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Abstract

Introducing variations in inflorescence architecture, such as the ‘Miracle-Wheat’ (Triticum turgidum convar. com-
positum (L.f.) Filat.) with a branching spike, has relevance for enhancing wheat grain yield. However, in the spike-
branching genotypes, the increase in spikelet number is generally not translated into grain yield advantage because
of reduced grains per spikelet and grain weight. Here, we investigated if such trade-offs might be a function of
source-sink strength by using 385 recombinant inbred lines developed by intercrossing the spike-branching landrace
TRI 984 and CIRNO C2008, an elite durum (T. durum L.) cultivar; they were genotyped using the 25K array. Various
plant and spike architectural traits, including flag leaf, peduncle, and spike senescence rate, were phenotyped under
field conditions for 2 consecutive years. On chromosome 5AL, we found a new modifier QTL for spike branching,
branched head' 3 (bh'-A3), which was epistatic to the previously known bh!-A1 locus. Besides, bh!-A3 was associated
with more grains per spikelet and a delay in flag leaf senescence rate. Importantly, favourable alleles, viz. bh*-A3 and
grain protein content (gpc-B1) that delayed senescence, are required to improve grain number and grain weight in the
spike-branching genotypes. In summary, achieving a balanced source-sink relationship might minimize grain yield
trade-offs in Miracle-Wheat.

Keywords: Grain number, grain weight, grain yield, inflorescence branching, QTLs, senescence rate, source—sink strength,
trade-offs.

Introduction

The wheat (Triticum spp.) inflorescence or ‘spike’is a determinate  the inflorescence meristem gives rise to multiple spikelet meri-
structure harbouring the grain-bearing spikelets on its rachis  stems in an acropetal manner. In turn, each spikelet meristem
in a distichous pattern. During immature spike development, (indeterminate) produces florets, which potentially form grains

Abbreviations: Chr: chromosome; RIL: recombinant inbred line; QTL: quantitative trait locus.
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(Kirby and Appleyard, 1984; Koppolu and Schnurbusch, 2019).
However, some exceptions deviate from this standard develop-
mental programme, such as the ‘Miracle-Wheat’ that produces a
non-canonical spike with lateral branches instead of spikelets. In
the case of Triticum turgidum convar. compositum (L.t.) Filat. acces-
sions, the spikelet meristems lose their identity and determinacy
while partially behaving as inflorescence meristems, producing
lateral branches or multiple spikelets per rachis node, due to
mutation in the DNA-binding domain of the branched head' (b1)
allele, encoding an APETALA2/ETHYLENE RESPONSIVE
FACTOR (AP2/ERF) transcription factor (Poursarebani
et al., 2015). Similarly, in hexaploid wheat, variations for su-
pernumerary spikelet formation were also found for the wheat
genes FRIZZY PANICLE (WFZP) (Dobrovolskaya et al.,
2015), Photoperiod-1 (Ppd-1) (Boden et al., 2015), TEOSINTE
BRANCHED1 (TB1) (Dixon et al., 2018), and HOMEOBOX
DOMAIN-2 (HB-2) (Dixon et al., 2022). While branch-
ing spikes have considerably higher yield potential, i.e. higher
spikelet number, they often suffer from grain weight trade-offs,
as observed in the tetraploid Miracle-Wheat (Poursarebani ef al.,
2015). Moreover, despite the increase in overall grain number
per spike, spikelet fertility (grains per spikelet) decreased in re-
sponse to spike branching (Wolde et al., 2021).

A large body of evidence suggests that wheat grain yield is
an outcome of multiple trait—trait interactions mediated by de-
velopmental, physiological, and environmental factors across the
entire lifespan, although some stages are more critical than oth-
ers (Guo et al., 2016, 2017, 2018a, b; Brinton and Uauy, 2019;
Reynolds et al., 2022; Murchie ef al., 2023; Slafer et al., 2023).
They can broadly be classified as source and sink strength related,
which jointly determine a particular genotype’s assimilate pro-
duction and reallocation potential. Typically, green tissues of the
plant—both foliar (leaves) and non-foliar (peduncle, spikes)—
are the photosynthesizing organs that act as ‘source’ for resource
generation (Molero and Reynolds, 2020; Chang et al., 2022). In
the pre-anthesis phase, assimilates are partitioned to both veg-
etative biomass establishment and developing spikes—which
determine the overall yield potential (Slafer, 2003; Fischer,
2011). The inflorescence architecture, viz. spikelet number per
spike, floret number per spikelet, carpel size, rachis length, etc.,
are determined before anthesis (Kirby and Appleyard, 1984;
Brinton and Uauy, 2019). For instance, the ovary size during
flowering regulated floret and grain survival in a panel of 30
wheat genotypes (Guo et al., 2016). Likewise, the duration
of leaf initiation, spikelet initiation, and stem elongation pe-
riod influenced spike fertility in bread wheat (Roychowdhury
et al., 2023). The source strength is often characterized by ra-
diation use efficiency, i.e. the ability to intercept light and bi-
omass production (Acreche and Slafer, 2009; Molero et al.,
2019). However, the balance between the resources allocated to
the ‘vegetative’ versus ‘reproductive’ tissues largely dictates the
yield potential (Ferrante et al.,2013; Dreccer et al., 2014), a trait
that has been under selection throughout the history of wheat
breeding. The deployment of semi-dwarf Rht-1 alleles (‘green
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revolution’ gene) significantly increased the harvest index and
the grain number per unit area, possibly by enhancing the flow
of assimilates (as the stem length is considerably reduced) to
the juvenile spikes (Fischer and Stockman, 1986; Slafer et al.,
2023). However, other strategies might currently be required
to further the resource allocation to early spike development as
the semi-dwarf Rht-1 allele is already a selection target (Peng
et al., 1999). Increasing the harvest index in the genotypes with
high biomass (more robust source) might enhance grain yield
(Sierra-Gonzalez ef al., 2021). Overall, the source strength from
the terminal spikelet stage to anthesis majorly determines grain
number and size in wheat.

After anthesis, the initiation of senescence in the foliar, but
also non-foliar tissues drives extensive remobilization of re-
sources into the developing grains. Previous studies have in-
dicated that flag leaf and spike photosynthesis contribute to
most of the assimilates during the grain filling phase (Distelfeld
et al., 2014; Molero and Reynolds, 2020). Hence, a delayed
senescence resulted in extended photosynthesis (functional
stay-green), leading to higher grain yield (Kichey et al., 2007,
Christopher ef al., 2016; Chapman et al., 2021b; Hassan et al.,
2021; Li et al., 2022; Niu et al.,2023;Yan et al., 2023). However,
the effect of delayed senescence was not consistent; for in-
stance, prolonged photosynthesis influenced grain yield attri-
butes only under low nitrogen conditions (Gaju et al., 2011;
Derkx et al.,2012). The GPC-B1 locus encoding NO APICAL
MERISTEM (NAM), a NAC transcription factor, is the major
regulator of senescence rate in wheat (Uauy et al., 2006), but
despite a 40% increase in flag leaf photosynthesis, the NAM
RNAi wheat lines had no advantage in grain weight com-
pared with the control plants (Borrill ef al., 2015). In addi-
tion, the stay-green phenotype of gpc-A1 and gpc-D1 mutants
did not influence grain yield determinants (Avni ef al., 2014).
However, Chapman et al. (2021b) reported that a novel NAM-
1 allele that delayed senescence was associated with a 14% in-
crease in the final grain weight, possibly by enhancing resource
remobilization. A plausible explanation for such discrepan-
cies might be that grain yield in wheat is largely sink-limited
(Reynolds et al., 2005; Lichthardt et al., 2020). The surplus
water-soluble carbons that remain in the stem at physiolog-
ical maturity supports this hypothesis (Serrago et al., 2013).
Thus, a higher sink capacity might be essential to capitalize on
the extended photosynthetic period during the grain filling
phase (Lichthardt ef al., 2020). In this context, a reductionist
approach that focuses on characterizing individual component
traits might assist in the deeper understanding of source—sink
dynamics but also be integrated to pinpoint favourable combi-
nations of alleles/haplotypes for improving wheat grain yield
(Brinton and Uauy, 2019; Reynolds ef al., 2022).

As Miracle-Wheat has a stronger sink (higher spikelet
number), we hypothesized that delimited post-anthesis source
strength might explain the spike-branching-induced grain
yield trade-offs. To examine this, we developed a biparental
wheat population comprising about 385 recombinant inbred
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lines (RILs) by crossing the spike branching TRI 984 with an
elite durum CIRNO C2008. The idea was to evaluate this
population under field conditions for various architectural
traits, as well as the senescence rate of the flag leaf, the pedun-
cles, and the spike (details are in ‘Materials and methods’). In
summary, our current study aims to explain (i) the relationship
between senescence rate and trade-offs regulating grain yield
(spike branching, grain number, grain weight); (i) the under-
lying genetics of such trade-offs; (ii1) favourable trait and allele
combinations of relevant QTLs to balance grain yield trade-
offs; and finally (iv) verify if spike branching might be a poten-

tial selection target to enhance grain yield in wheat.

Materials and methods

Population development

A biparental population comprising 385 RILs was developed by crossing
the spike-branching Miracle-Wheat accession “TRI 984’ and elite durum
from CIMMYT, ‘CIRNO C2008’ (hereafter referred to as ‘CIRNO’).
A modified speed breeding method (Ghosh et al., 2018; Watson et al.,
2018) was used for rapid generation advancement from F; to Fs. Initially,
the grains were sown in the 96-well trays and grown in standard long
day conditions, viz. 16 h light (19 °C) and 8 h dark (16 °C) for about 2
weeks. Later, the trays were transferred to speed breeding conditions viz.
22 h light (22 °C) and 2 h dark (17 °C) to accelerate growth. The spikes
were harvested at maturity, and a similar method was used for the next
cycle. Finally, the obtained F5 plants were multiplied under field condi-
tions during the spring of 2020, and the resulting Fy grains (RILs) were
genotyped and phenotyped.

Genotyping and linkage map construction

The parental lines and three Fy grains per RIL were sown in 96-well trays
and were grown in standard greenhouse conditions (16 h light (19 °C)
and 8 h dark (16 °C)) for about 2 weeks. Leaves were sampled at the two-
leat stage from all the seedlings and stored at —80 °C until further use.
During the sampling, the leaves from the three replications of a particular
RIL were pooled, and genomic DNA was extracted. The DNA integrity
was evaluated on an agarose gel, after which about 50 ng pl™" aliquots
were prepared for the genotyping. Eventually, the 25K wheat SNP array
from SGS-TraitGenetics GmbH was used for genotyping the 385 RILs
along with the parental lines. However, only the 21K markers scored to
the A and B sub-genome were considered for further analysis; we found
that 5089 makers were polymorphic (Supplementary Fig. STA).A linkage
map was developed using the regression and maximum likelihood meth-
ods in JoinMap v4.1 (Stam, 1993). A subset of 2128 markers was prepared
after filtering, viz. without segregation distortion (determined based on a
chi-square test), <10% heterozygosity, and <10% missing (Supplementary
Fig. S1B, C). Haldane’s mapping function was used in the regression
method, while the maximum likelihood method involved the spatial
sampling thresholds of 0.1, 0.05, 0.03, 0.02, and 0.01 with three optimi-
zation rounds per sample. Outcomes from both these methods were used
to determine the 14 linkage groups and final map order.

Examining plant and spike architectural traits

Greenhouse conditions
After collecting the leaves for genotyping (as described in the pre-
vious section), the 2-week-old seedlings were vernalized at 4 °C for 1

month. Then, the seedlings were transferred to 9 cm square pots, grown
in long day conditions (16 h light (19 °C) and 8 h dark (16 °C)). In
both the parents—TRI 984 and CIRNO—tillers per plant (at booting)
and spike number per plant (at maturity) were phenotyped. Besides, flag
leat” verdancy was measured at eight different locations along the leaf
blade (Borrill ef al., 2019) at heading and also 30 d after heading using
the SPAD-502 chlorophyll meter (Konica Minolta). Standard fertiliza-
tion was performed, and plants were treated with pesticides based on
requirement.

Field conditions

The genotypes were screened at IPK-Gatersleben (51°4923”N,
11°1713”E, 112 m altitude) under field conditions for two growing sea-
sons, viz. the F¢-derived RILs in the spring of 2021 and the F;-derived
RILs in the spring of 2022. They were grown in an oO-lattice design
with three replications, while each 1.5 m? plot had six 20 cm-spaced
rows comprising two genotypes (three rows each). Standard agronomic
and management practices were in place throughout the growth cycle;
however, the experimental trial was completely rainfed. Besides, a subset
of genotypes (Fs-derived RILs) in one replication was evaluated at the
University of Hohenheim (48°42°50”N, 9°12’58”E, 400 m altitude) in
2022.

Plants from the inner rows (at least five measurements per plot) were
considered for all the phenotyping except for grain yield per metre row,
where the mean of all three rows of a particular genotype was meas-
ured. Days to heading (DTH) was determined at ‘Zadoks 55’, i.e. when
half of the spike has emerged (Zadoks et al., 1974) in about 50% of the
plants in a particular plot. Later, this was converted into growing degree
days (GDD) to account for temperature gradients (Miller et al., 2001).
The distance from the tip of the flag leaf to its base was considered as
the flag leaf length, while the flag leat width was the end-to-end hori-
zontal distance at the middle of the leat. At heading, flag leat verdancy was
measured using the SPAD-502 chlorophyll meter (Konica Minolta) at
eight different locations along the leaf blade (Borrill ef al., 2019). Flag leaf
senescence was screened 30 d after heading using a four-point severity
scale from ‘1’ indicating the least senescence to ‘4’ for the highest senes-
cence (Supplementary Fig. S2A). The number of senesced peduncles per
10 peduncles was counted from the inner rows to determine peduncle
senescence (%) (Chapman et al., 2021a). In this context, we found a gra-
dient of yellowness in the peduncle across the RILs; however, in the cur-
rent study, this was not difterentiated, i.e. we had only two classes—green
and yellow (Supplementary Fig. S2B). Days to maturity (DTM) was de-
termined when most spikes turned yellow in a particular plot; later, this
was converted to growing degree days similar to days to heading.

Spike weight, spike length (without awns), and straw biomass (dry
weight of culm along with leaves) were measured after harvest. In ad-
dition, a scoring method was developed for estimating supernumerary
spikelets (two spikelets per rachis node) and spike branching (true
branching with mini-spikes from the rachis nodes) (Supplementary Fig.
S3):°0’ (standard spike), ‘1’ (supernumerary spikelets only at the basal part
of the spike), 2" (supernumerary spikelets until half of the spike), ‘3’ (su-
pernumerary spikelets throughout the spike), and ‘4’ (proper branching).
Floret number was measured from the non-branching genotypes from
two spikelets at the centre of the spike at harvest. Besides, derived traits
such as grains per spikelet, grain filling duration (Chapman et al., 2021a),
and harvest index were calculated as follows:

Grains per spike

Grai ikelet =
rains per sprieie Spikelet number per spike

Grain filling duration = Days to maturity — Days to heading
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Grain weight per spike

Harvest index = - - -
Straw biomass + Spike weight

The ‘Marvin’ digital grain analyser (GTA Sensorik GmBH,
Neubrandenburg, Germany) was used to determine grains per spike,
thousand-grain weight, grain length, and grain width. We also recorded
the grain width and length of the parental lines manually using a Vernier
calliper to reconfirm the observed trend from the ‘Marvin’ digital seed
analyser (Supplementary Fig. S4). All the above-mentioned traits were
recorded at IPK-Gatersleben, while only the spike architectural traits
were phenotyped from the experiment conducted at the University of
Hohenheim.

Phenotypic and genetic analyses

Genstat 19 (VSN International, Hemel Hempstead, UK) and GraphPad
Prism 9.3.1 (GraphPad Software, Boston, MA, USA) were used for all
the statistical analyses. Ordinary one-way ANOVA followed by Dunnett’s
multiple comparisons test was employed for multiple-range comparisons,
and Student’s unpaired f-test was used to compare two groups. Pearson’s
correlation was used to study the relationship among the traits of interest;
besides, simple linear regression assisted in understanding the effect of a
particular trait (explanatory variable) on another (response variable). The
corresponding figures contain all the relevant details, such as P-value, R?,
and the number of samples compared; Supplementary Datasets S1 and S2
contain the source data used for statistical analysis.

QTL mapping was performed in Genstat 19 using the following cri-
teria: (i) step size of 10 ¢M, (i) minimum cofactor proximity of 50 cM,
(111) minimum QTL separation distance of 30 cM, and (iv) genome wide
significance, 0=0.05. Simple interval mapping was performed as an ini-
tial scan to determine the positions of potential candidate QTL(s). These
positions were used as cofactors for multiple rounds of composite interval
mapping (CIM); CIM was repeated until similar results were obtained at
least three consecutive times. Finally, QTL backward selection was carried
out after CIM to estimate various QTL effects, including the determina-
tion of QTL interval, high-value allele, additive effects, and phenotypic
variance explained. The QTLs were then visualized using MapChart 2.32
(Voorrips, 2002).

Results

Spike branching affects grains per spikelet and
thousand-grain weight

Consistent with previous findings using different germplasm
(Wolde et al., 2021), while the spike-branching landrace TRI
984 had more spikelets and florets per spike, the spikelets con-
tained fewer florets and grains than the elite durum cultivar
CIRNO (Fig. 1A-D; Supplementary Fig. SSA-C). However,
we found no difference in grain number per five spikes, but a
considerably reduced thousand-grain weight associated with
shorter grains was observed in TRI 984 (Fig. 1E-H). While
CIRNO flowered earlier (Fig. 1I), it had greener flag leaves
both at heading (Fig. 1]) and after 30 d of heading (Fig. 1K)
along with greener peduncles (Fig. 1L). Besides, CIRNO had
longer but narrower flag leaves (Supplementary Fig. S5D, E),
tewer tillers (Fig. 1M), yet spikes per plant remained unaltered
(Fig. IN), and it had shorter spikes (Supplementary Fig. S5F)
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and shorter plant stature (Supplementary Fig. S5G) compared
with TRI 984. We found considerable differences in spike
branching expressivity in TRI 984 (Supplementary Fig. SSH),
which can explain the grain number, grain weight, and spike
weight variations observed among various replications of TRI
984 (Fig. 1E-H, O, P). Such inconsistencies in spike branching
have also been reported earlier in another Miracle-Wheat elite
cultivar biparental population (Wolde et al.,2021). Furthermore,
there was no difference in the average spike weight (n=5) (Fig.
10), but CIRNO had more grain yield per five spikes (Fig.
1P). These observations indicate a clear difference in terms of
assimilate production and reallocation patterns between the
two genotypes. Variations in tiller number (at booting) might
indicate different resource partitioning strategies in TRI 984
and CIRNO during the pre-anthesis phase; however, there
was no difference in the total number of spikes at maturity.
Importantly, the spike-branching landrace TR1 984 exhibited a
shorter grain filling period (quicker senescence), which implies
reduced resource production and reallocation compared with
CIRNO (delayed senescence) during the post-anthesis phase.
Besides, the resources required to maintain the vegetative parts
might be higher in the case of TRI 984 because of the taller
plant architecture than CIRNO. Based on these observations,
it is conceivable that genetic analysis of the corresponding
landrace elite recombinants (TRI 984 X CIRNO) that vary
in source—sink balance might provide mechanistic insights into
the negative effect of spike branching on grain number per
spikelet and grain weight, two major components of final grain

yield.

Grains per spikelet and thousand-grain weight are
associated with senescence rate

As expected, we witnessed a considerable diversity for all the
plant and spike architectural traits (Supplementary Fig. S6).
Importantly, flag leaf and peduncle senescence rates were
independent of the heading date; this implies that there is
a possibility for the lines that flowered late to senesce early
and vice versa (Fig. 2A). The lines with delayed flag leaf se-
nescence also had the tendency of retaining green/verdant
peduncles for a longer duration (Fig. 2A). In addition, the in-
tensity of flag leat’ greening (SPAD meter value) at heading
had no effect (R*=0.012, P=0.212) on the progress of senes-
cence (scored at 30 d after heading), indicating that these traits
are largely independent (Fig. 2B). Flag leaf length and delay
in senescence were positively related (R*=0.045, P=0.0034),
while flag leaf width did not influence these (Supplementary
Fig. S7A, B). Moreover, we observed that the lines with more
verdant/greener flag leaves at heading (higher SPAD wvalue)
also had a more significant number of florets per spikelet
(R*=0.085, P=0.0014), in line with the expected consequence
of source strength on sink organ establishment before anthesis
(Supplementary Fig. S7C). Intriguingly, the number of flo-
rets and grains per spikelet, which was determined earlier, was
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Fig. 1. TRI 984 has a poor source-sink balance compared with CIRNO. (A, B) Spike-branching phenotype of TRI 984 (A) and standard spike of CIRNO
(B). (C, D) Spikelet from the central part of the TRI 984 main rachis (C) shows reduced florets relative to a spikelet from a similar position in CIRNO

(D). (E) Despite having more spikelets, there is no increase in grain number per five spikes in TRI 984. (F-H) The grains are smaller in TRI 984, leading
to a reduction in thousand-grain weight. (-L) TRI 984 exhibited delayed heading (I), lower flag leaf verdancy at heading (J), and accelerated flag leaf
and peduncle senescence (K, L). (M-O) TRI 984 had more tillers at booting (M), but final spike number per plant remained unaltered (N) and there was
no difference in spike weight (O). (P) Grain yield per five spikes was reduced in TRI 984 compared with CIRNO. An unpaired t-test was performed

to determine significance in (E-P) and the resulting P-values (two-tailed analysis) are displayed. Data represented in (J, K, M, N) were obtained from
greenhouse experiment, while the all remaining traits were phenotyped from field grown plants.

somewhat associated with senescence rate, i.e. the lines with
more florets and grains per spikelet tended to display delayed
flag leaf senescence (R*=0.071, P=0.0007 and R>=0.14,
P<0.0001) (Supplementary Fig. S7D; Fig. 2C). Likewise,
it has been previously reported that higher grain number
increased the post-anthesis radiation use efficiency in wheat
(Reynolds et al., 2005). Here, we mapped a QTL on chromo-
some (Chr) 5A (bh'-A3) influencing grains per spikelet and
flag leaf senescence rate (Supplementary Table S1). This pos-
sibly implies a gene/QTL-mediated pleiotropic association
between sink number and flag leat senescence rate, although
these traits might not be physiologically dependent. Besides,
the delayed senescence rate had a positive effect on thousand-
grain weight (R*=0.13, P<0.0001) (Fig. 2D). We realized that
the observed increase in thousand-grain weight is primarily
due to the change in grain width (R*=0.08, P<0.0001) (Fig.
2E) and not grain length (Supplementary Fig. S7E), suggest-
ing that grain width is more plastic, influenced by resource
reallocation compared with grain length. Nevertheless, it is
clear that the longer duration of green flag leaf and peduncle is

not simply ‘cosmetic’—it influences grain yield determinants.
This vital evidence supports our hypothesis that dissecting the
source—sink relationship might have relevance in balancing
the trade-offs that negatively regulate the final grain yield in
‘Miracle-Wheat’-like genotypes.

The bh'-A1 locus underiies sink and source capacity

Using a scoring method based on the phenotype of the spike
(Supplementary Fig. S3), we mapped a major effect QTL
for spike branching on Chr 2A (Fig. 3A, Supplementary
Table S1) associated with the previously known locus bh'-
A1 (Poursarebani ef al., 2015). Regardless of the increase in
spikelet number per spike owing to the lateral branching (Fig.
3B), there was no difference in the total grains per spike (Fig.
3C) but the bh'-A1 locus was associated with a reduction in
grain length (Fig. 3D) and thousand-grain weight (Fig. 3E).
While the bh-A1 lines had slightly longer flag leaf blades (Fig.
3F), the flag leaf verdancy at heading (Fig. 3G) and spike length
(Fig. 3H) were negatively affected. Thus, the TRI 984 allele
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Fig. 2. Functional ‘stay-green’ phenotype was observed in the landrace elite recombinants. (A) Flag leaf and peduncle senescence were positively
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grown plants.

induced spike branching and in addition might also affect the
source capacity. Eventually, there was no advantage in the final
grain yield because of spike branching.

bh'-A3, a novel spike-branching locus on chromosome
5A, reshapes source-sink dynamics

Following similar phenotyping (Supplementary Fig. S3), we
mapped a QTL for spike branching on the long arm of Chr
5A;here the CIRNO allele contributed to the spike-branching
phenotype (Fig. 4A; Supplementary Table S1). We named the
newly identified spike-branching modifier locus as ‘bh'-A 3’ fol-
lowing the previously known bh'-A1 (Poursarebani et al., 2015)
and bh'-A2 (Wolde et al., 2021) loci. Interestingly, the spike-
branching effect of the bh'-A3 locus manifests only in the pres-
ence of the mutated bh'-A1 allele (Fig. 4A; Supplementary Fig.
S8A-D; Supplementary Table S1). We divided the RILs into
two sub-groups for QTL mapping, viz. by fixing (i) bh'-A1 and
(i) BH'-A1, and the outcome confirmed the epistasis of the
bh'-A3 to bh'-A1 locus (Supplementary Fig. S8A). Possibly, this
indicates that the plasticity for spike branching is introduced by
bh'-A1, i.e. it might be first essential to have bh'-A1 to disrupt
the spikelet meristem identity and only then might the bh'-A3
locus modify the branching intensity in the spikes. Besides, the
grain number increase was only observed in the spike-branch-
ing RILs—when bh'-A1 is present (Supplementary Fig. S8C).
Moreover, in this region, we found co-localized QTLs for an
array of traits influencing source—sink dynamics. The CIRNO
allele was associated with spike branching (Fig. 4B), delayed flag
leat senescence (Fig. 4C), more extended grain filling period

(Fig. 4D), increased grains per spikelet (Fig. 4E), and grain
yield per five spikes (Fig. 4F). Besides, we also found a subtle,
yet positive, effect on grain width (Supplementary Fig. S9A),
florets per spikelet (Supplementary Fig. S9B), straw biomass
(Supplementary Fig. S9C), and harvest index (Supplementary
Fig. S9D); but days to heading was not affected (Supplementary
Fig. SOE). Interestingly, we found that the observed variations
in flag leaf senescence, grain filling duration, and grain width
were not dependent on the presence of bh'-A1 (Supplementary
Fig. S8E—G). This pattern implies that the phenotypic varia-
tion explained by the 5A QTL hotspot for spike branching
expressivity and senescence rate might be the outcome of at
least two linked genes. Taken together, this trend suggests that
the favourable CIRNO allele (bh'-A3) mediates enhanced as-
similate production and reallocation of the resources to sink
organs, including the lateral branches/supernumerary spikelets
because of longer grain filling duration.

GPC-B1 is the major determinant of senescence rate
and thousand-grain weight

A QTL on Chr 6B, which most likely is associated with GPC-
B1 (Uauy et al., 2006), explained most of the observed phe-
notypic variance for the overall plant senescence rate (Fig. 5A;
Supplementary Table S1). Likewise, it was found that mutations
in the NAC domain of NAM-A1 (GPC-A1) delayed peduncle
and flag leaf senescence (Harrington ef al., 2019). In the cur-
rent study, the CIRNO allele ensured delay in the flag leaf (Fig.
5B), peduncle (Fig. 5C), and spike senescence (days to matu-
rity) (Fig. 5D). Therefore, there might be a possibility of more
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Fig. 3. bh'-A1 induces spike branching but with a grain weight trade-off. (A) A major effect QTL hotspot for spike branching, grain length, and weight
was mapped on the short arm of Chr 2A. (B-H) RILs with the TRI 984 allele showed spike branching (B), no difference in grains per five spikes (C), but a
reduction in grain length (D), thousand-grain weight (E), flag leaf length (F), flag leaf verdancy at heading (G), and spike length (H). In (B-H), n represents
the number of RILs that were compared for each allele class; TRI 984 allele data points are in black and CIRNO allele data points are in cyan. An
unpaired t-test was used to determine the statistical significance, and the resulting P-values (two-tailed analysis) are displayed for all the comparisons.

Data obtained from field grown plants were used for the analysis in (A-H).

reallocation into the sink organs, leading to an increase in grain
width (Fig. 5E) and grain length (Fig. 5F). Accordingly, we
observed a considerably higher thousand-grain weight in the
RILs that senesce late (Fig. 5G). But, there was no meaningful
difference in grain number per five spikes (Supplementary Fig.
S10A), straw biomass (Supplementary Fig. S10B), and harvest
index (Supplementary Fig. S10C). Although flag leat length was
not directly affected by this QTL (Supplementary Fig. S10D),
longer flag leaves, in general, had a positive effect on thousand-
grain weight in both allele groups (Supplementary Fig. S11A,
B), viz. GPC-B1 (R*=0.11, P=0.0003) and gpc-B1 (R*=0.043,
P=0.041). Notably, the relationship between flag leat length
and grain weight was relatively stronger in the early senescing
genotypes. In fact, the contribution to thousand-grain weight
per unit length of flag leaf was higher in the case of the gpc-B1
allele that is associated with delayed senescence (Supplementary
Fig. S11C). Furthermore, we also included the effect of the al-
lelic status at bh'-A1, another major QTL for grain weight, in

addition to gpc-B1. Here, the RILs with various allele combi-
nations revealed a similar positive relationship between flag leaf
length and grain weight (Supplementary Fig. S11D-G), viz.
BH'-Al+gpe-B1 (R’=0.113, P=0.0118), BH-A1+GPC-B1
(R?=0.164, P=0.0032), bh'-A1+gpc-B1 (R*=0.12, P=0.0586),
and bh'-A1+GPC-B1 (R*=0.136, P=0.0048). Overall, these
observations support the idea of the importance of source
strength, i.e. possibly more resource production and realloca-
tion (delayed senescence) enhanced thousand-grain weight in
both spike-branching and standard non spike-branching geno-
types evaluated in the current population.

Specific additive and epistatic interactions may
increase yield potential in spike-branching genotypes

As the QTLs on Chr 2A, 5A, and 6B explain variations in
key source—sink attributes, we analysed their various allelic
combinations to better understand the grain yield trade-offs in
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Fig. 4. bh'-A3, a new modifier locus for spike branching. (A) bh'-A3 mediates spike branching, flag leaf senescence rate, grain filing duration, grains

per spikelet, and grain yield per spike. (B-F) The CIRNO allele increases the expressivity of spike branching (when bh!-A7 is present) (B), delays flag leaf
senescence rate (C), increases grain filling duration (D), grains per spikelet (E), and grain yield per five spikes (F). In (B-F), n represents the number of RILs
that were compared for each allele class; TRI 984 allele data points are in black and CIRNO allele data points are in cyan. An unpaired t-test was used to
determine the statistical significance, and the resulting P-values (two-tailed analysis) are displayed for all the comparisons. Data obtained from field grown

plants were used for the analysis in (A-F).

spike-branching genotypes (Figs 6A—H, 7A—G, 8). Interestingly,
the spike-branching lines carrying bh'-A1 and bh'-A3 loci
along with gpc-B1 had higher grain number per five spikes
(Fig. 6A, E) and were associated with a delay in post-anthesis
flag leat senescence. However, the difference in thousand-grain
weight was observed only at IPK (Fig. 6B; Supplementary
Fig. S12A, B), while this effect was absent in Hohenheim
(Fig. 6F; Supplementary Fig. S12C, D). Nevertheless, they had
higher grain yield per five spikes (Fig. 6C, G) across all the
three environments, viz. [IPK-2021, IPK-2022, and University
of Hohenheim-2022, compared with the early senescing
branched spike RILs (bh'-A1+BH-A3+GPC-B1). Moreover,

grain yield (per metre row) was also higher in the stay-green
spike-branching RILs than the ones that senesced early (Fig.
6D).

Next, we compared the impact of delayed senescence be-
tween the spike-branching RILs and those with standard spikes
(no spike branching). Although, the spike-branching RILs car-
rying the favourable alleles (bh'-A1+BH'-A3+GPC-B1) had
higher grain number (Fig. 7A), they had reduced thousand-
grain weight (Fig. 7B) than the lines with standard spikes
having similar senescence rate, i.e. BH-A1+bh'-A3+gpc-B1;
nevertheless, the final spike grain yield (Fig. 7C) was similar
in both these cases. Finally, we compared the performance of
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Fig. 5. gpc-B1 regulates senescence rate and grain weight. (A) QTLs for overall senescence rate and thousand-grain weight co-localized on Chr 6B.
(B-D) The modern (CIRNO) allele mediated delay in flag leaf senescence (B), peduncle senescence (C), and days to maturity (spike senescence) (D).
(E-G) The resulting increase in the post-anthesis phase is translated into an increase in grain width (E), grain length (F), and eventually thousand-grain
weight (G). In (B-G), n represents the number of RILs that were compared for each allele class; TRI 984 allele data points are in black and CIRNO allele
data points are in cyan. An unpaired t-test was used to determine the statistical significance, and the resulting P-values (two-tailed analysis) are displayed
for all the comparisons. Data obtained from field grown plants were used for the analysis in (A-G).

these spike-branching RILs with both the parental lines. Here,
we observed a non-significant increase in grain number, but a
slightly reduced thousand-grain weight than CIRNO (Fig. 7D,
E). However, there was an increase in thousand-grain weight
and no change in grain number when compared with TRI
984 (Fig. 7D, E). Eventually, the grain yield per spike of the
favourable spike-branching RILs was higher than TRI 984 and
similar to CIRNO (Fig. 7F).

Discussion

Over the course of domestication and breeding, grain yield
determinants such as grain number and grain weight, but also
grain quality traits under both favourable and stressful condi-
tions, were the primary selection targets in all major cereal
crops, including wheat (Voss-Fels et al., 2019; McSteen and
Kellogg, 2022). For instance, the selection of the semi-dwart

Rht-1 allele was a vital driver of the ‘green revolution’ in
wheat (Peng ef al., 1999); likewise, the prevalence of the less
functional GNI-A1 allele enabled higher floret fertility in
the modern wheat cultivars (Golan et al., 2019; Sakuma et al.,
2019). However, substantial genetic yield gaps (the difference
between the genetic yield potential of a crop in a particular
environment and the potential yield of the current local cul-
tivar) suggest the presence of untapped genetic diversity for
enhancing wheat grain yield (Senapati ef al., 2022). Grain yield
can be optimized by fine-tuning various developmental pro-
cesses (Mathan ef al., 2016) and introducing ‘drastic variations’
in crop breeding (Abbai et al.,2020).The genetic pathways that
coordinate inflorescence architecture are dissected in staple
grasses (Kellogg, 2022; Koppolu et al., 2022), which might
have relevance for minimizing the genetic yield gap. Here, we
considered the case of spike-branching Miracle-Wheat as a
potential option for increasing sink strength (more spikelets
and grains per spike). However, the genetic analysis of the TRI
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late (bh'-A7+bh'-A3+gpc-B1) had higher grain number per five spikes (A), increased thousand-grain weight (B), and more grain yield per five spikes (C),
and finally grain yield per metre row was also higher in the stay-green spike-branching RILs (calculated only at IPK) (D). (E-G) Likewise, at Hohenheim,
we observed more grains per five spikes (E), but no change in thousand-grain weight (F), and eventually there was an increase in grain yield per spike
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used to determine the statistical significance. All the comparisons are made with respect to the bh-A71+BH!-A3+GPC-B1 allelic combination, and the
corresponding P-values are displayed in all the graphs (significant ones are in bold). Data obtained from field grown plants were used for the analysis in
(A-G). The image in (H) was partly created using BioRender.com. bh'-A1+BH'-A3+GPC-B1: recombinants with one locus for spike branching and two
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with two loci each for spike branching and delayed senescence.

984 X CIRNO recombinants revealed a couple of significant
limitations.

First, we recorded inconsistencies in the expressivity (degree)
of spike branching (in the RILs that carried similar QTLs/alleles;
Figs 3B, 4B; Supplementary Fig. S8B). Likewise, large variations
in spike-branching intensity (Supplementary Fig. SSH) and
eventually grain number per spike (Fig. 1E) were also observed
in TRI 984. Wolde et al. (2021) reported that the expressivity
of spike branching in a particular genotype was higher in the
outer rows compared with the inner rows of the plot. However,
no new QTLs were mapped that specifically explained such
differences. One explanation might be that field-grown plants
experience competition for various resources, including light
(Huber et al., 2021; Postma et al., 2021), especially in the inner
rows (Rebetzke et al., 2014). Furthermore, we had two geno-
types (three rows each) in 1.5 m?” plots in the current study and

the neighbouring genotype was not the same in all the three
replications, which might have affected spike branching differ-
ently due to asymmetric plant—plant competition. In this re-
gard, future studies investigating the response of various source
and sink component traits in high-density monoculture plots
or simulated canopy shade (Golan et al., 2022) are required to
uncover the genetic framework of plant—plant competition and
its effect on spike branching expressivity.

Next, the spike-branching induced trade-off on grain
weight was another major concern. Previously, Poursarebani
et al. (2015) reported that the bh'-A1 locus increases grain
number, but with a grain weight trade-off. Likewise, we also
observed considerably smaller grains in the spike-branching
genotypes (Figs 1E 3D). However, in the current study, the
spike-branching phenotype induced by bh'-A1 had no effect
on the final grain number (Figs 1E, 3C). Interestingly, there
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Increased grain yield per spike than
TRI 984, but similar to CIRNO
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no change in grain wider, but shorter grains in and no change in
number spike-branching RiLs grain number

Fig. 8. Summary of the physiological and genetic basis of interaction among bh'-A7, bh'-A3, and gpc-B1 in the current landrace-elite recombinant
population. The image was partly created using BioRender.com.
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was no thousand-grain weight trade-off in the spike-branching
Bellaroi X TRI 19165 semi-dwarf RILs (Wolde et al., 2021)
and also in the Floradur NILs with supernumerary spikelets
(Wolde et al., 2019), thus warranting the analysis of source—sink
dynamics in the non-canonical spike forms. Here, it is vital to
emphasize the relevance of the post-anthesis (yield realization)
events, chiefly related to the transfer of assimilates to the previ-
ously established sink organs during grain filling (Murchie ef al.,
2023; Slafer et al., 2023). In this context, the senescence rate
might have an impact on grain filling duration (Kichey et al.,
2007; Christopher et al., 2016; Chapman et al., 2021b; Hassan
et al.,2021; Li et al., 2022), i.e. extended photosynthesis leading
to more assimilate production and allocation to the developing
grains. However, final grain weight was not strongly related
with starch/sugar levels or the corresponding enzymatic ca-
pacity in 54 diverse wheat genotypes, but it might be a function
of early developmental events (Fahy et al., 2018). In the current
study, we found that higher grain number per spikelet (Fig. 2C)
and grain weight (Fig. 2D) is associated with delayed flag leaf,
peduncle, and spike senescence. As expected, the observed ef-
fect of senescence rate might be because of the differences in
various sink strength-related traits such as spikelet number per
spike (spike branching) (Fig. 3B), and floret number per spikelet
(Supplementary Fig. S9B) in our RIL population. As the sink
strength increased, perhaps the extended photosynthetic period
was meaningful for influencing the final grain yield. This trend
further establishes the rationale for understanding the genetic
and molecular framework of source and sink-related compo-
nent traits to enable grain yield gains (Brinton and Uauy, 2019;
Reynolds ef al., 2022). With this, the favourable alleles explain-
ing the source—sink dynamics might assist in improving grain
number and grain weight in the spike-branching genotypes.
Here, we analysed the interactions among bh'-A1, bh'-A3, and
gpc-BT; the bh'-A1 and bh'-A3 loci regulated spike branching,
but also source strength, while gpc-B1 delayed senescence rate
and increased thousand-grain weight (Figs 6, 7). Transcriptional
analysis of WT and NAM (GPC) RNAI lines revealed differ-
ential regulation of genes related to various processes, including
photosynthesis and nitrogen metabolism, during flag leaf se-
nescence (Andleeb er al., 2022). Our preliminary genetic ev-
idence indicates that gpc-B1 might function independently of
the spike-branching-associated loci (Supplementary Fig. S13A,
B). In any case, as speculated, the spike-branching RILs with
an extended photosynthetic period (delayed senescence) had
considerably higher grain yield (per metre row) compared
with branched spike genotypes that senesced early (Fig. 6D).
In this case, the stay-green spike-branching RILs had about 11
additional grains per spike (SEM: £3.17) (Fig. 6A). However,
we believe that the grain number difference might be due
to the interaction between floret number and flag leat senes-
cence, which is mediated by the bh'-A3 locus; the CIRNO
allele increased florets per spikelet (Supplementary Fig. S9B)
and delayed flag leaf senescence (Fig. 4C). The pre-anthesis
floret degeneration and post-anthesis flag leaf senescence might
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share a common genetic basis thereby primarily affecting the
tip of the respective organs, i.e. spikelet meristem/rachilla and
flag leaf, respectively. Therefore, it is conceivable that the un-
derlying gene might have a pleiotropic effect on floret de-
generation and flag leat senescence, thus explaining the grain
number difference. Recently, enrichment of senescence-related
transcripts has been reported during pre-anthesis tip degener-
ation in barley spikes (Shanmugaraj et al., 2023), which further
supports our hypothesis. Then in our field experiments con-
ducted at IPK-Gatersleben (2021 and 2022), we found an 8.5%
(SEM: £3.11%) increase in average grain weight (Fig. 6B) in the
spike-branching genotypes that senesce late. The 2.53% (SEM:
+1.01%) rise in grain width (Supplementary Fig. S12A) majorly
contributed to the grain weight difference, as the grain length
remained unaffected (Supplementary Fig. S12B). Incidentally, it
was found that grain width increased during wheat evolution
under domestication (Gegas et al., 2010). Besides, it might be
interesting to evaluate the effect of expansin genes in the spike-
branching lines as the ectopic expression of TaExpA6 increased
grain length (Calderini ef al., 2021).

Further, we would like to emphasize certain limitations in
our experimental set-up: we used relatively small plots (only 1.5
m?) with two genotypes in one plot; therefore, the influence
of the border effect (Rebetzke et al.,2014) cannot be excluded
in grain yield per row calculations and besides, the evaluated
population are landrace elite recombinants, which might create
another bias in the observed yield increase. Although there is
a significant increase in grain number per five spikes and grain
weight in the stay-green spike-branching recombinants, the
actual yield advantage might be better understood by evaluat-
ing the effect in isogenic backgrounds (NILs) and larger plots
in multiple environments. In this context, we are developing
spike-branching CIRNO NILs for these follow-up experi-
ments. Another trade-oft associated with extending the grain
filling duration that is not addressed here is its likely impact on
grain nutrition profile; the functional NAM-B1 allele improves
grain protein, iron, and zinc content by accelerating the se-
nescence process (Uauy et al., 2000). Then, the status of the
stay-green spike-branching RILs under unfavourable condi-
tions is also beyond the scope of the current study; however,
previous reports indicate a positive effect of stay-green pheno-
types on wheat grain yield under drought and heat (Lopes and
Reynolds, 2012). Similarly, delay in senescence led to higher
grain number and tiller number but lower thousand-grain
weight under nitrogen-limiting conditions (Derkx ef al.,2012).
In addition, a recent simulation study indicates the advantage
of cultivating late-maturing wheat varieties in future climate
scenarios (Minoli et al., 2022), suggesting that a delay in senes-
cence rate might eventually be beneficial.

Conclusion

The physiological and genetic analysis of TRI 984 X CIRNO
recombinants revealed that (i) extended verdant flag leaf,
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peduncle, and spike led to higher grain yield per spike as the
traits influencing sink strength segregated, including spike
branching; (ii) three QTL regions—on Chr 2A (bh'-A1),
Chr 5A (bh'-A3), and Chr 6B (gpc-B1)—were associated with
source—sink strength in the current biparental population;
and (iii) an increase in grain number and grain weight is pre-
dominantly possible among the stay-green, spike-branching
genotypes. Finally as wheat grain yield is also sink-limited, we
propose that introducing spike branching as a breeding target
might enable advancing genetic gains while minimizing the
gap between genetic yield potential and the actual realized
yield. Although we provide insights into the genetic basis of
grain yield determination in ‘Miracle-Wheat, it is still neces-
sary to understand the basis of inconsistencies in the degree of
spike branching within the same genotype but also in diverse
genetic backgrounds. To achieve this, tracking the source-
strength dynamics during the early developmental stages might
be necessary.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1.The RIL population was genotyped using the 25K
array.

Fig. S2. Tracking the progression of senescence rate 30 d
after heading.

Fig. S3. Dosage-based scoring method (0—4 point scale)
for spikes with supernumerary spikelets and spike-branching
phenotypes.

Fig. S4.Validation of Marvin results.

Fig. S5.TRI 984 vs CIRNO.

Fig. S6. Phenotypic distribution of various plant and spike
architectural traits across the RIL population.

Fig. S7. Relationship between various traits across the
population.

Fig. S8. Spike-branching phenotype explained by bh-A3
being epistatic with bh-A1.

Fig. S9. bh-A3 influences grain width, florets per spikelet,
straw biomass, and harvest index, and has no effect on days to
heading.

Fig. S10. gpc-B1 does not influence grains per five spikes,
straw biomass, harvest index, and flag leaf length.

Fig.S11. Effect of flag leat length and thousand-grain weight
in RILs.

Fig. S12. Genetic interaction among bh-A1, bh-A3, and
gpe-B1.

Fig. S13.The flag leaf senescence rate of various allele com-
binations revealed that gpc-B1 is independent of bh-A1 and bh-
A3 and gpc-B1 exhibit additive effect.

Table S1. Summary of the mapped QTLs and their attributes.

Dataset S1. Source data for main Figs 1-7.

Dataset S2. Source data for Supplementary Figs S4, S5, and
Supplementary Figs S7-S13.

Acknowledgements

We are grateful to Franziska Backhaus, Corinna Trautewig, Kerstin Wolf,
Sonja Allner, Ellen Weiss, Ingrid Marscheider, and Angelika Piischel for
their excellent technical assistance; Roop Kamal for helping with the
field design; Prof. Nils Stein for his valuable comments on the project;
Dr Gemma Molero for sharing CIRNO grains; all members of Plant
Architecture research group for the fruitful discussions and also for the
support during harvest; and Peter Schreiber and the team of gardeners for
managing the field operations. Finally, we thank the peer reviewers and
handling editor for their valuable suggestions that improved our study.

Author contributions

TS acquired funding and supervised the project. RA continued to de-
velop the population further, generated the data, analysed and interpreted
the results. TS and GG guided in analysis and interpretation of the results.
FHL conducted the field experiment at the University of Hohenheim.
RA wrote the manuscript with inputs from all the co-authors.

Conflict of interest

The authors declare that there is no conflict of interest.

Funding

TS thanks the European Fund for Regional Development (EFRE),
the State of Saxony-Anhalt within the ALIVE project, grant no.
7S/2018/09/94616, the HEISENBERG Program of the German
Research Foundation (DFG), grant no. SCHN 768/15-1 and the IPK
core budget for supporting this study. GG was funded through the
Alexander von Humboldt Foundation postdoctoral fellowship program.

Data availability

Supplementary Dataset S1 (48 excel sheets arranged figure-wise) and
Supplementary Dataset S2 (43 excel sheets arranged figure-wise) contain
the data used for testing statistical significance for all the corresponding
main and supplementary figures respectively. The phenotypic trait means
(field experiments at IPK-Gatersleben) and genotypic data of the map-
ping population are deposited in e!DAL (Arend ef al., 2014) and can be
accessed at: http://dx.doi.org/10.5447/ipk/2023/17.

References

Abbai R, Singh VK, Snowdon RJ, Kumar A, Schnurbusch T. 2020.
Seeking crops with balanced parts for the ideal whole. Trends in Plant
Science 25, 1189-1193.

Acreche MM, Slafer GA. 2009. Grain weight, radiation interception and
use efficiency as affected by sink-strength in Mediterranean wheats released
from 1940 to 2005. Field Crops Research 110, 98-105.

Andleeb T, Knight E, Borrill P. 2022. Wheat NAM genes regulate the
majority of early monocarpic senescence transcriptional changes including
nitrogen remobilization genes. G3 13, jkac275.

Arend D, Lange M, Chen J, Colmsee C, Flemming S, Hecht D, Scholz,
U. 2014. elDAL - a framework to store, share and publish research data.
BMC Bioinformatics 15, 214.

$20Z J8qWBAON gz U0 Jasn Biaquanip-8||eH 19BlISIaAIUN-IaYINT-UILE.|\| Jop sneyuayuenyaT seyosiwapedy Aq $29082./88/1/S//21one/qxl/woo dno-olwspese//:sdny woJj papeojumoq


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erad373#supplementary-data
http://dx.doi.org/10.5447/ipk/2023/17

Avni R, Zhao R, Pearce S, Jun Y, Uauy C, Tabbita F, Fahima T, Slade
A, Dubcovsky J, Distelfeld A. 2014. Functional characterization of GPC-1
genes in hexaploid wheat. Planta 239, 313-324.

Boden SA, Cavanagh C, Cullis BR, Ramm K, Greenwood J, Jean
Finnegan E, Trevaskis B, Swain SM. 2015. Ppd-1 is a key regulator of
inflorescence architecture and paired spikelet development in wheat. Nature
Plants 1, 14016.

Borrill P, Fahy B, Smith AM, Uauy C. 2015. Wheat grain filling is limited
by grain filling capacity rather than the duration of flag leaf photosynthesis: a
case study using NAM RNAI plants. PLoS One 10, e0134947.

Borrill P, Harrington SA, Simmonds J, Uauy C. 2019. Identification of
transcription factors regulating senescence in wheat through gene regula-
tory network modelling. Plant Physiology 180, 1740-1755.

Brinton J, Uauy C. 2019. A reductionist approach to dissecting grain
weight and yield in wheat. Journal of Integrative Plant Biology 61, 337-358.

Calderini DF, Castillo FM, Arenas-M A, et al. 2021. Overcoming the
trade-off between grain weight and number in wheat by the ectopic expres-
sion of expansin in developing seeds leads to increased yield potential. New
Phytologist 230, 629-640.

Chang TG, Shi Z, Zhao H, Song Q, He Z, Van Rie J, Den Boer B, Galle
A, Zhu XG. 2022. 3dCAP-Wheat: an open-source comprehensive compu-
tational framework precisely quantifies wheat foliar, nonfoliar, and canopy
photosynthesis. Plant Phenomics 2022, 9758148.

Chapman EA, Orford S, Lage J, Griffiths S. 2021a. Capturing and select-
ing senescence variation in wheat. Frontiers in Plant Science 12, 638738.

Chapman EA, Orford S, Lage J, Griffiths S. 2021b. Delaying or deliver-
ing: identification of novel NAM-1 alleles that delay senescence to extend
wheat grain fill duration. Journal of Experimental Botany 72, 7710-7728.

Christopher JT, Christopher MJ, Borrell AK, Fletcher S, Chenu K.
2016. Stay-green traits to improve wheat adaptation in well-watered and
water-limited environments. Journal of Experimental Botany 67, 5159-5172.

Derkx AP, Orford S, Griffiths S, Foulkes MJ, Hawkesford MJ. 2012.
Identification of differentially senescing mutants of wheat and impacts on
yield, biomass and nitrogen partitioning. Journal of Integrative Plant Biology
54, 555-566.

Distelfeld A, Avni R, Fischer AM. 2014. Senescence, nutrient remobili-
zation, and vyield in wheat and barley. Journal of Experimental Botany 65,
3783-3798.

Dixon LE, Greenwood JR, Bencivenga S, Zhang P, Cockram J,
Mellers G, Ramm K, Cavanagh C, Swain SM, Boden SA. 2018.
TEOSINTE BRANCHED1 regulates inflorescence architecture and develop-
ment in bread wheat (Triticum aestivum). The Plant Cell 30, 563-581.

Dixon LE, Pasquariello M, Badgami R, et al. 2022. MicroRNA-resistant
alleles of HOMEOBOX DOMAIN-2 modify inflorescence branching and in-
crease grain protein content of wheat. Science Advances 8, eabn5907.

Dobrovolskaya O, Pont C, Sibout R, et al. 2015. FRIZZY PANICLE drives
supernumerary spikelets in bread wheat. Plant Physiology 167, 189-199.

Dreccer MF, Wockner KB, Palta JA, Mcintyre CL, Borgognone MG,
Bourgault M, Reynolds M, Miralles DJ. 2014. More fertile florets and
grains per spike can be achieved at higher temperature in wheat lines with
high spike biomass and sugar content at booting. Functional Plant Biology
41, 482-495.

Fahy B, Siddiqui H, David LC, Powers SJ, Borrill P, Uauy C, Smith
AM. 2018. Final grain weight is not limited by the activity of key starch-
synthesising enzymes during grain filling in wheat. Journal of Experimental
Botany 69, 5461-5475.

Ferrante A, Savin R, Slafer GA. 2013. Floret development and grain set-
ting differences between modern durum wheats under contrasting nitrogen
availability. Journal of Experimental Botany 64, 169-184.

Fischer R. 2011. Wheat physiology: a review of recent developments. Crop
and Pasture Science 62, 95-114.

Fischer R, Stockman Y. 1986. Increased kernel number in Norin 10-de-
rived dwarf wheat: evaluation of the cause. Functional Plant Biology 13,
767-784.

Balancing grain yield trade-offs in ‘Miracle-Wheat’ | 101

Gaju O, Allard V, Martre P, et al. 2011. Identification of traits to improve
the nitrogen-use efficiency of wheat genotypes. Field Crops Research 123,
139-152.

Gegas VC, Nazari A, Griffiths S, Simmonds J, Fish L, Orford S, Sayers
L, Doonan JH, Snape JW. 2010. A genetic framework for grain size and
shape variation in wheat. The Plant Cell 22, 1046-1056.

Ghosh S, Watson A, Gonzalez-Navarro OE, et al. 2018. Speed breeding
in growth chambers and glasshouses for crop breeding and model plant re-
search. Nature Protocols 13, 2944-2963.

Golan G, Abbai R, Schnurbusch T. 2022. Exploring the trade-off between
individual fitness and community performance of wheat crops using simu-
lated canopy shade. Plant, Cell & Environment 46, 3144-3157.

Golan G, Ayalon I, Perry A, Zimran G, Ade-Ajayi T, Mosquna A,
Distelfeld A, Peleg Z. 2019. GNI-AT mediates trade-off between grain
number and grain weight in tetraploid wheat. Theoretical and Applied
Genetics 132, 2353-2365.

Guo Z, Chen D, Alqudah AM, Réder MS, Ganal MW, Schnurbusch
T. 2017. Genome-wide association analyses of 54 traits identified multiple
loci for the determination of floret fertility in wheat. New Phytologist 214,
257-270.

Guo Z, Liu G, Roder MS, Reif JC, Ganal MW, Schnurbusch T. 2018a.
Genome-wide association analyses of plant growth traits during the stem
elongation phase in wheat. Plant Biotechnology Journal 16, 2042-2052.

Guo Z, Slafer GA, Schnurbusch T. 2016. Genotypic variation in spike fer-
tility traits and ovary size as determinants of floret and grain survival rate in
wheat. Journal of Experimental Botany 67, 4221-4230.

Guo Z, Zhao Y, Roder MS, Reif JC, Ganal MW, Chen D, Schnurbusch
T. 2018b. Manipulation and prediction of spike morphology traits for the im-
provement of grain yield in wheat. Scientific Reports 8, 14435.

Harrington SA, Overend LE, Cobo N, Borrill P, Uauy C. 2019.
Conserved residues in the wheat (Triticum aestivum) NAM-A1 NAC domain
are required for protein binding and when mutated lead to delayed peduncle
and flag leaf senescence. BMC Plant Biology 19, 407.

Hassan MA, Yang M, Rasheed A, Tian X, Reynolds M, Xia X, Xiao Y,
He Z. 2021. Quantifying senescence in bread wheat using multispectral im-
aging from an unmanned aerial vehicle and QTL mapping. Plant Physiology
187, 2623-2636.

Huber M, Nieuwendijk NM, Pantazopoulou CK, Pierik R. 2021. Light
signalling shapes plant-plant interactions in dense canopies. Plant, Cell &
Environment 44, 1014-1029.

Kellogg EA. 2022. Genetic control of branching patterns in grass inflores-
cences. The Plant Cell 34, 2518-2533.

Kichey T, Hirel B, Heumez E, Dubois F, Le Gouis J. 2007. In winter
wheat (Triticum aestivum L.), post-anthesis nitrogen uptake and remobilisa-
tion to the grain correlates with agronomic traits and nitrogen physiological
markers. Field Crops Research 102, 22-32.

Kirby E, Appleyard M. 1984. Cereal development guide, 2nd edn.
Stoneleigh: National Agricultural Centre Arable Unit.

Koppolu R, Chen S, Schnurbusch T. 2022. Evolution of inflorescence
branch modifications in cereal crops. Current Opinion in Plant Biology 65,
102168.

Koppolu R, Schnurbusch T. 2019. Developmental pathways for shaping
spike inflorescence architecture in barley and wheat. Journal of Integrative
Plant Biology 61, 278-295.

Li H, Liu H, Hao C, Li T, Liu Y, Wang X, Yang Y, Zheng J, Zhang X. 2022.
The auxin response factor TaARF15-A1 negatively regulates senescence in
common wheat (Triticum aestivum L.). Plant Physiology 191, 1254-1271.

Lichthardt C, Chen T-W, Stahl A, Stiitzel H. 2020. Co-evolution of sink
and source in the recent breeding history of winter wheat in Germany.
Frontiers in Plant Science 10, 1771.

Lopes MS, Reynolds MP. 2012. Stay-green in spring wheat can be deter-
mined by spectral reflectance measurements (normalized difference vege-
tation index) independently from phenology. Journal of Experimental Botany
63, 3789-3798.

$20Z J8qWBAON gz U0 Jasn Biaquanip-8||eH 19BlISIaAIUN-IaYINT-UILE.|\| Jop sneyuayuenyaT seyosiwapedy Aq $29082./88/1/S//21one/qxl/woo dno-olwspese//:sdny woJj papeojumoq



102 | Abbai et al.

Mathan J, Bhattacharya J, Ranjan A. 2016. Enhancing crop yield by
optimizing plant developmental features. Development 143, 3283-3294.

McSteen P, Kellogg EA. 2022. Molecular, cellular, and developmental
foundations of grass diversity. Science 377, 599-602.

Miller P, Lanier W, Brandt S. 2001. Using growing degree days to predict
plant stages. Bozeman, MO: Ag/Extension Communications Coordinator,
Communications Services, Montana State University-Bozeman.

Minoli S, Jagermeyr J, Asseng S, Urfels A, Miiller C. 2022. Global
crop yields can be lifted by timely adaptation of growing periods to climate
change. Nature Communications 13, 7079.

Molero G, Joynson R, Pinera-Chavez FJ, Gardiner LJ, Rivera-Amado
C, Hall A, Reynolds MP. 2019. Elucidating the genetic basis of biomass
accumulation and radiation use efficiency in spring wheat and its role in yield
potential. Plant Biotechnology Journal 17, 1276-1288.

Molero G, Reynolds MP. 2020. Spike photosynthesis measured at high
throughput indicates genetic variation independent of flag leaf photosyn-
thesis. Field Crops Research 255, 107866.

Murchie EH, Reynolds M, Slafer GA, et al. 2023. A ‘wiring diagram’
for source strength traits impacting wheat vyield potential. Journal of
Experimental Botany 74, 72-90.

Niu KX, Chang CY, Zhang MQ, et al. 2023. Suppressing ASPARTIC
PROTEASE 1 prolongs photosynthesis and increases wheat grain weight.
Nature Plants 9, 965-977.

Peng J, Richards DE, Hartley NM, et al. 1999. ‘Green revolution’ genes
encode mutant gibberellin response modulators. Nature 400, 256-261.

Postma JA, Hecht VL, Hikosaka K, Nord EA, Pons TL, Poorter H.
2021. Dividing the pie: a quantitative review on plant density responses.
Plant, Cell & Environment 44, 1072-1094.

Poursarebani N, Seidensticker T, Koppolu R, et al. 2015. The genetic
basis of composite spike form in barley and ‘Miracle-Wheat’. Genetics 201,
155-165.

Rebetzke GJ, Fischer RTA, Van Herwaarden AF, Bonnett DG, Chenu
K, Rattey AR, Fettell NA. 2014. Plot size matters: interference from
intergenotypic competition in plant phenotyping studies. Functional Plant
Biology 41, 107-118.

Reynolds M, Pellegrineschi A, Skovmand B. 2005. Sink-limitation to
yield and biomass: a summary of some investigations in spring wheat.
Annals of Applied Biology 146, 39-49.

Reynolds M, Slafer G, Foulkes J, et al. 2022. A wiring diagram to
integrate physiological traits of wheat yield potential. Nature Food 3,
318-324.

Roychowdhury R, Zilberman O, Chandrasekhar K, Curzon AY, Nashef
K, Abbo S, Slafer GA, Bonfil DJ, Ben-David R. 2023. Pre-anthesis spike
growth dynamics and its association to yield components among elite bread
wheat cultivars (Triticum aestivum L. spp.) under Mediterranean climate.
Field Crops Research 298, 108948.

Sakuma S, Golan G, Guo Z, et al. 2019. Unleashing floret fertility in wheat
through the mutation of a homeobox gene. Proceedings of the National
Academy of Sciences, USA 116, 5182-5187.

Senapati N, Semenov MA, Halford NG, et al. 2022. Global wheat pro-
duction could benefit from closing the genetic yield gap. Nature Food 3,
532-541.

Serrago RA, Alzueta |, Savin R, Slafer GA. 2013. Understanding grain
yield responses to source—sink ratios during grain filling in wheat and barley
under contrasting environments. Field Crops Research 150, 42-51.

Shanmugaraj N, Rajaraman J, Kale S, et al. 2023. Multilayered regula-
tion of developmentally programmed pre-anthesis tip degeneration of the
barley inflorescence. The Plant Cell, doi: 10.1093/plcell/koad164.

Sierra-Gonzalez A, Molero G, Rivera-Amado C, Babar MA, Reynolds
MP, Foulkes MJ. 2021. Exploring genetic diversity for grain partitioning
traits to enhance yield in a high biomass spring wheat panel. Field Crops
Research 260, 107979.

Slafer G. 2003. Genetic basis of yield as viewed from a crop physiologist’s
perspective. Annals of Applied Biology 142, 117-128.

Slafer GA, Foulkes MJ, Reynolds MP, Murchie EH, Carmo-Silva E,
Flavell R, Gwyn J, Sawkins M, Griffiths S. 2023. A ‘wiring diagram’ for
sink strength traits impacting wheat yield potential. Journal of Experimental
Botany 74, 40-71.

Stam P. 1993. Construction of integrated genetic linkage maps by means
of a new computer package: Join Map. The Plant Journal 3, 739-744.
Uauy C, Distelfeld A, Fahima T, Blechl A, Dubcovsky J. 2006. A NAC
gene regulating senescence improves grain protein, zinc, and iron content
in wheat. Science 314, 1298-1301.

Voorrips RE. 2002. MapChart: software for the graphical presentation of
linkage maps and QTLs. Journal of Heredity 93, 77-78.

Voss-Fels KP, Stahl A, Wittkop B, et al. 2019. Breeding improves wheat
productivity under contrasting agrochemical input levels. Nature Plants 5,
706-714.

Watson A, Ghosh S, Williams MJ, et al. 2018. Speed breeding is a pow-
erful tool to accelerate crop research and breeding. Nature Plants 4, 23-29.
Wolde GM, Mascher M, Schnurbusch T. 2019. Genetic modification of
spikelet arrangement in wheat increases grain number without significantly
affecting grain weight. Molecular Genetics and Genomics 294, 457-468.
Wolde GM, Schreiber M, Trautewig C, Himmelbach A, Sakuma S,
Mascher M, Schnurbusch T. 2021. Genome-wide identification of loci
modifying spike-branching in tetraploid wheat. Theoretical and Applied
Genetics 134, 1925-1943.

Yan Y, Wang LM, Guo TY, et al. 2023. HSP90.2 promotes CO, assimila-
tion rate, grain weight and yield in wheat. Plant Biotechnology Journal 21,
1229-1239.

Zadoks J, Chang T, Konzak C. 1974. Decimal code for the growth-stages
of cereals. Weed Research 14, 415-421.

$20Z J8qWBAON gz U0 Jasn Biaquanip-8||eH 19BlISIaAIUN-IaYINT-UILE.|\| Jop sneyuayuenyaT seyosiwapedy Aq $29082./88/1/S//21one/qxl/woo dno-olwspese//:sdny woJj papeojumoq



