocation patterns and increase
inter-plant competition in the crop community, as these alleles
prioritize the growth of competitive structures such as stems,
leaves, and tillers (Fig. 3; Table S5).

Our methodology facilitates the identification of plant size/
growth rate (see Weiner, 2004) and allocation loci that can
potentially be combined to reduce competition among plants
and maximize grain yield production. Additionally, by investigat-
ing the response of these QTLs to variation in light and plant
size, we enhance our understanding of the adaptability of these
loci to densely populated agricultural settings, where resources,
especially light, are limiting. Identifying known loci, such as Rhz-
BI and VRN-AI, and several unidentified loci influencing bio-
mass allocation in wheat, validates our approach and opens new
possibilities for future genetic research into biomass allocation in
crops.

Concluding remarks

Understanding and predicting crop yield production is a major
challenge due to the many factors and interactions that determine
it, including numerous genomic loci, the cultivation environ-
ment, plant—plant interactions, and the complex interplay
between these factors and the environment. Predicting genotype-
by-environment interactions is especially demanding as it
requires extensive datasets encompassing the targeted populations
and environmental conditions.

From a physiological perspective, crop yield can be simplified
and described as the total biomass generated per unit area multi-
plied by the harvest index. Understanding allocation responses in
crops and identifying the underlying genetic factors can improve
our ability to predict genotype performance in different environ-
ments.

Given that numerous studies have emphasized the role of plant
size in allocation under resource limitations and climatic vari-
ables, an allometric approach can help predict genotype perfor-
mance in new environments. In addition, by investigating
genotype responses to limiting resources using size-adjusted data,
we can uncover alleles that promote optimal responses to resource
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limitations for yield production. These alleles may have an
impact on a genotype’s performance across diverse environments,
although not necessarily in the same direction as allometry. In
summary, our new approach combining principles from plant
ecology and quantitative genetics sheds light on essential consti-
tuents of G X E interactions, increasing our understanding of
crop yield formation and offering the possibility of identifying
genes that underlie both yield potential and stability of crop
plants.
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Fig. S1 Linear regressions and Locally Estimated Scatterplot
Smoothing depicting size effects on mass fractions at the popula-
tion level.
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Fig. S2 Polymorphism associated with the DELLA protein and
AP1 gene underlying the Rht-BI and VRN-AI loci.

Fig. 83 Relationships between days to heading and size-corrected
mass fractions under sunlight and simulated canopy shade.

Fig. $4 Size correction alters allelic effects of allocation loci.

Fig. S5 Reaction norms depicting the size-corrected HI under
sunlight and simulated canopy shade.

Fig. S6 Reaction norms depicting allometric plasticity between
light environments underlying significant quantitative trait locus

X Einteractions.

Table S1 Linkage map and genotyping data of the RIL popula-

tion used in the current study.

Table S2 Experimental design of the glasshouses.

Table S3 Phenotypic data (BLUEs).
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Table S5 Quantitative trait locus analysis data.
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