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Abstract

Lodging affects grain quality and grain yield in wheat (7riticum aestivum L.) and is
difficult to breed for because its sporadic incidence and laborious protocols to mea-
sure lodging traits. Thus, developing molecular markers for these traits can increase
selection efficiency in breeding programs. The aim of this article is to identify
quantitative trait loci (QTL) associated with stem/anchorage strength and leverage
traits (lodging traits) in a doubled-haploid population of UK bread wheat Avalon X
Cadenza. Field experiments were conducted in the UK during 2012-2013 near High
Mowthorpe and during 2013-2014 at Sutton Bonington. Phenotypic and genetic
analysis indicated significant genetic variation for all traits. Stem strength (diameter,
wall width, and material strength) and leverage (plant height) traits were highly heri-
table (0.64-0.95), whereas anchorage strength traits (root plate spread and structural
rooting depth) and ear number per plant (leverage trait) were less heritable (0.21—
0.33). This study identified 18 QTL for lodging traits and grain yield in chromosomes
1D, 2B, 2D, 3A, 3B, 4A, 4D, 5B, and 6B. Two QTL for stem strength on chromosome
1D and 3B explaining 49.6% of the total phenotypic variation (PVE) are estimated
to reduce stem lodging risk and shortening the plant height by 12 cm. One QTL for
root plate spread on chromosome 5B explaining 22.4% of the PVE could increase

root lodging resistance.

1 | INTRODUCTION

Abbreviations: DArTs, diversity arrays technology; DEFRA, Department
of Environment, Food and Rural Affairs; DH, doubled-haploid; ENPP, ear
number per plant; GS, genomic selection; GY, grain yield; H?, broad sense
heritability; HM, High Mowthorpe; IBS, internode breaking strength; ID,
internode diameter; IL, internode length; IMS, internode material strength;
IWW, internode wall width; LOD, logarithm of odds; LTM, long-term
mean; MAS, marker assisted selection; NABIM, National Association of
British and Irish Millers; PH, plant height; PVE, phenotypic variation
explained; QTL, quantitative trait loci; REML, restricted maximum
likelihood; RPS, root plate spread; SB, Sutton Bonington; SED, standard
error of difference; SNPs, single nucleotide polymorphisms; SSRs, simple
sequence repeats; SRD, structural rooting depth; WGIN, Wheat Genetic
Improvement Network.

The Green Revolution in the 1960s and 1970s that produced
the semi-dwarf cultivars (Conway, 1997) reduced the leverage
on the stem base and anchorage system in wheat (Triticum
aestivum L.) plants, thereby increasing the lodging resistance
(Berry et al., 2004). Since then wheat yields have increased in
breeding programs worldwide (Crespo-Herrera et al., 2017;
Fischer et al., 2014; Foulkes et al., 2009; Gerard et al., 2020;
Lopes et al., 2012; Tadesse et al., 2019), either with no further
change in plant height (Berry et al., 2015) or with increased
plant height (Aisawi et al., 2015), and this has contributed
to increased shoot and plant leverage. Therefore, reducing
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lodging in wheat remains an important strategy to maintain
high yields and grain quality, especially in high-yielding
environments.

For instance, in the UK, no significant trend was observed
on the reduction of plant height of winter wheat after the
1990s (Berry et al., 2015), whereas the plant height of
spring wheat developed by CIMMYT breeding programs
has increased in recent decades (Aisawi et al., 2015). Thus,
novel ways to counteract this increased shoot and plant
leverage will be needed. The most recent detailed lodging
literature review by Berry et al. (2004) has indicated that to
counteract these forces it is necessary to strengthen the stem
base and anchorage system. This can be done by exploiting
the biophysical properties of these components of the plant
(lodging-related traits), which include root plate spread,
structural rooting depth, and anchorage strength of the root
system and diameter, wall width, breaking strength, length,
stem strength, and material strength of the stem base. Berry
et al. (2007) reduced the number of traits to a set of key traits.
These included the root plate spread (main determinant of
anchorage strength), diameter, material strength, and wall
width of the stem base (determinants of stem strength) and
plant height (main determinant of shoot and plant leverage).
Genetic variation of lodging-related traits was found for
winter wheat crops grown in the UK (Berry et al., 2003b,
2007; Berry & Berry, 2015) and for spring wheat grown in
northwest (NW) Mexico (Pifiera-Chavez et al., 2016b). Addi-
tionally, several other studies have indicated genetic variation
for lodging traits in winter and spring wheat (Hai et al., 2005;
Kelbert et al., 2004; Keller et al., 1999; Tripathi et al., 2003;
Verma et al., 2004; Wiersma et al., 2011). Berry et al. (2007)
and (Pifiera-Chavez et al., 2016a), respectively, estimated the
dimensions of a lodging-proof wheat crop for the UK (winter
wheat) and NW Mexico (spring wheat) growing conditions.
Achieving this lodging-proof crop will depend on the inter-
relationships of lodging-related traits and optimizing the
combination of key trait targets in a single variety. No studies
have reported any strong genetic linkages between traits
that could prevent the lodging-proof ideotype from being
achieved (Berry & Berry, 2015; Pifiera-Chavez et al., 2016b).
However, strong genetic linkage between stem strength and
stem wall width will increase the biomass cost about 22% (if
maximum stem wall width observed value is considered) for
stronger stems in spring wheat (Pifiera-Chavez et al., 2016b).
This will potentially represent a trade-off between stem
strength and yield-formation processes (e.g., accumulation of
stem soluble carbohydrate reserves). Another key limitation
will be that current genetic ranges for root plate spread are
not sufficient to achieve the ideotype target (Pifiera-Chavez
et al., 2016b) and may compromise breeding for root-lodging
resistance. Thus, there is a requirement to find variation for
this trait in more diverse germplasm to deploy in root plate
spread breeding among elite materials.

Core Ideas

* Sixteen quantitative trait loci identified for lodging
resistance traits.

* Specific region in chromosome 3B related to over-
all stem strength.

* Specific region in chromosome 5B related to root
plate spread.

The amount of time required to assess lodging traits will
constrain the capacity of selection for lodging resistance in
wheat. Optimizing the number of traits and plant sample size
(Pifiera-Chavez et al., 2020), together with automation of
lodging devices for direct measurements in the field (Berry
et al., 2003a; Niu et al., 2012), can increase this selection
capacity. Despite the reduction of time for lodging assessment
conferred by these approaches, the use of reliable molecular
markers perhaps represents the most efficient long-term strat-
egy to advance lodging resistance together with increases in
yield.

Molecular markers in wheat are currently being imple-
mented by modern breeding strategies or molecular breed-
ing where the use of genetic markers is complementing phe-
notypic selection to accelerate development and delivery of
improved cultivars (Ribaut et al., 2010). However, to develop
these genetic markers it is necessary to carry out phenotypic
screening and genetic mapping of wheat in order to identify
quantitative trait loci (QTL) that can be further developed
into reliable genetic markers. According to Berry and Berry
(2015), the genetic control of lodging-related traits, particu-
larly, those associated with stem and anchorage strength has
not been fully understood, in fact, investigations were mostly
done on a limited range of germplasm and seasons and some
key traits such as root plate spread were not measured in
field-grown crops. These authors reported a comprehensive
genetic analysis of traits related to lodging in two winter wheat
doubled-haploid mapping populations; however, whether the
QTL identified are consistent or not in other genetic back-
grounds was not demonstrated.

Identifying QTL related to lodging resistance traits repre-
sents a promising aspect to accelerate selection for lodging
resistance in wheat. Recently, QTL linked to stem diameter
(Berry & Berry, 2015; Hai et al., 2005; Keller et al., 1999),
stem wall width (Berry, & Berry, 2015; Hai et al., 2005),
stem strength, stem material strength, root plate spread, and
root plate depth (Berry, & Berry, 2015) have been identi-
fied. Gene TaCM, involved in the biosynthesis of lignin, was
also associated to the stem strength (Ma, 2009). Some studies
identified some associations of lodging-traits with grain yield
that will need further investigation (e.g., with plant height,
stem wall width, and material strength). Possible trade-offs
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between stem strength traits and grain yield can be minimized
if QTL linked to both yield and straw biomass (Berry et al.,
2008; Li et al., 2014) can be exploited.

The aim of this study was to understand the genetic basis
of the key lodging traits that determine stem and anchorage
strength and plant leverage through QTL mapping. This will
help to develop genetic markers and enable breeders to rapidly
screen for these traits, which are laborious to measure but vital
for counteracting increased lodging resistance brought about
by increases in yield and in some cases greater plant height.

2 | MATERIALS AND METHODS

2.1 | Field experiments and plant material
Plant material used in this study consisted of a subset of 84
wheat lines from a doubled-haploid (DH) population derived
from an F; progeny of a cross Avalon X Cadenza. This subset
represented the genetic background of a full set 203 lines that
the Avalon X Cadenza DH mapping population comprised.
The whole population was developed by Clare Ellerbrook, Liz
Sayers, and the late Tony Worland (John Innes Centre), as part
of a Defra funded project led by ADAS. The parents were
originally chosen (to contrast for canopy architecture traits) by
Steve Parker (Central Science Laboratory, York, UK), Tony
Worland, and Darren Lovell (Rothamsted Research). Avalon
is a UK semi-dwarf winter wheat released in 1979 (National
Association of British and Irish Millers [NABIM] Group 1,
bread making wheat) (crop height = 65.6 cm; Bai et al., 2013),
and Cadenza, a UK tall spring wheat with high ratio of wall
thickness to stem diameter released in 1991 (NABIM Group
2, bread making wheat) (crop height = 75.1 cm; Bai et al.,
2013). The contrasting canopy architecture traits in the par-
ents included plant height, leaf size, and angle (Snape et al.,
2007). Avalon x Cadenza DH mapping population is consid-
ered as the UK reference population under the UK Depart-
ment of Environment, Food and Rural Affairs (DEFRA), and
Wheat Genetic Improvement Network (WGIN).

Field experiments were conducted during 2012-2013 near
ADAS High Mowthorpe, North Yorkshire (54.1° N, 0.5° W)
and during 2013-2014 at Sutton Bonington, University of
Nottingham farm (52.8° N, 1.24° W) (henceforth referred
as High Mowthorpe and Sutton Bonington, respectively).
The soil types were both sandy loams. The DH lines were
arranged in a resolvable incomplete block design (Alpha
Lattice Design). The High Mowthorpe experiment consisted
of each DH line replicated three times in plots measuring
6 by 2 m, each replicate contained 12 blocks and each
block contained seven DH lines. At Sutton Bonington, each
treatment was replicated three times in plots measuring 6
by 1.65 m, each replicate contained 8 blocks and each block
contained 11 DH lines. The experiments were sown on
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21 Oct. in 2012 at High Mowthorpe and 8 Oct. in 2013 at
Sutton Bonington. The seed rate was standardized according
to thousand grain weight and was 250 and 350 seeds m~? for
High Mowthorpe and Sutton Bonington, respectively. Nitro-
gen fertilizer was provided in both experiments in amounts of
190 kg ha™! for High Mowthorpe and 180 kg ha~! for Sutton
Bonington as ammonium nitrate prill (34.5% N). Preventive
controls of diseases, weeds, and pests were applied when
necessary to assure optimum conditions for crop growth
and development. Plant growth regulators were not used in
High Mowthorpe and two applications were done at Sutton
Bonington.

2.2 | Weather conditions

Long-term mean (LTM) and seasonal means (2012-2013,
High Mowthorpe; 2013-2014, Sutton Bonington) for aver-
age temperature and rainfall were obtained from weather sta-
tions at or near to the experiment sites (historic data obtained
from http://www.metoffice.gov.uk). The weather station used
for High Mowthorpe experiment was located at ADAS High
Mowthorpe (within 10 km from the field trial). On aver-
age, the Sutton Bonington experiment occurred under warmer
conditions with more precipitation compared with the High
Mowthorpe experiment. High Mowthorpe had colder con-
ditions between autumn and spring (September—May) than
average (LTM), specifically at the end of winter and begin-
ning of spring, whereas summer was warmer than the LTM
at this site. On the other hand, Sutton Bonington had warmer
conditions than average, except for November in autumn and
August in summer. Seasonal rainfall pattern was the weather
parameter least consistent with the LTM in both sites. At
High Mowthorpe seasonal rainfall was far below the average,
except for May at the end of spring, which was considerably
higher. At Sutton Bonington, the average seasonal rainfall was
slightly above the long-term mean; however, there were dryer
months such as November in autumn, December in winter,
March and April in spring, and June and July in summer
(Figure 1).

2.3 | Measurements and calculations

Measurements of the plant characters associated with lodg-
ing were done after flowering and during early grain fill-
ing (GS65-GS79) (Zadoks et al., 1974). Seven plants were
sampled randomly (minimum number of plants per plot to
demonstrate repeatable expression of lodging-related charac-
ters according to (Pifiera-Chavez et al., 2020)), avoiding any
border effect of the plot, and excavated with a hand fork to
recover roots to a depth of 100 mm (crown roots). Measure-
ments associated with lodging resistance included the root
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Rainfall and average temperature for High Mowthorpe (2012-2013) and Sutton Bonington (2013-2014). Long-term mean (LTM)

for High Mowthorpe from 1971 to 2000 and for Sutton Bonington from 1962-2014

plate spread (RPS) and structural rooting depth (SRD) of the
plant root system. Fertile ear number per plant (ENPP) and
height to ear tip (plant height, PH) of the main shoot. Intern-
ode 1 of the main shoot was identified, defined as the first
internode of more than 10 mm, originating at or just below
the ground surface and without crown roots emerging from its
upper node. Subsequent internodes ascending the shoot were
numbered 2, 3, 4, etc., with the uppermost internode referred
to as the peduncle. After identifying the bottom internode, the
diameter (ID), length (IL), wall width IWW), and breaking
strength (IBS) of Internode 2 were measured. The detailed
methods for these measurements were described in Berry et al.
(2000) and the updated methodology described by (Pifiera-
Chavez et al., 2020) (Supplemental Table S1).

Calculations included the stem failure moment; the force
required to bend a stem (N mm) (referred in the rest of the
manuscript as stem strength [SS] and was calculated from the
breaking strength [IBS] and length [IL] of Internode 2 (Equa-
tion 1)

SS = - IBS x IL (1)

Stem material strength (IMS) (MPa) was calculated from
stem wall width (IWW), the stem diameter (ID), and stem
strength (SS) of Internode 2 (Equation 2).

4
IMS X & X %ID3 %ID—IWW
SS = x[1-—— Q)
4 31D

All plots were harvested with a combine harvester to mea-
sure grain yield (t ha~!) (GY) in both High Mowthorpe and
Sutton Bonington experiments and moisture content recorded
on a grain subsample and yield adjusted to 100% DM.

2.4 | Statistical analyses

Restricted maximum likelihood (REML) of a resolvable
incomplete block design (Alpha lattice design) was performed
to test for differences between the treatments for each param-
eter for both individual and combined experiment data, con-
sidering genotype as fixed effect while replicates, sub-blocks,
environment, and genotype X environment interaction (G X E)
were the random effects. Adjusted means were calculated
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for each trait by experiment and by combining data from
both experiments. Average standard error of difference (SED)
between cultivar means was calculated for individual experi-
ments. Broad sense heritability (H?) was calculated from vari-
ance components (Equation 4) from a mixed model performed
for a combined data from both experiments were genotype,
replicates, sub-blocks, environment, and genotype X environ-
ment interaction (G X E) were considered as random effects.

o2

2 _ 8
= o2+ (02./) +02/ (I X rep) @

Equation 4 components were Gé, cée, and o2 where the

genotype, genotype X environment interaction, and error vari-
ance components, respectively, and rep and / number of repli-
cations and number of locations, respectively. Phenotypic
correlations (r,,) between traits were calculated by simple
Pearson correlations. All the analyses mentioned were per-
formed using SAS software version 9.1 (SAS Institute Inc.,
2004).

2.5 | Linkage map and QTL analysis

Genetic linkage map of the full Avalon X Cadenza described
before by Ma et al. (2015) and available at http:www.
cerealsdb.uk.net consisted of 4,021 markers already grouped
in 26 linkage groups. Each linkage group was mapped sep-
arately in Joinmap v4.1 (Van Ooijen, 2011), eliminating any
redundant markers or markers closer than 0.5 cM. A genetic
linkage map with 1,484 loci, which consisted of 1,190 sin-
gle nucleotide polymorphisms (SNPs), 148 simple sequence
repeats (SSRs) 81 diversity arrays technology (DArTs), and
65 perfect markers, was obtained. This map covered a total of
4,686 cM with an average marker interval of 3.2 cM. Genetic
linkage map together with phenotypic scores (adjusted means
across experiments) for each trait were subsequently used
for QTL identification using the R package R/gfl (Broman
etal., 2003) (QTL analysis by experiment was also performed
and results are included in Supplemental Tables S2 and S3).
Firstly, interval mapping was implemented with the Haley-
Knott regression method (Knott & Haley, 1992), followed by
a 1,000 permutation test (at threshold of a = .10 tail of the null
distribution) to establish a logarithm of odds (LOD) thresh-
old to declare significant QTL (Churchill & Doerge, 1994).
Subsequently, significant main effect QTL were subjected to a
multiple interval mapping framework to refine positions, esti-
mate QTL effects, and the proportion of variance explained
by the QTL and the QTL model (Knott & Haley, 1992; Sen
& Churchill, 2001). The confidence interval for QTL position
was projected in the respective genetic map segment where a
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LOD drop-off of one unit occurred (Lander & Botstein, 1989).
Denomination of QTL found was composed by “q’” (abbrevia-

tion of QTL), trait abbreviation and linkage group (Yang et al.,
2010).

3 | RESULTS

3.1 | Genetic variation

Descriptive statistics for the traits for each experiment and
variance components and broad sense heritability for cross-
experiment analysis are given in Table 1. Density distribu-
tion plots indicated continuous variation of these traits with
approximately normal distributions, except for internode wall
width where a bimodal distribution was estimated (Figure 2).
This bimodal distribution may suggest the presence of a
gene with segregating effect on internode wall width. The
Avalon X Cadenza DH population showed statistically sig-
nificant genetic differences for all traits in each experiment.
There was significant G X E variation for all traits in the
combined analysis. Variance components (genetic, G X E
and residual variances) across years were used to calculate
broad sense heritability values, which was .95 for plant height
(leverage character) and ranged from .64 to .95 for stem
strength, internode material strength, internode length, intern-
ode diameter, and internode wall width (stem strength char-
acters). Heritability for structural rooting depth and root plate
spread (anchorage strength related characters) was consider-
ably lower with values of .21 (lowest) and .33, respectively.
Ear number per plant (leverage character) had a heritability
of .30. These results indicate that the phenotypic variation
found for root plate spread, structural rooting depth, and ear
number per plant was largely caused by environmental and
residual factors, but environmental effects were less impor-
tant for the other target traits. Heritability value for grain yield
was .46.

3.2 | Association among traits

Biplot from principal component analysis (Figure 3a) and
correlation coefficients (Figure 3b) were used to illustrate
the interrelationships between GY and lodging traits (SS,
stem strength; IMS, internode material strength; ID, internode
diameter; IWW, internode wall width; IL, internode length;
RPS, root plate spread; SRD, structural rooting depth; ENPP,
ear number per plant; and PH, plant height). Pearson cor-
relation coefficients (r) illustrated in Figure 3b were used
to describe correlations between traits for cross-experiment
means. Stem strength was positively correlated with IWW
(r = .78, P < .001) and IMS (r = .65, P < .001) and
negatively correlated with ID (r = —.32, P < .01). Intern-
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TABLE 1 Descriptive statistics for lodging traits and grain yield for each experiment. Variance components for combined analysis across

experiments
Trait High Mowthorpe Sutton Bonington Variance components

Mean Range SED Mean Range SED Gé 6; . o’ H?

SS, N mm 254 165-354 214 173 131-248 22.1 535 392 661 .64
IMS, MPa 45.8 22.5-66.8 4.12 33.8 18.9-54.8 4.64 61.6 15.4 272 .83
IL, mm 84.9 65.7-109 5.39 66.3 49.1-88.7 4.07 434 12.6 31.8 79
ID, mm 4.02 3.51-5.07 0.13 3.94 3.34-4.72 0.12 0.096 0.0029 0.022 95
IWW, mm 0.94 0.66—-1.30 0.068 0.86 0.60-1.26 0.060 0.031 0.0012 0.0059 .90
RPS, mm 44.5 38.7-50.8 2.98 43.2 35.8-53.2 2.90 1.58 2.16 12.9 .33
SRD, mm 36.8 329-414 1.95 423 38.7-47.1 1.98 0.40 1.30 5.17 21
PH, cm 85.0 64.6-111 2.74 76.3 57.9-104 2.01 127 12.2 7.73 95
ENPP 2.62 2.08-3.89 0.27 2.87 1.98-3.58 0.39 0.019 0.039 0.16 .30
GY, tha™! 6.61 5.40-7.82 0.30 8.16 6.60-9.89 0.71 0.11 0.12 0.43 .46
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Note. SS, stem strength; IMS, internode material strength; IL, internode length; ID, internode diameter; IWW, internode wall width; RPS, root plate spread; SRD, structural
rooting depth; PH, plant height; ENPP, ear number per plant; GY, grain yield. SED, standard error of differences (P < .001, except for SRD at Sutton Bonington, P < .01);c§,
genetic variance (P < .001); Gie, genetic X environment variance (P < .01-.001, except for SD, P < .05); 52, residual variance; H?, broad sense heritability.

ode material strength and IWW were positively associated
(r = .67, P < .001) and both traits were negatively corre-
lated with ID (r = —.90 and —.53, P < .001, respectively).
There was a strong positive correlation between RPS and
SRD (r = .67, P < .001). A positive correlation between
RPS and SRD with ENPP was also found (r = .20, P < .07).
Plant height was positively correlated with IL (r = .72,
P < .001), while negatively correlated with IWW (r = —.31,
P < .01). There were also positive correlations between GY
and IL (r = 45, P < .001) and PH (r = .61, P < .001)
and a negative correlation between GY and IWW (r = —.24,
P < .05).

3.3 | QTL analysis

Eighteen significant QTL were identified on the Avalon X
Cadenza DH population for the lodging-related traits and
grain yield for cross-experiment means resulting from 2 yr
of phenotyping at High Mowthorpe (HM) and Sutton Bonig-
ton (SB). A summary of the locations, significance, pheno-
typic variation explained (PVE) and effects of these QTL are
given in Table 2. For stem strength characters (SS, IMS, 1D,
IWW, IL, ) nine QTL were identified and were clustered on
chromosomes 1D, 2D, 3A, 3B, and 4D. Only two QTL for
anchorage strength traits (RPS and SRD) were found on chro-
mosomes 5B and 6B. For leverage characters (ENPP and PH)
five QTL were identified on chromosomes 2D, 3A, 3B, 4A,
and 4D. Two QTL were detected for GY on chromosomes
2B and 2D. Major findings will be described in the following
sections.

3.4 | Stem strength characters

For stem strength characters the QTL models explained 49.6,
57.9, 38.0, 58.3, and 81.8% of the total PVE for SS, IMS, IL,
ID, and IWW, respectively (Table 2). A major finding was the
identification of a genomic region in chromosome 3B with a
large effect (PVE = 36.6-77.9%) on all stem strength traits,
except for IL. This region was identified between 283 cM
with the closest marker being BS00003884 for IMS (PVE =
50.3%, gIMS3B) and ID (PVE = 36.6%, ¢SID3B) and 284 cM
with the closest maker being wPt-4412 for SS (PVE =42.3%,
qSS3B) and IWW (PVE = 77.9%, qIWW3B) (Table 2 and
Figure 4). In all cases positive additive effects were given
by the Cadenza allele, except for ID, where positive additive
effects came from the Avalon allele (Figure 5). A relevant
finding was also the presence of a genomic region located at
162 cM in chromosome 3A (closest marker bArcl9) with a
large effect given by the Cadenza allele on IL (PVE = 38.0%,
gSIL3A) (Table 2 and Figure 5). A genomic region located
at 55.2 cM in chromosome 2D (closest marker BS00022900)
showed a major positive effect conferred by the Avalon allele
on ID (PVE = 21.7%, ¢gSID2D) and minor positive effect by
the Cadenza allele on IMS (PVE = 7.62%, qIMS2D). Two
more genomic regions located at 35.0 in chromosome 1D
(closest marker cfd19) and 80.0 of chromosome 4D (clos-
est marker BS00021903) had minor positive effects on SS
(PVE = 7.34%, Cadenza allele) and IWW (PVE = 3.88%,
Avalon allele), respectively (Table 2). Linkage among QTL
affecting internode wall width (gIWW3B and gIWW4D) and
internode diameter indicated the presence of epistasis for each
of these traits. On the other hand, QTL identified for stem
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FIGURE 2

Smoothed frequency distributions (density plots) of grain yield (GY) and lodging traits (SS, stem strength; IMS, internode material

strength; ID, internode diameter; IWW, internode wall width; IL, internode length; RPS, root plate spread; SRD, structural rooting depth; ENPP, ear

number per plant; and PH, plant height). Data used to estimate density were combined adjusted means for genotypes across experiments

strength and internode material strength did not show signif-
icant interactions (data not shown).

3.5 | Anchorage strength characters

For anchorage strength characters QTL analysis detected only
two genomic regions explaining 31.0 and 16.0% of the total
PVE for RPS and SRD, respectively. Genomic regions located
at 192 ¢cM in chromosome 5B (closest marker BS00070507)
and 154 cM in chromosome 6B (closest marker wPt-4858)
showed a large positive effect on RPS (¢gRPS5B) and SRD
(gSRD6B), respectively, given by the Cadenza allele (Table 2
and Figure 0).

3.6 | Leverage characters and grain yield

For leverage characters QTL models explained 62.5 and
11.2% of the total PVE for PH and ENPP, respectively. Three
genomic regions located at 36.0 cM in chromosome 2D
(gPH2D, closest marker gwm261), 145 cM in chromosome
3A (gPH3A, closest marker wPt-9215), and 61 c¢cM in chro-
mosome 4D (gPH4D, closest marker RhtMrkD1) had most of

the additive effect (with positive alleles from Cadenza) on PH
(PVE =21.7,16.1, and 23.3%, respectively). Genomic region
located at 60.6 cM in chromosome 4A (closest marker dupw4)
indicated positive effect given by Cadenza allele on ENPP
(PVE = 11.2%, gENPP4A). For grain yield the QTL model
explained 35.9% of the total PVE and identified two genomic
regions located at 200 cM on chromosome 2B (¢GY2B, clos-
est marker BS00070104) and at 53.0 cM on chromosome 2D
(gGY2D, closest marker gwmli32) with significant additive
effect from the Cadenza allele.

4 | DISCUSSION

Standard current methods for assessing lodging in wheat
described in the literature (Berry et al., 2000; Berry et al.,
2003c) require time-consuming sampling and measuring of
stems and roots (Berry et al., 2003a). The absence of rapid
phenotypic screening methodologies to assess lodging resis-
tance demonstrates the necessity to explore and develop
rapid and reliable methods with enough precision for breed-
ing programs to improve lodging resistance in wheat. This
study attempts to understand better the genetic control of
key lodging traits and assess the possibility of developing
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FIGURE 4
characters: stem strength (pink), internode diameter (brown), internode

Major QTL region identified for stem strength

wall width (green), and internode material strength (teal). Data are
adjusted cross-experiment means for 84 lines of the Avalon X Cadenza
doubled haploid population growing at High Mowthorpe and Sutton
Bonington. (C) indicates that the positive alleles come from parent
Cadenza, and (A) indicates that positive alleles come from Avalon

reliable genetic markers for them. In order to achieve this
goal, key lodging traits have been targeted to develop a phe-
notypic database for the Avalon X Cadenza DH population
in a 2-yr experiment in the UK. Together with this phe-
notypic database, genetic information in the public domain

(http:www.cerealsdb.uk.net) has been used to implement
QTL mapping tools that enabled the identification of a set of
QTL with important genetic effects on stem strength charac-
ters, anchorage strength characters, leverage characters, and
grain yield.

Genetic variation was observed for all the lodging traits
and grain yield in this study. Similar results were observed
in winter wheat (Berry et al., 2003b, 2007; Berry & Berry,
2015) and spring wheat (Pifiera-Chavez et al., 2016b) for these
lodging traits. Those authors also described significant G X E
interactions that can reduce heritability across environments.
Heritability values for lodging traits in the range of .73—.98
have been reported in winter wheat (Berry et al., 2007) and
in the range of .11-.96 in spring wheat (Pifiera-Chavez et al.,
2016b). Lower values have also been found in winter wheat
ranging from .17 to .90 (Berry, & Berry, 2015). Heritability
values found in this study for the Avalon X Cadenza popu-
lation ranged from .15 to .95. Anchorage strength characters
showed the lowest heritability values in most of the aforemen-
tioned studies ranging from .11 to .40 (Berry & Berry, 2015;
Pifiera-Chavez et al., 2016b); averaging the heritability values
across all these studies gives mean heritability values of above
.60 for stem strength and .30 for root plate spread. These two
traits have the greatest effects on strengthening the stem base
and anchorage system and it is clear that an important per-
centage of the phenotypic variation is due to genetic effects.
According to the QTL model, stem strength total PVE was
estimated at 49.6%, which is most of the heritability observed
in the cross-year analysis (H> = .64) that is explained by pos-
itive additive effect given by Cadenza allele on QTL gSS1D
(cfd19) and gSS3B (wPt-4412). Interestingly, no epistasis was
detected for those two QTL, which indicates their additive
effects are independent of each other. For root plate spread
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Effect of genotypes (at peak markers) Avalon (AA) and Cadenza (BB) on cross-year phenotypic means for (a) stem strength (SS);

(b) internode diameter (ID), internode wall width (IWW), and internode material strength (IMS) at genomic region located at 283-284 ¢cM (markers
BS00003884 and wPt-4412, respectively) in chromosome 3B (QTL ¢SS3B, qqID3B, gIWW3B, and qgIMS3B, respectively), and internode length (IL)
at linked QTL g/L3A (marker bArc19). Confidence intervals for the averaged phenotypic mean for each genotype with error bars at +1 SE

total PVE explained by the QTL identified was 22.4%, which
accounted for more than two-thirds of the cross-year heri-
tability (H> = .33). Reduced plant height has a large effect
on decreasing plant leverage (decreased lodging risk) (Berry
et al., 2004) and is a highly heritable trait (values above .90
are normally reported). Thus, focusing on stem strength, root
plate spread, and plant height can be an important strategy to

improve lodging resistance. However, plant height has to be
optimized carefully because high yields might not be com-
patible with reduction of plant height under 70 cm (Allan,
1986; Kertesz et al., 1991; Richards, 1992; Balyan & Singh,
1994; Miralles & Slafer, 1995; Flintham et al., 1997; Berry
et al., 2015 ). Flintham et al. (1997) indicated that extreme
dwarfism can reduce overall biomass which would counteract
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(RPS) and (b) structural rooting depth (SRD) at linked QTL gRPS5B (BS00070507) and gSRD6B (wPt-4858), respectively. Confidence intervals for

the averaged phenotypic mean for each genotype with error bars at +1 SE

improvements in grain yield based on biomass (Reynolds
et al., 2011). Moreover, recently introduced wheat varieties
have been associated with no change in crop height (Berry
et al., 2015) or even an increase of crop height (Aisawi et al.,
2015) driven by selection bias or crop height genes linked to
other traits or with pleiotropic effects (Law et al., 1978; Berry
& Berry, 2015).

Inter-relationships among lodging traits identified by this
and previous studies have not indicated a significant barrier
to combining lodging-proof dimensions in a single wheat
genotype (Figure 3, Berry et al., 2003b, 2007; Berry, &
Berry, 2015; Pifiera-Chavez et al., 2016b). However, for the
Avalon x Cadenza DH population, negative correlations have
been observed between internode diameter and the other com-
ponents of stem strength. Berry et al. (2007) stated that the
ideal strategy to increase stem strength in winter wheat would
be to increase internode diameter and material strength (main-
taining a minimum internode wall width) while investing the
minimum amount of biomass. However, for spring wheat
a very strong linkage (r = .84) between stem strength and
internode wall width has been found that will be difficult to
break, which may indicate that more than one option to com-
bine trait dimensions has to be employed to strengthen the
stem base (Pifiera-Chavez et al., 2016b). This strong linkage
(r =.78) between stem strength and internode wall width has
also been found for the Avalon X Cadenza DH population.
The negative correlation between stem strength and intern-
ode diameter is unusual and not aligned with the findings
reported by the aforementioned studies and might be driven
by the strong negative correlation (r = —.53) and the opposite
direction of allelic effects that internode diameter (negative
effect coming from Cadenza allele) had with the other stem
strength components (positive effect coming from Cadenza
allele). Solid stems typically observed for parent Cadenza may

be related to this allelic effect that was previously reported for
stem solidness in the Avalon X Cadenza DH population (Ma
etal., 2015). This inconsistency may indicate that focusing on
stem strength per se would be best.

A common genomic region affecting stem strength, intern-
ode material strength, internode diameter and internode wall
width distributed in the interval 278-287 c¢cM of chromo-
some 3B (Table 2) may indicate a gene that has pleiotropic
effects on the overall SS and its components or tightly linked
genes in this QTL region. The huge phenotypic variation
explained by this QTL region for stem strength traits (e.g.,
overall stem strength) indicates that genetic effects of chro-
mosome 3B alone can substantially increase lodging resis-
tance. The pleiotropic effect or tight genetic linkage identi-
fied for this 3B region might also include a small effect on
PH (gPH3B).

Impacts of reducing plant height from 103 cm to the the-
oretical optimum of 70 cm without increasing stem strength
(214 N mm, mean stem strength observed in the Avalon X
Cadenza) indicated that stem lodging probability per year can
decrease from .73 to .08, respectively, for a crop yielding
8.9 tha~! (current grain yield in the UK according to DEFRA,
2019). Increasing stem strength by 28 N mm (QTL model
additive effect) of a crop 130 cm tall yielding 8.9 t ha™! will
reduce its stem lodging probability from .73 to .59 (Figure 7a).
This reduction effect would be equivalent to reduce 12 cm in
the crop height.

As stated earlier, increasing stem strength with the mini-
mum investment in biomass should be achieved by increas-
ing internode material strength or internode diameter rather
than internode wall width. Thus, stem strengthening from
the 3B QTL is likely to lead to greater investment in stem
biomass due to thicker stem walls. In some situations, this may
cause a negative trade-off with grain yield resulting from the
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overlapping of yield-determining processes (Slafer & Raw-
son, 1994) and mechanical strength formation (Crook et al.,
1994) before flowering, although this was not detected in this
study. Nonetheless, developing a reliable marker in the inter-
val located at 278-287 cM on chromosome 3B with pos-
itive effect from the Cadenza allele (¢SS3B, qIMS3B, and
qIWW3B) and at 51-60 cM on chromosome 2D with positive
effect from the Avalon allele (qg/D2D) could be a criterion for
designing a target genotype with stronger stems that can coun-
teract trade-offs. The region at chromosome 3B also offers
the advantage of a decreasing effect from Cadenza allele on
plant height, which in turn can reduce lodging risk and stem
biomass. Polygenic control of plant height identified for the
Avalon X Cadenza population is in agreement with previous
studies (Griffiths et al., 2012; Ma et al., 2015). This can help
to optimize plant height independently of target stem charac-
ters.

A major finding of this study has also been the identifica-
tion of QTL affecting RPS in the linkage Group 5B. Root plate
spread has been described as the target anchorage strength
trait to increase root lodging resistance (Berry et al., 2007).
Impacts of reducing plant height from 130 cm to the theoret-
ical optimum of 70 cm without increasing root plate spread
(44 mm, mean root plate spread observed in the Avalon X
Cadenza) indicated that root lodging probability per year can
decrease from .94 to .04, respectively, for a crop yielding
8.9 t ha~!. Increasing root plate spread by 1.2 mm (QTL
model additive effect) of a crop 130 cm tall yielding 8.9 tha™!
will reduce its root lodging probability from .95 to .91 (Fig-
ure 7b). This reduction effect would be equivalent to reduce
8 cm in the crop height.

In recent decades, QTL with effects on the strength, diame-
ter, wall width, and material strength of the stem and the root

plate spread and structural rooting depth of the crown root
system indicating that increased lodging resistance in wheat
can be accelerated by the implementation of molecular tools
(Berry & Berry, 2015; Cook et al., 2004; Hai et al., 2005;
Ma et al., 2015; Oiestad et al., 2017; Verma et al., 2005). In
fact, QTL affecting stem strength, internode wall width, and
internode diameter can be found on chromosomes 6A and 3B
(Al-Qaudhy et al., 1988) and higher expression of gene TaCM
(located at the distal region of chromosome 3BL) has already
been linked to lodging resistance in wheat (Ma, 2009). A sum-
mary of the most recent studies and linkage groups or chro-
mosomes where QTL regions affecting lodging characters is
presented in Table 3. Quantitative trait loci with effects on
stem strength and internode diameter were found on chromo-
some 3B for Avalon X Cadenza in the UK in this study and
are comparable with QTL affecting stem strength and stem
diameter of CA9613 x H1488 DH population located in the
same chromosome under Northeast China growing conditions
(Hai et al., 2005; Hai, 2006). Interestingly, markers gwm285
and gwm547 delimiting the section 134.9-288.5 cM of chro-
mosome 3B (containing ¢SS3B and ¢ID3B) for Avalon X
Cadenza also delimited a section of chromosome 3B where
a QTL related to stem strength and diameter of CA9613 x
H1488 was found. Microsatellite markers gwm247, gwm340,
and gwm547 linked to a QTL explaining around 76% of PVE
located on chromosome 3BL have been related to stem solid-
ness (Cook et al., 2004). This has a similar location to the QTL
qIWW?3B affecting internode wall width of Avalon X Cadenza,
which was very close to marker gwm547. The QTL affect-
ing root plate spread were identified on chromosome 5B for
Avalon X Cadenza in this study and Solstice X Xil9 in the
UK (Berry et al., 2008; Berry & Berry, 2015). All chromo-
somes with QTL affecting plant height identified for Avalon X
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TABLE 3 Review of recent studies with identified loci regions affecting lodging-related traits in wheat. Chromosome or linkage group where

the QTL is located is given

Map
Source Env. Map type length  Germplasm
Present study UK SNP, SSR, 4,686 Avalon X
DArT Cadenza
Berry and UK SSR, DarT 2,466 Savannah X
Berry Rialto
(2015)
Berry and UK SSR, DarT 2,503 Solstice X Xil9
Berry
(2015)
(Verma et al., UK SSR 2,959 Milan X Catbird
2005)
Hai et al. China SSR 2,308 CA9613 x
(2005) H1488
Atkinson Controlled SNP - Savannah X
etal. (2015) (phytotron) Rialto
Cooket.al.  USA SSR - Rampart X
(2004) Jerry
(Oiestad USA SNP - Near isogenic
etal., 2017) lines
Griffiths UK SSR, DAIT - Charger X
et al. Bagder, Spark
(2012)° X Rialto,
Savannah X
Rialto, Avalon
X Cadenza

SS IMS IL ID IWW RPS SRD PH
1D, 2D, 1A, 2D, 3B,4B, 5B 6B 2D, 3A,

3B 3B 3A 3B, 4D 3B,4D
4B

6A 3A - 3A,  3A, 7D 7A, 1D, 2A,3A,

4D 7D 7D 6A,7D

1A, 3A - 4D 3A, 5B - 3A, 4A, 6A
6A 6A,
6B

2D - 4B - 1B - 2D 4B,4D

3A, - - 3B 2D - - -

3B

- = - - = 6D 6D, -

7D

- - - - 3BL - - -

= = = = 3BL - - -

_ _ _ _ - - - 1A, 1B, 1D,
2A, 2B,
2D. 3A,
3B, 4B,
4D, 5A,
5B, 6A,
6B, 6D

Note. QTL, quantitative trait loci; SS, stem strength; IMS, stem material strength; IL, stem internode length; ID, stem internode diameter; IWW, stem internode wall width;

RPS, root plate spread; SRD, structural rooting depth; PH, plant height; DArTs, diversity arrays technology.

*Breaking strength.
"Meta-QTLs from four populations.

Cadenza in this study can be matched with the chromosomes
for plant height meta-QTL from four doubled-haploid popula-
tions reported by Griffiths et al. (2012). Peak markers or mark-
ers within the confidence intervals (gwm261, wPt-9215, wPt-
4412, and RhtMrkD1) and allelic effects can also be matched
with these meta-QTL.

In order to describe in more detail key findings, the
sequence of markers closest to QTL ¢SS3B (wPt-4412)
and gRPS5B (BS00070507) were subjected to the refer-
ence wheat genome sequence Ensembl Plants Triticum aes-
tivum version 101.4 (IWGSC) (Yates et al., 2020). Marker
closest to ¢SS3B was located at the physical position
826,153,965-826,154,263 bp and was very close to the
gene TraesCS3B02G607725 (826,127,602-826,128,868 bp,
transcript length of 1,267 bps) coding for protein P-
loop NTPase (P-loop containing nucleoside triphosphate
hydrolase) domain superfamily. P-loop NTPases are pro-
tein domains related to most biochemical and mechanical
processes in the cell (Aravind et al., 2004). The marker

closest to gRPS5B was located at the physical position
437,622,993-437,623,103 bp and was very close to the gene
TraesCS5B02G255000 (437,572,048-437,573,082 bp, tran-
script length of 1,035 bps) coding for protein kinase-like
domain superfamily. Plant protein kinases have been related
to diurnal and circadian regulation, cell cycle regulation,
developmental processes, and so forth (Lehti-Shiu, & Shiu,
2012). In soybean [Glycine max (L.) Merr.], a root-specific
WNK (lysine deficient protein kinase 1) kinase homolog
(GmWNK1) showed regulation effects on root system archi-
tecture in response to abscisic acid (ABA) and osmotic signals
(Wang et al., 2010). Recently, Cui et al. (2018) reported that a
heat CBL-interacting protein kinase (CIPK23) enhanced root
system development through longer roots and higher number
of lateral roots.

In conclusion, this study describes the genetic variation
and associations of the lodging-related traits targeted for
improving lodging resistance in wheat. Significant genetic
variation was identified for the Avalon X Cadenza DH
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population, although G X E interactions were also found. Stem
strength traits were highly heritable, whereas root or anchor-
age strength traits had low heritability. Inter-relationships
between traits have implications for achieving a lodging-
resistant ideotype with the minimum investment of biomass.
This was inferred from the negative correlation between
internode diameter with stem strength, and the strong pos-
itive correlation between stem strength and internode wall
width, both of which increase stem biomass required per unit
of stem strength. However, possible strategies have emerged
from the QTL mapping of this DH population to counteract
these implications. In general, QTL for stem strength on chro-
mosome 3B and internode diameter on chromosome 2D could
help to identify a stem lodging resistant ideotype with a mini-
mum investment of biomass and QTL for root plate spread on
chromosome 5B for an increased root lodging resistant ideo-
type. More importantly, these QTL on chromosomes 3B and
5B were shown to be consistent among different genetic back-
grounds, potentially making them more reliable for breeding
purposes.

Based on this study and previous investigations with plant
materials with different genetic backgrounds, it appears that
regions of chromosomes 3B and 6A have major effects on
stem strength. Future prospects will include the validation
and/or fine mapping of QTL on chromosomes 3B (overall
stem strength), 2D (internode diameter), and 5B (root plate
spread) affecting key lodging-resistant traits of Avalon X
Cadenza to find reliable validated markers that could be used
in marker assisted selection (MAS) or genomic selection (GS)
for root and stem lodging resistance.
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