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Abstract
Key message  The dwarfing allele Rht14 of durum wheat associates with greater stigma length, an important trait for 
hybrid breeding, whilst major dwarfing alleles Rht-B1b and Rht-D1b showed little to no effect.
Abstract  Although much understudied in wheat, the stigma is a crucial component for attaining grain set, the fundamental 
basis for yield, particularly in hybrid production systems where successful grain set relies on wind-driven pollen dispersal 
by the male parent and effective pollen capture by the female parent. Females with long stigma that exsert early are thought 
to be advantageous. Using glasshouse-grown lines, we examined variation in Total Stigma Length (TSL) across diverse 
panels comprising 27 durum and 116 bread wheat genotypes. Contrasting genotypes were selected for population develop-
ment and genetic analysis. Quantitative trait loci (QTL) analysis was performed on a durum F2 population and a bread wheat 
recombinant inbred line (RIL) population. Contrasting with studies of anther length, we found no large effect on TSL of 
the GA-insensitive semi-dwarfing genes Rht-B1 and Rht-D1 in either durum or bread wheat. However, in durum cultivar 
Italo, we identified a region on chromosome 6A which is robustly associated with larger TSL and contains the Rht14 allele 
for reduced plant height, a trait that is favourable for female line development in hybrid systems. This dual effect locus 
explained 25.2 and 19.2% of TSL phenotypic variation in experiments across two growing seasons, with preliminary results 
suggesting this locus may increase TSL when transferred to bread wheat. In a bread wheat, RIL population minor QTL on 
1A and 2A was indicated, but the strongest association was with Ppd-B1. Methods developed here, and the identification of 
a TSL-enhancing locus provides advances and further opportunities in the study of wheat stigma.

Introduction

The global significance of bread wheat (Triticum aestivum 
L.), and to a lesser extent durum wheat (Triticum turgidum), 
as food crops has led to demand for ever-increasing produc-
tion and piqued interest in the first step of grain production; 
gamete fertilisation as a consequence of pollen receipt by 
stigma. In both self-pollination and cross-pollination sys-
tems, efficacy of fertilisation is crucial in determining yield, 
with characteristics of reproductive organs being clearly fun-
damental to this. However, whilst wheat anther studies are 
plentiful, stigma are remarkably understudied. The need for 
detailed information on the wheat female organ and its diver-
sity has long been recognised; however, the labour-intensive 
nature of sample collection and the high-resolution equip-
ment needed for precise evaluation has likely discouraged 
investment in this area.

Traditional wheat breeding systems currently remain 
prevalent, but hybrid breeding systems are a focus of effort 
worldwide due to their potential for generating high-yielding 
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hybrids by harnessing heterosis through cross-fertilisation 
with male sterile plants (Whitford et al. 2013). In hybrid sys-
tems, specific plant architecture traits are deployed to over-
come high costs of F1 grain production, a significant barrier 
to commercialisation. Plant height is one such trait because 
wheat pollen largely disperses downwards, and therefore, 
the female parent should be slightly shorter than the male 
parent to enhance opportunity for pollen capture. Whilst the 
green revolution provided a number of dwarfing alleles for 
reducing plant height, it is important to recognise that some 
of these alleles have additional effects on plant phenotype 
which could impact the success of wheat hybrids, which 
rely on outcrossing. The common GA-insensitive dwarfing 
alleles Rht-B1b and/or Rht-D1b have also been linked with 
shorter anthers and reduced anther extrusion (Lu et al. 2013; 
Okada et al. 2019, 2021; Skinnes et al. 2010). In contrast, 
the GA-sensitive dwarfing gene Rht24 was found to have no 
effect on reduced anther extrusion in a bread wheat associa-
tion panel study (Wurschum et al. 2018). The GA-sensitive 
durum wheat gene Rht14, thought to be a GA 2-oxidase 
(Duan et al. 2022; Vikhe et al. 2019), is present in a parent of 
our durum wheat mapping population. Recent work uncov-
ered the identity of Rht24 (Tian et al. 2022) and sequence 
comparison suggests it is allelic to Rht14. The effect of these 
specific loci and alleles on stigma traits is, to date, largely 
unexplored. Regarding reproductive organs, on the male side 
anther extrusion, anther length, pollen abundance and pol-
len longevity are important characteristics and have been 
investigated in numerous studies (Akel et al. 2019; He et al. 
2016; Muqaddasi et al. 2017, 2019, 2016). On the female 
side, pollination efficacy is thought to depend largely upon 
degree of stigma exsertion and duration of stigma receptivity 
(De Vries 1971; Imrie 1966; Sade et al. 2022; Zeven 1968). 
Accurate large-scale determination of stigma receptivity 
duration remains difficult to achieve. However, measure-
ment of stigma length, whilst arduous, is more achievable 
for mapping populations of effective size and was therefore 
the focus of this study.

In tetraploid and hexaploid wheats, as in tomato (Shang 
et al. 2021) and rice (Prahalada et al. 2021), domestication 
processes have resulted in selection for strong cleistogamy 
and high levels of self-pollination. As anthesis approaches, 
stigma and anthers are completely contained within the 
floret. Pollen-shed somewhat coincides with peak stigma 
receptivity (Gupta et al. 2015; Imrie 1966). Although flo-
rets partially and temporarily open at anthesis (Okada et al. 
2017) and anthers may be partially or fully extruded beyond 
the floret, pollen is largely shed whilst the floret is mostly 
closed, maximising the potential for pollen-stigma interac-
tion when the stigma is receptive. In wheat cultivars with 
longer stigma, the tips may be somewhat exerted at this time 
of temporary floret opening and high receptivity. If fertili-
sation is achieved the floret remains closed and the stigma 

atrophies, but if fertilisation is unsuccessful the carpel swells 
(Okada et al. 2017), the floret is forced open and the pair of 
stigma spread further apart, facilitating increased exposure 
to airborne pollen, whether that be from the same plant or 
a neighbouring plant. Typically, the two stigma of wheat 
pistils are close to equal in length and in male sterile lines, 
after carpel swelling, stigma tips exsert out each side of the 
floret between the palea and lemma. In wheat, evidence 
that longer stigma lead to enhanced exertion and improved 
cross-pollination success is lacking, but support for the 
notion can be found in rice studies. Strong correlations were 
found between stigma length, stigma exsertion and grain 
set in a study of field-grown male sterile rice (El-Namaky 
2018). Another study involving an association panel of 533 
field-grown landraces and elite rice lines, Zhou et al. (2017) 
reported positive Pearson’s correlation coefficients for 
stigma exsertion with both stigma length and style length.

Trait heritability is a key factor in determining amenabil-
ity for implementation in breeding programs, and estimates 
of wheat stigma length heritability have been attempted. In 
a study involving a diverse panel of 400 field-grown spring 
wheats which included exotic as well as adapted germ-
plasm, Singh et al. (2007) reported a broad sense heritabil-
ity value of 0.87 for stigma length. In contrast, a study of 
chemically induced male sterile field-grown winter bread 
wheats by Sade et al. (2022) found low heritability estimates 
(0.24–0.45) for stigma extrusion. In addition, a genome-wide 
association study of 196 field- or polytunnel-grown elite 
spring bread wheats by El Hanafi et al. (2021) found low 
heritability for stigma length. Their study identified just two 
minor QTLs, one on 1DL and the other on 2AL, explain-
ing 8.0% and 9.55% of trait variation, respectively. To our 
knowledge, the bread wheat studies mentioned here are the 
only stigma diversity analyses described to date. No studies 
of stigma diversity have yet been reported for durum wheat.

Amongst other major crops in which stigma length or 
exsertion have been studied, rice is the most closely related 
to wheat, although rice pistils typically comprise longer 
styles and shorter stigmas than wheat. Variation in either 
of these rice pistil components may increase stigma exser-
tion outside the floret. Based on their GWAS study of 533 
diverse Oryza sativa accessions, Zhou et al. (2017) found 
that grain-size genes GW2, GS3 and GW5 affect stigma 
exsertion. They proposed that GW5 improves stigma exser-
tion in both O. indica and O. japonica as a secondary effect 
from the reduction in glume width. The GW2 association, 
which was only evident in the O. japonica subset of the 
panel, was not further studied in detail. In the O. indica 
subpopulation, GS3 increased exsertion by increasing style 
length. In an earlier Oryza japonica study by Takano-Kai 
et al (2011), a nonsense mutation in GS3 was reported to 
increase stigma length. Dang et al. (2022) identified SYL3 
(LOC_Os03g14850) as a MADS-box family transcription 
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factor that plays a role in determining style length in Oryza 
sativa. Allele SYL-k from cultivar Kasalath gave longer 
styles as a consequence of higher OsGA3ox2 expression 
and GA4 content in pistils which leads to greater style cell 
length (Dang et al. 2022). They observed that allele SYL-k 
enhanced cross-pollination grain set on male steriles by 16%.

Exotic germplasm has frequently been a source of useful 
trait variants for use in breeding programs. Prahalada et al. 
(2021) describe an Oryza longistaminata locus on the long 
arm of chromosome 8 that was associated with increased 
stigma length and stigma width, as well as style length and 
style width. They report success in introgressing this locus 
into two elite cytoplasmic male sterile lines, leading to 2.5 to 
threefold higher grain setting rate in test crosses. Their study 
utilised simple sequence repeats (SSRs) as molecular mark-
ers, which makes syntenic extrapolation to wheat difficult. In 
bread wheat, there are numerous cases of trait improvement 
through introgression of exotic genome, as well as through 
transfer from more closely related species, an example being 
increased tolerance to high soil boron derived from a tetra-
ploid land-variety (Pallotta et al. 2014).

The paucity of genetic studies in wheat combined with a 
lack of obvious targets from rice research encouraged us to 
undertake exploration of variation in stigma length in both 
durum and bread wheat. We aimed to establish a method 
for relevant, accurate and efficient measurement of stigma 
length, examine germplasm panels for diversity and identify 
lines with extreme stigma phenotypes for population devel-
opment and genetic analysis. By QTL analysis of genetic 
mapping populations of both durum and bread wheat, and 
genetic association tests in a bread wheat diversity panel, we 
investigated the specific impact of dwarfing genes Rht-B1b, 
Rht-D1b and Rht14 on TSL. Our findings revealed that Rht-
B1b and Rht-D1b exhibit little to no effect on TSL in wheat. 
Notably, we identified a medium to large effect associated 
with the Rht14 locus in durum wheat and demonstrated that 
it is transferable to bread wheat. This study provides valu-
able insights into the genetic factors influencing TSL in both 
durum and bread wheat.

Methods

Plant materials

Diverse bread wheat and durum wheat panels

Details of the panel of 116 spring bread wheat lines that 
were used for the initial screening are provided in Table S1, 
whilst details of the 27 durum wheats screened are given 
in Table  S2. All grains used for the panels were from 
stocks maintained at the University of Adelaide. Stocks of 
Ms3/7*1IBWSN50 and Ms2/6*SUN276A were obtained 

from the Australian Grains Genebank, Horsham, Victoria 
(AGG).

BC2F1 backcross plants

Ms2/6*SUN276A lines that were heterozygous for the 
dominant Ms2 male sterility gene (and therefore sterile) 
were used as female parents in crosses performed to initi-
ate backcrossing of the Rht14 locus from Italo into bread 
wheat. To more rapidly regain a full hexaploid complement, 
subsequent backcrosses were made by using selected fertile 
(ms2ms2) F1 plants as pollen donors onto sterile Ms2ms2 
plants of Ms2/6*SUN276A.

F2 bread wheat and durum wheat populations

F2 populations comprising 270 Mexicali/Italo durum wheat 
lines and 82 Thori/Hydra bread wheat lines were devel-
oped in this study from crosses between plants grown in the 
screening panel experiments, with Mexicali and Thori being 
female parents.

Mocho/Gladius RIL population

An F2 mapping population for Gladius/Mocho de Espiga 
Branca had previously been derived from a biparental cross 
between the Australian commercial cultivar Gladius (dou-
bled haploid (DH)-derived Rac875/Krichuaff//Excalibur/
Kukri/3/Rec875/Krichauff/4/-RAC875//Excalibur/Kukri) 
and Mocho de Espiga Branca, a Portuguese landrace (Borji-
gin et al. 2021). To develop a recombinant inbred line (RIL) 
mapping population, 1800 F2 grains were taken through sin-
gle seed descent for four generations to develop F6 RILs. To 
reduce the time for population development, a modification 
of a speed breeding approach was used. Wheat lines were 
grown in soil in a growth room, located at the Waite Pre-
cinct, Urrbrae, South Australia, for approximately 12 weeks, 
under a photoperiod of 20 h light and 4 h dark. Temperatures 
ranged from 25 °C (day) to 15 °C (night). Grains from the 
plants were removed 15–18 days post anthesis. Embryos 
were removed from the grains and transferred to culture 
media to promote growth of the embryo. When the new 
wheat plantlet was large enough, it was transplanted into soil 
and placed back in the growth room, with the same condi-
tions as above. The process was repeated for 4 generations. 
From the initial starting material of 1,800 F2 plants, 1,199 F6 
RILs were produced. Of these lines, 320 were genotyped for 
linkage map generation and trait association studies.

Growth conditions

With the exception of the Mocho/Gladius RILs, all plants 
were grown in pots containing either South Australian 
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Research and Development Institute (SARDI) Urrbrae 
6  mm Premium mix from BioGro (https://​biogro.​com.​
au/) or SARDI Coco-Peat mix and were grown in the same 
glasshouse at the University of Adelaide with temperatures 
ranging from approximately 15 °C (night) to 25 °C (day) 
and a 12–14 h photoperiod. Natural light was supplemented 
with halogen lights when necessary. Plants of the durum 
and bread wheat panels were grown singly in 4.5 L 200 mm 
round pots. We examined Mexicali/Italo F2 plants in two 
separate spring season glasshouse experiments, Expt-D1 
and Expt-D2 involving 90 and 180 randomly selected F2 
plants, respectively, along with parental controls. In the first 
(smaller) experiment, we found lines all flowered within a 
10-day interval. Therefore, to manage sampling and imag-
ing workload, the second experiment was sown in two parts 
with a two-week interval between sowing dates. Each of 
the groups comprised 90 F2 plants plus controls, and their 
respective flowering windows were 10 and 12 days. For 
all experiments, plants were grown singly in 0.8 L 90 mm 
square pots. This was also the case for the experiment 
involving Thori/Hydra F2 and parental controls.

For the Mocho/Gladius RIL population experiment, sin-
gle plants of 210 genotyped RILs and three plants of each 
parental line were grown individually in round pots contain-
ing 2300 g soil mix (50% (v/v) University of California mic, 
35% (v/v) peat mix and 15% (v/v) clay loam) in a glasshouse 
at The Plant Accelerator®, Waite Campus.

Phenotyping

We measured stigmas from freshly sampled primary florets 
of main spikes. To ensure that we were measuring stigmas in 
their peak period of growth, we observed and developmen-
tally staged plants daily, collecting florets that contained yel-
lowing but not dehisced anthers. Generally, anthers in such 
florets dehisced at about the time of imaging. We collected 
two to three florets from each side of the central region of 
the main spike, giving a total of four to six pistils per line for 
imaging. To not damage pistils, florets were grasped at their 
distal end with blunt tweezers and gently detached from the 
rachis by a downward motion. All florets from a line were 
promptly placed into a single plastic 2 ml centrifuge tube. 
Tubes were immediately closed to maintain humidity and 
prevent stigma dehydration. After samples were collected, 
tubes were directly taken to the laboratory. Under a Leica 
MZFL III stereo dissecting microscope, working on one or 
two florets at a time, pistils were carefully removed and posi-
tioned on a dark plate (to allow image contrast), on a small 
knob of blackened Bostik BluTack®, for imaging such that 
the full breath of the stigma was in focus. Example images 
are provided in Fig. 1. Carpel hairs of bread wheat pistils 
were removed using fine tweezers so that unobscured images 
of both style branches and their junctions with the carpel 

were obtained. The only exception to this methodology was 
that for the bread wheat panel experiment carpel hairs were 
not removed before imaging. Carpel hair removal was usu-
ally not necessary for durum wheats because, as shown in 
Fig. 1, they typically had few and short carpel hairs. Images 
were captured with a Leica DFC300 digital camera. Trac-
ing and measurement of Total Stigma Length (TSL) were 
performed manually for each image using image software 
Fiji (https://​fiji.​sc/) (Schindelin et al. 2012). For analysis, if 
stigmas of more than four pistils were measured, we used the 
top four TSL values. We did this because the most relevant 
information for this study was the maximum TSL achieved 
by a specific genotype, and we had noted that florets at sub-
optimal development stages gave unrepresentative smaller 
TSL. On rare occasion, sampled florets in their 2 ml cen-
trifuge tube were stored overnight at 4 °C for imaging the 
following day. Stigmas stored overnight at this temperature 
were observed to be indistinguishable from freshly harvested 
stigmas.

Plant Height (PH) was measured from soil surface to the 
top of the tallest spike at maturity. Days to Anthesis (DA) 
was calculated as the number of days from sowing until the 
onset of anthesis in the main spike (GS61 on the Zadoks 
scale). Peduncle Length (PL) was measured in Expt-D1 at 
anthesis as the length of the main stem from flag leaf ligule 
to the base of the spike. In Expt-D2 PL was similarly meas-
ured as the length of the main stem from flag leaf ligule to 
the base of the spike, however, for improved representation, 
measurement was at physiological maturity and an average 
PL was calculated from the PL of the first three culms.

Genotyping

DNA was obtained from leaf t issue by either 
phenol:chloroform:IAA extraction (durum and bread 
wheat panels and parental lines) or rapid extraction 
from pulverised freeze-dried samples in 96-well plate 
format (F2 and RIL populations and parental controls). 
Phenol:chloroform:IAA extraction was performed 
as described (Pallotta et  al. 2000). For 96-well rapid 

Fig. 1   Diversity of stigma phenotype in durum and bread wheat. 
A Example carpel and stigma images of durum (upper) and bread 
(lower) wheat used for TSL measurement. The yellow dashed line 
indicates the manual tracing used within imaging software Fiji 
(https://​fiji.​sc/) for TSL calculation. The separate box in the upper 
row shows example side-view images of durum wheat stigma. B Dis-
tribution of TSL in a diverse panel of 116 bread wheats (Supplemen-
tary Table S1) grown in a glasshouse. The Y-axis indicates average 
TSL and error bars represent standard deviation. Along the X-axis 
lines are ordered from lesser (left) to higher (right) TSL. Red bars 
indicate lines used for developing genetic mapping populations. TSL 
of Gladius and Mocho in Expt-D2 (Table  1) is indicated by arrows 
above the plot

◂

https://biogro.com.au/
https://biogro.com.au/
https://fiji.sc/
https://fiji.sc/
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extraction, we used a protocol based on that initially 
reported in (Pallotta et  al. 2003) and here more fully 
described in Supplementary methods.

Mexicali/Italo F2 population

Targeted genotyping of the Mexicali/Italo F2 population 
used KASP™ markers developed in this study based on 
parental SNP identification in DArTseq® data that was 
kindly provided by Prof. Dianne Mather, University of 
Adelaide. Further KASP™ markers were sourced from a 
local University of Adelaide collection. Although a Rht14 
causative mutation has yet to be identified, we sourced 
closely linked flanking markers cs214 and cs412 reported 
by (Ford et al. 2018) to track Rht14 in our Mexicali/Italo 
population. In all instances, genotyping of Rht-B1 and 
Rht-D1 alleles used KASP™ markers (Rasheed et  al. 
2016). Durum marker sequences were aligned by BLAST 
at Ensembl Plants (https://​plants.​ensem​bl.​org/​index.​html) 
to the Triticum turgidum reference sequence assembly 
GCA_900231445.1, also known as Svevo.v1 (Maccaferri 
et al. 2019).

Mocho/Gladius RIL population

Genotype information for Mocho/Gladius RIL genetic 
map development was obtained through targeted genotyp-
ing-by-sequencing (tGBS) performed by the Department 
of Primary Industries Victoria. Gladius and Mocho de 
Espiga Branca parents were also genotyped using a 90 K 
iSelect wheat array and wheat exome tGBS array. Geno-
types for the RIL population were called using a custom 
genotype calling algorithm developed by the Department 
of Primary Industries Victoria, resulting in a total of 3493 
polymorphic markers being identified. After exclusion of 
markers showing significant segregation distortion or low 
quality (> 60% missing values), we obtained a final set of 
2774 markers whose sequence and SNP information is pro-
vided in Table S3. The set was supplemented by additional 
KASP™ markers for the phenology-related genes Glu-A1, 
Ppd-B1 and Vrn-A1 which were also kindly provided by 
Prof. Dianne Mather. Marker sequences were aligned by 
BLAST at Ensembl Plants (https://​plants.​ensem​bl.​org/​index.​
html) to the Triticum aestivum cultivar Chinese Spring refer-
ence sequence assembly GCA_900519105.1, also known as 
IWGSC REFSEQv1 (International Wheat Genome Sequenc-
ing Consortium 2018).

Assays for all KASP™ markers were performed accord-
ing to manufacturer’s instruction using KASP™ mix rea-
gent. Sequence information for all KASP™ markers used 
in this study is provided in Table S4.

Statistical and QTL analyses

For QTL analyses of Mexicali/Italo F2 and Mocho/Gladius 
RIL populations draft, genetic linkage maps were con-
structed at LOD = 6 using the R package ASMap. Samples 
with high (> 20%) HET, low call rate (< 40%), high number 
of crossovers (based on non-imputed genotypes) and identi-
cal samples were removed. In total, for the Mocho/Gladius 
RIL population, 2778 markers from 309 RILs were used to 
generate a genetic linkage map. For Mexicali/Italo Expt-D1 
and Expt-D2, 37 markers from 90 F2 plants and 17 mark-
ers from 180 F2 plants, respectively, were used to construct 
genetic linkage maps for targeted genomic regions involving 
chromosomes 4B, 6A and 6B only. QTL analyses were per-
formed using “scanone”, “scantwo”, “makeqtl”, “refineqtl” 
and “fitqtl” functions of the R/QTL package (Broman et al. 
2003). LOD score thresholds for each trait were determined 
by permutation test and only QTLs with LOD score above 
such thresholds are reported in this study. The percentage 
of phenotypic variation explained by the most significant 
marker under each identified QTL was calculated. For Mexi-
cali/Italo Expt-D2, sowing date was used as a covariate for 
QTL analysis as it had a significant effect on traits (Sup 
Fig. S4). We used RStudio (RStudio Team 2020) to pro-
duce summary statistical data and graphs (bar plots, box-
plots, scatter plots, and histograms), and to perform post-hoc 
Tukey’s tests or Student’s t tests for marker-trait associations 
and Pearson’s correlation analyses.

Analysis of meiotic pairing at Metaphase I

Based on spike size and position below the penultimate leaf, 
immature spikes that were predicted to contain meiocytes 
at Metaphase I stage were collected by cutting stems and 
placing them immediately in water for transportation to the 
laboratory. Single anthers were excised under a binocular 
dissecting microscope, placed on a glass slide in a drop of 
45% acetocarmine stain, gently squashed under a glass cov-
erslip and then examined using a compound microscope and 
10 × lens for meiotic stage. If the examined anther was at 
Metaphase I (M-I), this is indicative of the remaining two 
anthers from the floret being at the same stage. These were 
therefore excised and placed into a microcentrifuge tube 
containing freshly prepared fixative that comprised 3:1 etha-
nol: glacial acetic acid. Fixed anthers were stored overnight 
at 4 °C. The following day anthers were Feulgen-stained by 
treatment with 1N HCl at 60 °C for 8 min and then replace-
ment by Schiff’s reagent. When anthers were well stained, 
generally after approximately 30 min, anthers were mounted 
on glass microscope slides in 45% acetocarmine, and a cov-
erslip placed over the anther with another positioned under 
one edge of the first coverslip. Gentle tapping on the top 
coverslip using the back end of a pencil, or similar, whilst 

https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html
https://plants.ensembl.org/index.html


Theoretical and Applied Genetics         (2024) 137:160 	 Page 7 of 15    160 

slowly removing the lower coverslip dispersed the anther 
tissue across the area beneath the coverslip. The slide was 
gently heated on a hotplate to draw down the coverslip, and 
then, the sample was firmly squashed between sheets of 
Whatman No. 1 filter paper. Prepared slides were examined 
for intact M-I cells and chromosome pairing counts made 
under 40× or 100× objectives.

Results

Stigma phenotype in durum and bread wheats

In our initial evaluation of variability in stigma presentation 
using our bread wheat panel of 116 diverse lines, we sam-
pled and imaged stigmas from both primary and secondary 
florets within central spikelets. From these images, it was 
clear that stigma length differed markedly between the two 
florets of the same spikelet, even when the primary floret 
was at or very near anthesis. We deduced that the stigma 
grows rapidly as anthesis approaches and to reduce error 
we therefore standardised our sampling to primary florets 
only. We also standardised our sampling to spikes of main 
tillers only. When such spikes were at near anthesis, we 
generally found that the six central spikelets had primary 
florets at similar developmental stages and that their stigmas 
were optimal for imaging and subsequent measurement. In 
the durum wheats examined, we noted that stigmas atro-
phy more rapidly than bread wheats upon pollen shed and 
therefore collected samples in smaller batches, whilst also 
ensuring that they were on the cusp of anther dehiscence.

The top portion of carpels of all bread wheats examined 
were densely covered with long hairs that require partial 

removal for accurate measurement of stigma length, as 
exemplified in Fig.  1. The additional time required for 
carpel hair removal in bread wheats unfortunately made 
these experiments more laborious. In contrast, carpels for 
all but three of our durum wheat panel of 27 diverse lines 
had considerably shorter hairs that did not require removal 
before imaging. The three exceptions, Khapli, AUS-10105 
and Morocco-W-74633, had long carpel hairs that were 
similar to those observed for the bread wheats. The cul-
tivar Don Pedro was found to have an essentially hairless 
carpel (Fig. 1). In both panels, we observed substantial 
variation in stigma length, stigma hair density and stigma 
hair length. We did not observe notable differences in the 
distance between the pair of style branches at their carpel 
junctions. Of the obviously variable traits, stigma length was 
deemed to be the most amenable for accurate measurement. 
To reflect the total breadth of stigma available for pollen 
capture, our measurement, Total Stigma Length (TSL), is the 
total length from stigma tip to stigma tip, including style and 
carpel tissue between style branches, as shown in Fig. 1A.

Across the bread wheat panel values for average TSL 
ranged from 5.90 to 8.83 mm (Fig. 1; Table S1). Carpel hairs 
were not removed before imaging in this initial experiment 
and consequently standard deviation values were somewhat 
high. Nonetheless, we were able to confidently select lines 
at extremes as parents for mapping populations. As is evi-
dent in Table 1, testing of these parental lines in subsequent 
experiments confirmed their TSL phenotype. Given the 
diverse origins of our panel, we had anticipated a wide range 
in Days to Anthesis (DA) and found it to be 52–167 days. 
DA is known to impact many traits, often to a large extent, 
and can impede implementation of traits in breeding pro-
grams. Encouragingly, we found little correlation between 

Table 1   Trait values of parental 
lines

NA Data not available

Line name Rht status Experiment TSL (mm) DA (days) PH (cm) PL (mm) No. plants

Mexicali Rht1 Panel-durum 7.12 ± 0.19 50 67.0 NA 1
Expt-D1 7.80 ± 0.21 47.3 ± 0.6 69.7 ± 1.5 104.0 ± 7.2 3
Expt-D2-sowing1 8.49 ± 0.17 44.5 ± 1.7 69.0 ± 1.4 159.7 ± 9.3 4
Expt-D2-sowing2 8.38 ± 0.17 43.0 ± 0.0 65.5 ± 0.7 123.8 ± 0.7 2

Italo Rht14 Panel-durum 9.77 ± 0.72 56 53.0 NA 1
Expt-D1 10.58 ± 0.15 48.7 ± 1.2 51.7 ± 4.2 42.67 ± 2.3 3
Expt-D2-sowing1 10.68 ± 0.24 48.3 ± 2.4 55.3 ± 2.6 62.9 ± 18.8 4
Expt-D2-sowing2 10.95 ± 0.24 47.0 ± 1.4 52.5 ± 3.5 34.3 ± 17.9 2

Mocho wt Panel-bread 8.47 ± 0.12 103.00 163.0 NA 1
Expt-MoGl-RIL 8.88 ± 0.29 118.7 ± 6.4 125.4 ± 5.4 NA 3

Gladius Rht2 Expt-MoGl-RIL 7.34 ± 0.13 59.0 ± 1.0 62.0 ± 1.9 NA 2
Thori wt Panel-bread 8.10 ± 0.30 65 79.5 NA 1

Expt-ThHy-F2 9.51 ± 0.25 51.7 ± 0.6 110.3 ± 7.0 NA 3
Hydra Rht1 Panel-bread 7.11 ± 0.09 56 58.0 NA 1

Expt-ThHy-F2 8.23 ± 0.33 55.0 ± 1.0 65.0 ± 3.6 NA 3
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DA and TSL (R = 0.0424), leading us to have greater confi-
dence in the usefulness of our TSL evaluation method. PH 
was not measured because tillers were removed for stigma 
collection or were used for crossing, but the panel was geno-
typed for presence of Rht-B1b and/or Rht-D1b (Table S1). 
Evaluation of association between TSL and Rht allele type 
found no significant effect for either Rht-B1b or Rht-D1b 
(Fig. 2). A small but significant (P < 0.05) difference was 
observed when lines were grouped as wild type (Rht-B1a 
plus Rht-D1a) or containing either Rht-B1b or Rht-D1b or 
both, with TSL being lower in lines containing dwarfing 
alleles. Date of line origin, which was available for 76 of the 
lines (Supplementary Table S1), was examined for associa-
tion with TSL. Arraying TSL values by release date revealed 
no obvious trend (R = − 0.0278), suggesting that TSL has 
not been under strong positive selection over the course of 
modern breeding. The remaining 40 lines were predomi-
nantly land-varieties and amongst these, we noted a TSL 
range and distribution pattern that was highly similar to that 
of the subset of lines with release year information.

The durum panel of 27 lines that included both elite cul-
tivars and land-varieties had average TSL values that ranged 
from 7.12 to 9.77 mm (Fig. S1; Table S2). Even though the 
durum panel comprised considerably fewer lines than the 
bread wheat panel, the diversity in stigma presentation was 
pronounced. Selected examples are shown in Fig. 1. Notable 
lines include Kalka with its mid-length but highly ‘hairy’ 
stigma and the aforementioned carpel hairless Don Pedro. 
The small number of lines in the panel precluded meaningful 
analysis of the impact of DA on TSL, or association between 

Rht-B1b and TSL. However, as for the bread wheat panel, we 
noted no strong trend between TSL and DA, nor TSL and the 
presence of Rht-B1b. Again, PH was not measured because 
tillers were used for crossing.

Screening of the two panels provided sufficient informa-
tion to select parents for durum and bread wheat population 
development. Attributes of these parents across growing 
seasons are shown in Table 1.

TSL in near‑isogenic sterile and fertile bread wheat 
backgrounds

For application to hybrid breeding, an important aspect to 
consider is whether TSL in a male sterile background differs 
significantly to that of its fertile counterpart. Casual observa-
tion of stigma appearance during carpel enlargement after 
pollination failure in both male sterile lines and emasculated 
florets indicated no obvious lengthening of the stigma. This 
led us to anticipate that TSL in fertile lines would accu-
rately reflect TSL in male sterile derivatives. To test this 
hypothesis, we generated near-isogenic male sterile and 
fertile pairs by crossing bread wheats to Ms3/7*1IBWSN50 
backcross lines heterozygous for the dominant Ms3 male 
sterility gene and hence male sterile. As male parents for the 
crosses, we selected 9 bread wheats that ranged in TSL from 
low to high. We then measured TSL in sterile (Ms3ms3) and 
fertile (ms3ms3) F1 segregants for each cross. As shown in 
Fig. S2, we generally found highly similar mean TSL val-
ues for sterile and fertile segregants, suggesting that meas-
urement in fertile lines should indeed reflect TSL of male 

Fig. 2   Association of Rht-B1 and Rht-D1 genotype with TSL in a 
diverse bread wheat panel of 116 lines. In the left panel, Rht-B1 
genotype on the X-axis is indicated as follows: WT; homozygous 
Rht-B1a allele (red bar), Rht-B1b; homozygous Rht-B1b semi-dwarf 
allele (blue bar). In the middle panel, Rht-D1 genotype is indicated 
as follows: WT; homozygous Rht-D1a allele (red bar), Rht-D1b; 

homozygous Rht-D1b semi-dwarf allele (blue bar). Rht genotype in 
the right panel is shown as WT; homozygous for both Rht-B1a and 
Rht-D1a (red bar) and Rht-B1/D1b; homozygous for either Rht-B1b 
or Rht-D1b or both (blue bar). Number of plants for each genotype 
group is indicated at the bottom, and significant difference identified 
by Student’s t-test (P < 0.05) between groups is indicated by asterisk
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sterile derivatives. As shown in Fig. S3, this experiment 
also indicated that TSL exhibits partial to full dominance. 
Partial dominance was also noted in a separate bread wheat 
experiment that comprised 10 sets of parental and F1 plants 
derived from crosses between lines of our screening panel, 
as well as in a durum wheat experiment involving three sets 
of parentals and F1 plants. In a hybrid breeding system that 
involved a female parent with high TSL and male parent 
with lower TSL, we anticipate that F1 plants would have a 
mid-range TSL.

TSL in durum wheat Mexicali/Italo F2 population 
associates with Rht14

We selected Mexicali (low TSL) and Italo (high TSL) for 
population development not only because in our panel they 
represented the extremes of TSL phenotype, but also because 
Italo is a semi-dwarf line that does not contain Rht-B1b. 
Italo is a derivative of Castelpoziano and, like it, carries the 
Rht14 mutation on chromosome 6A that results in reduced 
plant height but not the loss of GA-responsiveness. Such so 
called ‘alternative’ dwarfing genes are thought to offer mul-
tiple advantages, including improved seedling establishment 
and greater early vigour (Rebetzke et al. 2022). Choosing 
Italo provided us an opportunity to examine the effect on 
TSL of a GA-responsive dwarfing gene, whilst also examin-
ing the effect of the Rht-B1b allele derived from Mexicali.

As described in Methods, we examined Mexicali/Italo 
F2 plants in two separate spring season glasshouse experi-
ments, Expt-D1 and Expt-D2 involving 90 and 180 F2 plants, 
respectively, with Expt-D2 sown across two dates. Because 
we identified an effect, albeit small, of sowing date on trait 
values our QTL model for Expt-D2 included sowing group. 
Overall, across the two seasons we found TSL values to be 
similar (Fig. S4), encouraging confidence in our trait meas-
urement methodology and subsequent QTL identification.

As Expt-D1 progressed it became apparent that lines 
with larger TSL tended to have smaller peduncle length 
(PL), which suggested linkage between TSL and Rht14 
since reduced PL is a known effect of Rht14 (Vikhe et al. 
2019). Indeed, PH was highly correlated with PL in both 
experiments (Fig. S5B). Correlation analysis also confirmed 
the strong negative correlation between TSL and PL and 
between TSL and PH (Fig. S5C, D). These observations led 
us to employ a targeted mapping strategy towards exam-
ining the association of TSL with Rht14. Our marker set 
(Table S4) included cs214 and cs412 which closely flank 
Rht14, and a further 26 markers that cover most of chromo-
some 6A, spanning approximately 600 Mb of the Svevo.v1 
reference sequence. Because durum wheat is an allo-tetra-
ploid, we also included 7 markers that locate to the home-
ologous Rht14 region on chromosome 6B. Additionally we 
included a marker for the Mexicali-derived Rht-B1b allele 

on chromosome 4B. We also employed BLAST searches 
using rice SYL3-k coding sequence as bait against Svevo 
durum wheat (Maccaferri et al. 2019) and Chinese Spring 
bread wheat (International Wheat Genome Sequencing Con-
sortium 2018) to identify potential orthologues to include 
as additional markers, but found none. We did not include 
markers for major flowering phenology genes because all 
F2 plants were spring type and flowering occurred within 
10 days in Expt-D1 and 10 and 12 days in the two Expt-D2 
sowing groups. Results from Expt-D1 informed selection 
of a marker subset for genotyping in Expt-D2; 12 robust 6A 
markers that span the Rht14 region, four chromosome 6B 
markers and the marker for Rht-B1b.

Results of linkage analyses are summarised in Table 2, 
with specific allele effects on TSL and PH shown in Fig. 3. 
As expected for this population, in both Expt-D1 and Expt-
D2, the Rht14 allele of Italo and the Rht-B1b allele of Mexi-
cali were associated with reduced PH and reduced PL, with 
the Rht14 allele having greater effect on both traits. In Expt-
D1 and Expt-D2, respectively, reduction in PH due to the 
Rht14 locus was 29.4 and 31.5 cm compared to 19.0 and 
15.4 cm for Rht-B1b locus, whilst PL reduction was 124.8 
and 118.2 mm for the Rht14 locus and 57.2 and 35.0 mm for 
Rht-B1b locus (Table 2). The strong effect of the Rht14 allele 
on PL is consistent with findings in previous Rht14 studies 
(Vikhe et al. 2019). As mentioned above, the range in DA 
was small in both experiments, but the cs214 Italo allele was 
found to be associated with a slight increase in DA in both 
experiments (Table 2).

For TSL, we found that cs214, the Rht14-linked marker 
on 6A, explained 25.2% and 19.2% of phenotypic varia-
tion in Expt-D1 and Expt-D2, respectively, with the Italo-
derived locus contributing on average higher TSL values 
of 0.87 and 0.65 mm. Corresponding LOD values for the 
associations were 5.87 and 9.29, respectively. The higher 
LOD value in Expt-D2 is likely attributable to the greater 
number of individuals in that experiment (N = 180 in Expt-
D2 compared with N = 90 in Expt-D1). In Expt-D2 only, the 
Rht-B1b dwarfing allele of Mexicali was associated with a 
minor positive effect on TSL (LOD = 3.53), explaining 6.8% 
of phenotypic variation. Therefore, in our targeted mapping 
analysis, the Rht14 locus exhibited a significantly stronger 
association with TSL compared to the Rht-B1 locus. Intrigu-
ingly, the dwarfing allele of the Rht14 locus derived from 
Italo is linked to an extended stigma length.

Multiple genetic loci contribute to TSL in bread 
wheat population Mocho/Gladius RIL

The greater complexity of the bread wheat genome led us 
to expect difficulty in resolving genetic effects for TSL in F2 
populations, we therefore undertook analysis in a RIL popu-
lation developed from a cross between Mocho de Espiga 
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Branca and Gladius, lines that contrast in TSL (Fig. 1; 
Table 1). For simplicity, here we abbreviate Mocho de Esp-
iga Branca as ‘Mocho’. As shown in Table 1, Gladius carries 
the Rht-D1b allele for reduced height and is semi-dwarf in 
stature with low TSL, whilst Mocho is wild type at both 
Rht-B1 and Rht-D1 and is very tall with high TSL. Mocho, 
although classified as spring type, was much later to anthesis 
than Gladius under our growth conditions. In this experi-
ment we were somewhat hampered by intermittent occur-
rences of pistilloidy which reduced the number of usable 
stigma samples. In total, we measured TSL for 139 RILs. 
The population varied greatly for both DA (49–163 days) 
and PH (53.1 to 160.1 cm). The observed range in average 
TSL was 6.167–10.244 mm. Frequency distributions for 
these three traits are provided in Fig. S6.

Our trait correlation analysis found a moderately signifi-
cant negative correlation of DA with TSL, suggesting an 
effect of flowering time on TSL. The analysis found no sig-
nificant correlation between PH and TSL (Fig. S7), which 
is different from the result found for the durum wheat Mexi-
cali/Italo F2 population (Fig. S5) where the Rht14-associated 
locus had a strong effect on both traits.

We generated a genetic map (Fig. S8) from 2774 genome-
by-sequencing (GBS) markers (Table S3) as well as KASP™ 
markers for major phenology genes, including Ppd-B1on 
chromosome 2B and Rht-D1 on chromosome 4D. Marker 

density was considered to be adequate for most A- and 
B-genome chromosomes, but as is typical for bread wheats, 
there is a paucity of D-genome polymorphism between 
our parents and consequently marker coverage across this 
genome is sporadic. QTL analysis for the traits TSL, DA 
and PH was performed and detected QTL are summarised in 
Table 3. For TSL, three weak to moderate associations were 
found. A marker in the region of the Ppd-B1 locus on 2B 
showed the highest effect at LOD = 6.60, explaining 16.10% 
of phenotypic variation (% Pv). Ppd-B1 was also strongly 
associated with DA (LOD = 78.12, % Pv = 63.77), consist-
ent with the observed correlation between DA and TSL 
(Fig. S7). On average, the Mocho allele at Ppd-B1 increased 
DA by 45.9 days and reduced TSL by 0.39 mm. Two addi-
tional minor QTLs for TSL were detected, one distally on 
chromosome arm 1AS (LOD = 4.70, % Pv = 11.08) and the 
other on chromosome arm 2AS (LOD = 4.12, % Pv = 9.62). 
The map had sufficient marker coverage across the region 
on chromosome 6A that was associated with TSL in the 
durum population, but no QTL was detected at that loca-
tion. As expected, PH was strongly associated with Rht-D1 
(LOD = 61.48, % Pv = 53.96). The Rht-D1b allele from Gla-
dius reduced height by an average of 28.3 cm. Importantly, 
and echoing our observation in the broader wheat panel, 
Rht-D1b showed no significant association with TSL. Allele 
effects for key QTL are demonstrated by box plots in Fig. S9. 

Table 2   QTL detected in the 
Mexicali/Italo F2 population

a Traits used for QTL analysis. DA days to anthesis, PL peduncle length, PH plant height, TSL total stigma 
length
b Marker closest to QTL peak
c LOD score for QTL peak
d % Phenotypic variation explained by the QTL
e Mean trait value of lines homozygous for Mexicali (AA) or Italo (BB) alleles

QTL name Traita Experiment Chr Markerb LODc % Pvd AA meane BB mean

Total stigma length (mm)
 Qtsl.ua-6A.Expt1.1 TSL Expt-D1 6A cs214 5.87 25.2 8.78 9.65
 Qtsl.ua-6A.Expt2.1 TSL Expt-D2 6A cs214 9.29 19.2 9.43 10.08
 Qtsl.ua-4B.Expt2.1 TSL Expt-D2 4B Rht1 3.53 6.8 10.01 9.58

Days to Anthesis (days)
 Qda.ua-6A.Expt1.1 DA Expt-D1 6A cs214 2.96 14.0 49.1 51.0
 Qda.ua-6A.Expt2.1 DA Expt-D2 6A cs214 2.98 7.1 46.8 48.1

Plant Height (cm)
 Qph.ua-4B.Expt1.1 PH Expt-D1 4B Rht1 19.00 25.7 59.6 78.6
 Qph.ua-6A.Expt1.1 PH Expt-D1 6A cs214 31.57 63.0 86.1 56.7
 Qph.ua-4B.Expt2.1 PH Expt-D2 4B Rht1 20.91 9.7 55.3 70.7
 Qph.ua-6A.Expt2.1 PH Expt-D2 6A cs214 68.88 66.2 86.3 54.8

Peduncle Length (mm)
 Qpl.ua-4B.Expt1.1 PL Expt-D1 4B Rht1 23.06 19.2 71.0 128.2
 Qpl.ua-6A.Expt1.1 PL Expt-D1 6A cs214 44.93 76.5 175.0 50.2
 Qpl.ua-4B.Expt2.1 PL Expt-D2 4B Rht1 5.58 3.2 86.2 121.2
 Qpl.ua-6A.Expt2.1 PL Expt-D2 6A cs214 53.66 60.6 191.1 72.9
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In summary, multiple weak to moderate QTLs contribute to 
TSL in the Mocho/Gladius population with no significant 
effect of the dwarfing allele Rht-D1b.

Rht‑B1b has weak effect on TSL in bread wheat 
Thori/Hydra F2 population

The dwarfing allele Rht-B1b did not show an effect on TSL 
in our bread wheat diversity panel (Fig. 2), whilst analysis 
of the durum wheat Mexicali/Italo F2 population revealed a 

weak but significant effect of Rht-B1b on TSL in Expt-D2 ( 
Fig. 3B; Table 2). To examine the effect of Rht-B1b on TSL 
in a bread wheat biparental population, we used F2 plants 
from the cross Thori/Hydra. As shown in Table 1, Hydra 
carries the Rht-B1b allele for reduced height and is semi-
dwarf in stature, whilst Thori is wild type at both Rht-B1 and 
Rht-D1 and is moderately tall. Although no genetic map was 
available for QTL analysis, the population was useful for 
examining the specific effect of Rht-B1 on TSL. Genotypic 
and phenotypic data for 82 individuals revealed a small but 
significant (P < 0.05) effect, with the dwarfing Rht-B1b allele 
reducing TSL by an average of 0.462 mm (Fig. S10). Cor-
relation analysis between TSL and PH returned a value of 
R = 0.36, consistent with Rht-B1b being the primary height-
reducing agent in this population. Whilst the observation of 
Rht-B1b reducing TSL in this population is opposite to the 
effect found in the Mexicali/Italo study, where the Rht-B1b 
dwarfing allele was associated with a slightly higher TSL 
in Expt-D2 (Fig. 3), both effects were minor. DA varied by 
54 days (39–92) but most lines had flowered by day 66, with 
only five lines flowering beyond that day. No correlation 
between TSL and DA was observed. Unfortunately, no mark-
ers within our durum chromosome 6A subset of TSL-linked 
markers were polymorphic between Thori and Hydra, and 
therefore, association of that region with TSL was not tested 
in this study. In summary, the bread wheat Thori/Hydra F2 
population analysis indicates that Rht-B1 exerts only minor 
effect on TSL, in line with results from the bread wheat 
diversity panel analysis.

Transfer of high‑TSL locus from durum cv. Italo 
to bread wheat

To test whether the high TSL 6A locus of Italo is trans-
ferrable to bread wheat we initiated marker-assisted back-
crossing into a bread wheat line. A Ms2 backcross line, 
Ms2/6*SUN276A, was chosen as the bread wheat parent 
to facilitate examination of the performance of the Italo-
derived locus in male sterile plants. The Ms2 mutation 
behaves dominantly and causes male sterility when het-
erozygous, reducing the number of generations required 
to obtain male sterile plants for analysis. After the initial 
cross was made, to rapidly generate backcross lines with 
a full 2n = 42 chromosome complement, we used partially 
fertile ms2/ms2 F1 lines as pollen donors. The rationale of 
using plants that were 2n = 14 pairs + 7 univalents as male 
parents for the first backcross, despite their low fertility and 
the extra effort required to generate grain, was to take advan-
tage of male gamete selection pressure. Following the same 
crossing strategy, material was advanced to BC2F1 plants 
and examined for both chromosome composition and TSL. 
Amongst the 16 plants examined, seven contained a full 
hexaploid content of 2n = 42 chromosomes. TSL and PH 

Fig. 3   Association of PH (A) and TSL (B) with QTL marker geno-
type in Mexicali/Italo F2 Expt-D2. Homozygous (AA; Mexicali-
derived, BB; Italo-derived) or heterozygous (AB) genotypes are indi-
cated on the X-axis for markers Rht-B1 (left panel) and cs214 (right 
panel). Number of plants in each genotype group is indicated at the 
bottom, and groups with different index letters are significantly differ-
ent by ANOVA with Tukey’s test at P < 0.05
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for these seven lines are shown in Fig. S11. The transferred 
locus, where present, was in a heterozygous state as these 
lines were direct products of crosses. Whilst the number 
of lines was too small for robust conclusion, BC2F1 plants 
which were heterozygous for the Rht14 allele showed sig-
nificantly (P < 0.05) higher TSL (Fig. S11). In addition, 
visual examination of stigma exsertion in the one line that 
was sterile and contained a single dose of Rht14 was highly 
suggestive of improvement over that of sterile hexaploid 
Ms2/6*SUN276A parent plants. These encouraging obser-
vations warrant further investigation.

Discussion

In this study, we developed a measurement method for wheat 
stigma length, characterised the genetic diversity of TSL 
in both bread and durum wheat, and identified genetic loci 
associated with this trait. A feature noted throughout our 
study was genotypic reproducibility of durum and bread 
wheat TSL differences across seasons and years. This repro-
ducibility is likely a consequence of our standardised strict 
sampling and imaging methods. Jiang et al. (2021) also iden-
tified methodology standardisation of samples collected at 
anthesis as critical for generating consistent and reliable 
data for genetic analysis. Further advantage was gained by 
our use of glasshouse-grown plants which allowed careful 
developmental stage determination, versus the use of field-
grown plants by Jiang et al. (2021). However, regardless 
of improvement in accuracy being gained by standardised 
sampling, the need for manual image analysis in calculat-
ing TSL remains laborious. A recent study on the applica-
tion of machine learning towards automated image analysis 

potentially provides a framework for more efficient measure-
ment of size and structure related stigma attributes (Millan-
Blanquez et al. 2022). Such approaches should facilitate 
effective large-scale studies, although the effort required 
for monitoring of developmental stage, sample collection, 
stigma excision and imaging remain crucial and somewhat 
labour-intensive.

The genotypic variation for stigma presentation revealed 
by this study provides the basis for future genetic analyses, 
particularly for those female reproductive traits aimed at 
lowering the cost of hybrid grain production. Major phe-
nology loci are well-known to have confounding effects on a 
multitude of traits, whether that be in conventional or hybrid 
systems. In this context, we aimed to determine whether TSL 
was affected by flowering time. For both the bread wheat 
panel and the Thori/Hydra F2 population, no association 
between DA and TSL was found (Sup Fig. S10). Contrast-
ingly, in the Mocho/Gladius RIL population, we observed a 
significant association (LOD = 6.6, % Pv = 16.10) between 
Ppd-B1 and TSL, with early flowering associating with 
longer stigma (Sup Fig. S9; Table 3). As with other traits 
that are influenced by Ppd-B1, further understanding of how 
specific Ppd-B1 alleles affect TSL will be necessary before 
implementing selection for high TSL in a breeding context. 
In our durum population, there was insufficient variation in 
DA to fully assess the impact of DA on TSL, but the limited 
observations indicated no obvious trend.

Along with genes controlling flowering time, the semi-
dwarfing mutant alleles Rht-B1b and Rht-D1b are particu-
larly important in breeding and are similarly known to 
impact numerous traits, including reducing anther length 
and extrusion. The structure of our bread wheat populations 
facilitated assessment of these mutant alleles separately, 

Table 3   QTL detected in the 
Mocho/Gladius RIL population

a Traits used for QTL analysis. DA days to anthesis, PH plant height, TSL total stigma length
b Peak QTL position in the genetic linkage map
c Marker closest to the QTL peak
d LOD score for QTL peak
e % Phenotypic variation explained by the QTL
f Mean trait value of lines homozygous for Mocho (AA) or Gladius (BB) alleles

QTL name Traita Chr Position (cM)b Markerc LODd % Pve AA meanf BB mean

Total stigma length (mm)
 Qtsl.ua-1A.1.mch TSL 1A 34.0 MG_0040 4.70 11.08 8.35 8.02
 Qtsl.ua-2A.1.mch TSL 2A 50.9 MG_0549 4.12 9.62 8.41 7.90
 Qtsl.ua-2B.1.gld TSL 2B 71.0 MG_0666 6.60 16.10 7.93 8.32

Days to anthesis (days)
 Qda.ua-2B.1.gld DA 2B 66.0 Ppd-B1 78.12 63.77 114.0 68.1

Plant height (cm)
 Qph.ua-2B.1.gld PH 2B 66.0 Ppd-B1 14.11 8.36 90.0 83.4
 Qph.ua-4D.1.gld PH 4D 0.0 Rht-D1 61.48 53.96 100.0 71.7
 Qph.ua-5A.1.gld PH 5A 128.1 MG_1643 4.52 2.48 90.5 83.2
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whilst our durum population allowed assessment of Rht-
B1b, albeit in conjunction with segregation for Rht14. Con-
sidering Rht-B1b, we found that in the bread wheat Thori/
Hydra population this allele was associated with a slight 
decrease in TSL, whereas in the durum wheat Mexicali/Italo 
population, this allele was associated with a slight increase 
in TSL in just one of the two experiments (Expt-D2). We 
surmise that the dwarfing gene Rht-B1b may have a minor 
effect on TSL depending on wheat genotype. In the case 
of Rht-D1b, which was specifically assessed in the bread 
wheat Mocho/Gladius RIL population, no association with 
TSL was identified. Encouragingly, no association with TSL 
was found across the bread wheat panel for either Rht-B1b 
or Rht-D1b although if lines were pooled as either wild type 
or containing one or more of Rht-B1b and Rht-D1b a slight 
reducing effect on TSL was evident (Fig. 2). In summary, of 
the multiple experiments conducted here none identified a 
strong effect of either Rht-B1b or Rht-D1b on TSL.

This study is the first to report that increased TSL asso-
ciates with the Rht14 allele of Italo providing the opportu-
nity to simultaneously select for reduced plant stature and 
improved stigma exsertion, two components important for 
breeding a female parental ideotype for efficient hybrid grain 
production (Whitford et al. 2013). Positional cloning stud-
ies of both Rht14 and the allelic Rht18 (Ford et al. 2018; 
Haque et al. 2011; Vikhe et al. 2019) propose involvement 
of GA2oxA9 (TRIT6Av1G140910), a GA 2-oxidase, in the 
dwarfing phenotype. Rht14 locates to a centromeric region 
of chromosome 6A that has reduced recombination, with 
Ford et al. (2018) reporting a genetic to physical ratio of 
1 cM/230 Mb in an Icaro/Langdon F2 population segregat-
ing for the allelic Rht18. This means that either studies using 
very large populations or alternative approaches are needed 
to test whether Rht14 can be uncoupled from the TSL QTL 
identified here. Whilst our attempt to transfer the long stigma 
trait from Italo to bread wheat appeared to be encourag-
ing, it is currently unknown how effective Rht14 may be 
in reducing bread wheat height in contemporary cultivars. 
Backcrossing of Rht18 from durum cultivar Icaro into the 
1969-released tall bread wheat cultivar Halberd reduced 
plant height by 24% (Rebetzke et al. 2022), however, as 
revealed in Würschum et al. (2017) and Tian et al. (2022), 
contemporary bread wheat cultivars frequently contain the 
dwarfing gene Rht24 in addition to either Rht-B1b or Rht-
D1b, with the presence of Rht24 increasing dwarfing beyond 
that due to Rht-B1b or Rht-D1b. It is currently not clear 
whether Rht14 from Italo would be more effective than the 
Rht24b allele in decreasing height in bread wheat but exam-
ining whether TSL is associated with Rht24 is worthy of 
future investigation. The Mexicali/Italo population proved 
to be amenable for investigating genetic control of stigma 
length and development of a full genetic map for the popula-
tion could reveal additional useful QTL.

In the Mocho/Gladius RIL population QTL analysis 
revealed no additional major effect loci for TSL other than 
Ppd-B1. This can potentially be attributed to either the extra 
complexity of hexaploid genome relative to tetraploid, lack 
of full genome marker coverage or lack of sufficient popula-
tion size. The high incidence of pistilloidy in the population 
reduced the total number of individuals for which TSL could 
be reliably measured, decreasing QTL detection power. 
There are, however, future opportunities for developing other 
bread wheat mapping populations based on TSL ranking of 
the 116 lines in our bread wheat panel.

Additional research is required to confirm that longer 
stigma positively contribute to improved hybrid wheat 
grain set, although such a link has recently been reported in 
rice (Dang et al. 2022). For this purpose, contrasting allelic 
Ms2/Rht14 isolines could be further developed and field 
tested for grain set following cross-pollination. The Ms3 
isolines developed in this study could also be used towards 
this goal. Or chemical hybridising agents such as Croisor 
100® or Genesis® could be employed for isoline studies not 
involving genetic male steriles.

Beyond studies of stigma length, the existence of sig-
nificant pistil diversity in both hexaploid and tetraploid 
wheats poses intriguing questions, such as what might be 
the role of carpel hairs and why are they are so diminished 
in some durum lines? And has there been any positive selec-
tion for reduced stigma ‘hairiness’ and stigma protrusion 
in geographical regions that experience a high incidence 
of heat and drought stress, given that these structures are 
particularly susceptible to low humidity induced atrophy? 
Stigma receptiveness and receptivity duration were not stud-
ied here but are clearly highly important traits. Our success 
in achieving reproducible TSL values by employing strict 
methodology may encourage studies on stigma receptivity. 
What is certain is that understanding and exploiting stigma 
diversity will provide opportunities for gain in the quest for 
cost-effective hybrid grain production.
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