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Abstract

Anther and ovary development play an important role in grain setting, a crucial factor determining wheat (Triticum 
aestivum L.) yield. One aim of this study was to determine the heritability of anther and ovary size at different positions 
within a spikelet at seven floral developmental stages and conduct a variance components analysis. Relationships 
between anther and ovary size and other traits were also assessed. The thirty central European winter wheat gen-
otypes used in this study were based on reduced height (Rht) and photoperiod sensitivity (Ppd) genes with vari-
able genetic backgrounds. Identical experimental designs were conducted in a greenhouse and field simultaneously. 
Heritability of anther and ovary size indicated strong genetic control. Variance components analysis revealed that 
anther and ovary sizes of floret 3 (i.e. F3, the third floret from the spikelet base) and floret 4 (F4) were more sensitive 
to the environment compared with those in floret 1 (F1). Good correlations were found between spike dry weight and 
anther and ovary size in both greenhouse and field, suggesting that anther and ovary size are good predictors of each 
other, as well as spike dry weight in both conditions. Relationships between spike dry weight and anther and ovary 
size at F3/4 positions were stronger than at F1, suggesting that F3/4 anther and ovary size are better predictors of 
spike dry weight. Generally, ovary size showed a closer relationship with spike dry weight than anther size, suggesting 
that ovary size is a more reliable predictor of spike dry weight.

Key words: Anther size, heritability, ovary size, sensitivity, spike dry weight, wheat.

Introduction

Bread wheat (Triticum aestivum L.) is one of  the most 
widely planted crops worldwide. Increasing wheat yield 
remains one of  the main goals of  wheat breeding efforts, 
and wheat yield is a particularly complex trait. Grain 
number per spike plays an important role in wheat yield 
improvement and is closely related to floret survival 
(Sreenivasulu and Schnurbusch, 2012). Because the rate of 
floral survival in most wheat varieties is low (Langer and 

Hanif, 1973; Gonzalez et  al., 2003, 2005, 2011; Ferrante 
et al., 2010; Ferrante et al., 2013; Dreccer et al., 2014), there 
is great potential for improvement. Vegetative, reproduc-
tive, and grain filling phases are three main phases of  the 
wheat life cycle (Fig. 1); floral development and differentia-
tion is an important part of  the pre-anthesis stage (Fig. 1). 
Anther and ovary growth is a vital factor determining grain 
number per spike and grain size, and further affects wheat 

© The Author 2015. Published by Oxford University Press on behalf of the Society for Experimental Biology. 

Abbreviations: F1, F3, F4 anther (ovary) means anther (ovary) in the first (F1), third (F3), fourth (F4) floret from the base; Z, Zadoks scale; TS, terminal spikelet; WA, 
white anther; GA, green anther; YA, yellow anther; TP, tipping; HD, heading; AN, anthesis; DW, dry weight.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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grain yield (Kherde et al., 1967; Khan et al., 1973; Dorion 
et  al., 1996; Blum, 1998; Koonjul et  al., 2005; Ji et  al., 
2010). Despite this, studying anther and ovary growth and 
development in wheat over time has been widely neglected, 
simply because of  the challenging and demanding labour 
associated with measuring these organs in planta. More 
recently, however, new efforts in developing hybrid-wheats 
have been flamed up again (Longin et al., 2013; Whitford 
et al., 2013; Longin and Reif, 2014), and with this field of 
research a more detailed understanding of  how anthers and 
ovaries develop is of  fundamental interest.

Many studies have been previously conducted on anthers 
and ovaries in different species. One study reported a 

significant positive correlation between kernel dry weight at 
maturity and ovary volume at anthesis in sorghum (Yang et al., 
2009). They concluded that pre-anthesis ovary growth deter-
mines genotypic diversity in sorghum kernel weight. Another 
study showed that ovary swelling in bell pepper flowers ben-
efited from low night-time temperature or a high source-sink 
ratio, and that the influence of low night-time temperature 
and a high source-sink ratio on ovary swelling were additive 
(Darnell et al., 2012). In another experiment, all sweet pepper 
genotypes measured exhibited increased ovary size at 12°C 
compared with 20°C night-time temperatures, indicating that 
low night-time temperatures can increase ovary size in sweet 
peppers (Cruz-Huerta et al., 2011). Measurement of anther 

Fig. 1. Different developmental stages in the wheat life cycle. (A) The wheat life cycle. (B) The wheat pre-anthesis phase, including leaf, spikelet, and 
floret initiation. (C) The spikelets at the seven floral developmental stages (after Kirby and Appleyard, 1987): TS (terminal spikelet stage), WA (white anther 
stage), GA (green anther stage), YA (yellow anther stage), TP (tipping stage), HD (heading stage), and AN (anthesis stage) (from left to right). (D) The 
spikes at the seven floral developmental stages: TS, WA, GA, YA, TP, HD, and AN (from left to right) during floral development (floret initiation).
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length in field-grown wild barley (Hordeurn vulgare ssp. spon-
taneum) showed strong positive correlations between anther 
length, head length, and grain weight, while a negative cor-
relation was found between anther length and spike number 
per plant (Giles and Bengtsson, 1988). Inheritance of anther 
length and width in a cross of two oat (Avena sativa L.) geno-
types exhibited dihybrid ratios with incomplete dominance 
(Kim et al., 1968). Moreover, olive (Olea europaea L.) fruit 
weight has been related to ovary weight (Rosati et al., 2009); 
tissue size, and cell number in the olive ovary was shown to 
determine tissue growth and partitioning in the fruit (Rosati 
et al., 2012).

In maize (Zea mays L.), drought stress was found to cause 
considerable delay in female plant organ development, while 
the male inflorescence was less influenced (Barnabas et al., 
2008). Ovaries in maize generally grow rapidly and contain 
much glucose and starch, with a glucose gradient favour-
ing glucose movement into the developing ovary. Shade can 
block photosynthesis and decrease ovary size and weight, as 
well as glucose and starch content. However, sucrose fed to 
the maize plant stem was shown to reverse these losses, and 
kernels were as large as the controls (Hiyane et al., 2010). The 
differences in sucrose and starch responses under water-lim-
ited conditions suggest alteration of  ovarian carbohydrate 
metabolism in maize (Zinselmeier et al., 1995). In wheat, it 
was documented that pre-anthesis stem dry-mass accumu-
lation influences floral development and grain filling under 
stressed conditions (Bidinger et al., 1977; Kiniry, 1993; Blum 
et al., 1994; Blum, 1998). The ability to control and maintain 
sink strength and carbohydrate supply to anthers may be 
the key to maintaining pollen fertility and grain number per 
spike in wheat (Ji et al., 2010). When one Australian wheat 
variety was treated with high temperature (30°C) during the 
meiosis phase, a third of  the ovaries were found to exhibit 
abnormal development (Saini et  al., 1983). Unfortunately, 
there are only a limited number of  previous studies related to 
heritability. One report estimated the heritability of  anther 
length to be above 0.65 from wheat anthers sampled from the 
first or second florets in the central position of  a spike just 
before flowering (Komaki and Tsunewaki, 1981).

In wheat, spike dry weight at anthesis (sdwa), including 
dry weight of ovary and anther, is crucial for grain yield 
determination; sdwa has been confirmed to have strong cor-
relations with fertile floret number and final grain number in 
wheat (Fischer and Stockman, 1980; Fischer, 1985; Thorne 
and Wood, 1987; Savin and Slafer, 1991; Fischer, 1993, 2007; 
Abbate et  al., 1995, 1997; Demotes-Mainard and Jeuffroy, 
2001, 2004; Serrago et al., 2008; Gonzalez et al., 2011). Thus, 
it is necessary to assess the relationships between spike dry 
weight and anther/ovary size.

Although a number of studies on wheat have been reported, 
only a few related to anther size can be found, most being meas-
ured at limited floret positions and stages (Kherde et al., 1967; 
Khan et al., 1973; Komaki and Tsunewaki, 1981; Trione and 
Stockwell, 1989). Furthermore, wheat ovary size is also not well 
documented. Therefore, one aim of this study is to determine 
the heritability of anther and ovary size at different spikelet 
and floret positions as well as developmental stages to further 

understand floral development and grain setting in wheat. To 
this end, variance component analysis was conducted to assess 
genetic and environmental influence on anther and ovary 
growth. Moreover, relationships between spike dry weight and 
ovary and anther size were assessed in both field and green-
house. Finally, it was found that (i) anther and ovary size at 
different positions and developmental stages are under strong 
genetic control; (ii) anther and ovary size are good predictors of 
spike dry weight and of each other; and (iii) anther and ovary 
size at F1 (i.e. Floret 1 from the spikelet base) are less sensitive 
to the environment compared with florets at F3/4 positions.

Materials and methods

Plant material and growth conditions
Experiments were conducted at the Leibniz Institute of Plant Genetics 
and Crop Plant Research (Gatersleben, Germany; 51°49′23″N, 
11°17′13″E, altitude 112 m) during the 2012/3 growing season under 
greenhouse and field conditions. Thirty European hexaploid winter 
wheat cultivars were grown, including 23 photoperiod-sensitive and 
seven photoperiod-insensitive cultivars. These cultivars can also be 
classified into 24 semi-dwarfed and six tall cultivars. Marker infor-
mation for all 30 cultivars is given in Supplementary Table S1.

For both greenhouse and field experiments, seeds were sown in 
96-well trays on the same day (1 January 2013)  and germinated 
under greenhouse conditions (16/8 h day/night; ~20/~16°C) for 14 
d. Seedlings at the two- to three-leaf stage were transferred to 4°C 
to vernalize for 63 d.  Vernalized seedlings were transferred to a 
hardening stage (12/12 h day/night, and ~15 °C) for 7 d to gradually 
acclimatize. Finally, half  of the plants were transplanted (15 April 
2013) into 0.5 litre pots (one plant per pot; 9 cm×9 cm×9 cm) under 
greenhouse conditions (16/8 h day/night; ~20/~16°C). Supplemental 
light (~250 mE m-2 s-1 PAR (photosynthetically active radiation) 
was supplied with low intensity incandescent light, and plants were 
irrigated when required. The other half  of the plants was directly 
transplanted into the field (15 April 2013)  into silty loam soil (10 
plants per row; 50 cm long with 20 cm between rows). All plants were 
manually irrigated.

Phenotypic staging and measurements
To study floral development in detail, seven stages were selected: the 
terminal spikelet (TS) stage, completion of spikelet initiation (Kirby 
and Appleyard, 1987); white anther (WA) stage, lemmas of florets 1 
(F1) and 2 (F2) completely enclosing stamens and other structures 
(Kirby and Appleyard, 1987); green anther (GA) stage, glumes cover 
all but the floret tips (Kirby and Appleyard, 1987); yellow anther 
(YA) stage, glumes are fully formed and the lemmas of first three 
florets are visible (Kirby and Appleyard, 1987); tipping (TP) stage 
(Z49), first awns visible (Zadoks et  al., 1974); heading time (HD) 
stage (Z55), 50% of spikes visible (Zadoks et al., 1974); and anthesis 
(AN) stage (Z65), 50% of spikes with anthers (Zadoks et al., 1974). 
The spikes and spikelets at the seven floral developmental stages can 
be found in Fig. 1.

To detect the TS, WA, GA, and YA stages, cultivars were exam-
ined every 2 d under a stereomicroscope (Stemi 2000-c, Carl Zeiss 
Micro Imaging GmbH, Gottingen, Germany). For TP, HD, and AN 
stages, the day of onset was recorded as the point at which 50% of 
plants reached the respective stage. Thermal time was used to iden-
tify the duration of each stage and was calculated as the sum of the 
daily average temperature [(Tmax+Tmin)/2; base temperature assumed 
as 0°C].

During each stage, three plants for each cultivar were randomly 
selected for all phenotypic measurements. Leaf area was measured 
immediately after dissection of fresh main culm leaf material using 
an area meter (LI-3100, LI-COR Ltd, Lincoln, Nebraska, USA). 
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Main culm shoots and spikes were dried separately in two cello-
phane bags at 60°C for 3−5 d for dry weight measurement. Stem 
dry weight refers to the dry weight of one main culm shoot, includ-
ing leaves without spikes. Anther and ovary size measurements were 
only conducted on the main culm spikes, and were not measured on 
spikes of tillers. From GA to AN stages (Fig. 2A), spikelets from the 
centre of the main culm spike were dissected to obtain digital images 
of anthers and ovaries for three plants in each stage (Fig. 2B). When 
the anther or ovary was aborted, the size was not measured. Anther 
length (anther size) and ovary width (ovary size) were also meas-
ured using the stereomicroscope and the Carl Zeiss Imaging System 
AxioVision Rel. 4.8.2. Anthers and ovaries below 0.2 mm in size 
were difficult to measure. For most plants, the visible structure of 
the anther and ovary can only be found at the first four florets from 
the base (F1−F4). According to our previous experiments, anther 
and ovary size at F1 and F2 positions are very similar; therefore, 
F2 anther and ovary size were not measured. The ovary and anther 
positions at each developmental stage measured in the experiment 
are shown in Table 1.

Statistical analysis
We performed an additive main-effects and multiplicative interac-
tion (AMMI) model analysis to determine differences among geno-
type (G), environment (E), and the interaction between G×E for 
each measured trait. The AMMI analysis combines the analysis of 
variance (ANOVA) and singular value decomposition (SVD). The 
AMMI mode partitions the overall variation into G main effects, E 
main effects, and G×E interactions, defined as:

 
y g eij i j k ik jk ij

k

n

= + + + +
=

∑µ λ α γ ε
0  

where yij  denotes the yield for genotype i in environment j; µ is the 
grand mean; gi  is the mean for i − µ; e j  is the mean in environment 
j − µ; λk  is the singular value for principal component (PC) k; αik  
is the eigenvector (or PC score) for i and k; γ jk  is the eigenvector for 
j and k; and εij  is the residual for i and j. As the singular value is 
the square root of the eigenvalue, the above model can be written as:
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In this way, the additive interaction (the data minus the i and j means; 
the left side of the formula) in the ANOVA model is obtained by 
multiplication of genotype PC scores (Gik ) by environmental PC 
scores ( E jk ). Hence, the AMMI model applies SVD to the interac-
tion from the additive model. The AMMI model is therefore called 
doubly-centred PCA.

With the ANOVA model, the total variation of each trait was 
partitioned into four parts: G effects, E effects, G×E interactions, 
and residual; results were visualized in pie plots. To graphically show 
clear insight into the G×E interaction effect and the which-won-
where patterns of the data, a triplot via the PC scores for G and E 
was done for some important traits. In the triplot, a reduced num-
ber of PCs is used (n=3) and dimensionality reduction was achieved 
with just a small loss in the descriptive ability of the model. The first 
three PCs (PC1–PC3) represent the three components (x-, y-, and 
z-axes) in the triangular plot, respectively. All statistical analyses in 
this study were performed using the R statistical package (http://
www.r-project.org/; release 2.14.1).

To quantify the contributions of direct and indirect genetic effects 
to trait variation, phenotypic data were analysed using the following 
full linear mixed model:

 y X r Z g Z l Z gl er g l gl= + + + + +1µ  

Fig. 2. (A) Details of spikelet structure at GA, YA, TP, HD and AN 
developmental stages in wheat after Kirby and Appleyard (1987); (B) the 
four examples display the measurements of ovary and anther size in this 
experiment, the two top images show the anther and ovary at F1 positions 
at GA stage, the bottom two images show the anther and ovary at F1 
positions at YA stage.
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where y denotes a vector of individual plant observations of a given 
trait; X and Z are incidence matrices associating phenotypic obser-
vations with fixed and random factors, respectively; effects of fixed 
factors, which include µ (overall trait means) and r (replicate effects 
within the E), were assessed with approximate F-tests; and random 
factors (followed by their phenotypic variance components) include 
g [G effect following g G~ ,0 2Iσ( ) , where I  is the identity matrix], 

l  [E effect, l E~ ,0 2Iσ( ) ], gl (G×E effect, gl GE~ ,0 2Iσ( ) ], and e  

[residuals, e e~ ,0 2Iσ( ) ].
The model was fitted with ASReml-R software using restricted 

maximum likelihood to estimate variance parameters and their 
standard errors. Likelihood-ratio tests (LRT) were used to assess the 
significance of variance parameter estimation. The test statistic for 
the LRT (denoted by D) is twice the difference in the log-likelihoods 
of two models:

 
D likelihood likelihoodalt null= ( ) − ( )( )2 log log

 

where log likelihoodalt( )  is the log-likelihood of  the alternative 
model (with more parameters) and log likelihoodnull( )  is the log-
likelihood of  the null model, and both log-likelihoods can be calcu-
lated from the ASReml mixed model. Under the null hypothesis of 
zero correlation, the test statistic was assumed to be χ2

-distributed 
with degrees of  freedom equal to the difference in number of  covar-
iance parameters estimated in the alternative versus null models.

Variance components estimated in the models defined above were 
used to calculate broad-sense heritability ( H 2

) as follows:

 
H

r
G

G GE e

2
2

2 2 22 2
=

+ +
σ

σ σ σ
 

where r is the average number of replications.

Results

Sensitivity and stability of ovary size at different stages 
under greenhouse and field conditions

Ovary size at the F1 position between greenhouse and field 
conditions was not significantly different at GA, YA, TP, and 
HD stages, while F1 ovary size was substantially greater in the 
greenhouse at the AN stage (p<0.01, Fig. 3A). F3 ovary size 
was significantly higher in the field at TP (p<0.001) and HD 
(p<0.001) stages, but identical in both environments at the 
AN stage (Fig. 3A). F4 ovary size was substantially higher 
in the field at both HD (p<0.001) and AN (p<0.01) stages. 
Interestingly, F1 ovary size at AN showed the opposite trend, 
with significantly higher (p<0.01) ovary sizes under green-
house conditions. Broad-sense heritability of ovary size at all 
positions was above 0.70, and F4 ovary size at the HD stage 
had the highest heritability (0.89; Fig. 3B). We assumed that 
if  heritability was high, the increased anther/ovary size would 
be reflected across all floret positions within individual geno-
types. We selected genotype ‘Tukan’ to calculate the correla-
tions between anther/ovary size at different floret positions 
across different floral developmental stages under field and 
greenhouse conditions (Supplementary Figs S1, S2). Clearly, 
anther/ovary at different positions display close relationships 
in most cases, but there are no strong correlations in some 
instances due to the variation within genotypes. Environment 
(i.e. σ2

E green bar; Fig. 3B) had a large impact on F3 (19.1%) 
and F4 (35.6%) ovary size at the HD stage, indicating that 
ovary size at positions F3 and F4 is sensitive to the environ-
ment. However, the relatively small residual proportion sug-
gests low within-genotype variation for F3 (24.0%) and F4 
(20.2%) ovary size at HD (i.e. σ2

e grey bar; Fig. 3B). On the 
contrary, ovary size at position F1 was generally more stable 
than F3 and F4 at most examined stages (i.e. σ2

E green bars, 
GA, 1.8%; YA, 2.3%; TP, 2.2%; HD, 0.0%; Fig. 3B); however, 
the large residual proportion (i.e. σ2

E grey bars, GA, 46.7%; 
YA, 30.4%; TP, 36.5%; HD, 27.8%; Fig. 3B) indicated that 
within-genotype variation was rather high.

Sensitivity and stability of anther size at different stages 
under greenhouse and field conditions

F1 anther size in the field was significantly higher than in the 
greenhouse at GA, TP, and HD stages at 0.05, 0.05, and 0.001 
levels, respectively (Fig. 4A). Similarly, F3 and F4 anther size 
in the field was substantially greater than in the greenhouse at 
YA (F3, p<0.01; F4, p<0.001), TP (F3, p<0.001; F4, p<0.001), 
and HD (F3, p<0.001; F4, p<0.001) stages (Fig. 4A). Broad-
sense heritability of anther size at all positions was above 0.68, 
and F1 anther size at the HD stage had the highest heritability 

Table 1. Anther and ovary positions at each developmental stage 
measured in the experiment

GA YA TP HD AN

Anther size F1 F1, F3, F4 F1, F3, F4 F1, F3, F4 n.a.
Ovary size F1 F1 F1, F3 F1, F3, F4 F1, F3, F4

Fig. 2. Continued
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(0.92; Fig. 4A). Environment contributed largely to F1 anther 
size at the HD stage (24.3%) and F4 anther size at YA (18.5%), 
TP (29.0%), and HD (37.4%) stages, with the greatest contri-
bution to F3 anther size at TP (21.3%) and HD (23.8%) stages 
(σ2

E green bars; Fig. 4B). Generally, the residual proportions 
for anther size (i.e. σ2

e grey bars; Fig. 4B), ranging from 14.7% 

to 40.5%, were not as big as those for ovary size, ranging from 
20.2% to 46.7% (Fig.  3B), which indicates that within-gen-
otype variation of anther size is more stable compared with 
ovary size. The proportion of genotypic influence on anther 
size, ranging from 30.0% to 53.5%, and ovary size, ranging 
from 31.1% to 51.9%, was relatively large at most stages.

Fig. 3. (A) Ovary size (µm) at different positions at floral developmental stages under greenhouse and field conditions; (B) variance components and 
heritability (red point) of ovary size. **p<0.01; ***p<0.001.
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Relationships between spike dry weight, anther size, ovary 
size and thermal time of floral developmental stages.

As expected, the thermal time for all seven floral developmen-
tal stages in the greenhouse was substantially higher than in the 
field (p<0.001, Fig. 5). However, absolute growing time (i.e. in 
days) for all seven floral developmental stages in the field was 

significantly higher than in the greenhouse (p<0.001, Fig. 5). 
Large temperature fluctuations were observed in the field, 
whereas greenhouse temperatures were more stable for plant 
growth (Supplementary Fig. S3). Clearly, there was a signifi-
cant difference in temperature amplitude between the green-
house and field, indicating different environmental influences 

Fig. 4. (A) Anther size (µm) at different positions at floral stages under greenhouse and field conditions; (B) variance components and heritability of anther 
size. *p<0.05; **p<0.01; ***p<0.001.
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on ovary and anther growth during floral development. 
Supplementary Figs S4 and S5 show that most of the correla-
tions were strong between thermal time and ovary and anther 
size under both greenhouse and field conditions, although 
thermal time weakly correlated with F3 anther size, F4 anther 
size, and F4 ovary size under greenhouse conditions. The rela-
tionship (value of R2) between thermal time and ovary/anther 
size in the field was markedly higher than in the greenhouse.

As shown in Figs 6 and 7, F1 anther and ovary size was 
closely related to spike dry weight at the YA stage, but their 
correlation at GA, TP, and HD stages were rather weak under 
greenhouse conditions. However, F1 anther and ovary size 
strongly correlated with spike dry weight at all developmental 
stages in the field, except for F1 anther size at the HD stage. 
Clearly, the relationship between F1 anther size and spike dry 
weight in the field was not as strong as that between F1 ovary 
size and spike dry weight. At most stages, F3 and F4 anther 
and ovary size were closely related to spike dry weight under 
both greenhouse and field conditions, although greenhouse 
correlations were not as strong as those in the field. Hence, 
we conclude that anther and ovary size are good predictors of 
spike dry weight in response to G and E variables, respectively. 
On the other hand, correlations between anther/ovary size at 
F3 and F4 positions were stronger than at F1, suggesting that 
F3/F4 anther and ovary sizes are better predictors of spike dry 
weight than F1 anther or ovary size. In fact, F3/F4 ovary sizes 
were more closely related with spike dry weight than F3/F4 
anther sizes, implying that ovary size is a more reliable predic-
tor of spike dry weight during pre-anthesis floral development.

Overall, we found strong relationships between anther/
ovary size at different positions, correlations at the YA stage 
were strongest, and that correlations between F3 and F4 were 
better than those between F1–F4 and F1–F3 (Supplementary 
Figs S6, S7). Moreover, anther and ovary size at the same 
position also strongly correlated (Supplementary Fig. S8), 
suggesting that anther/ovary grow consistently at different 
positions, as well as in the same position. Similarly, green-
house correlations were not as strong as those in the field.

Discussion

Anther and ovary size under strong genetic control

Previously, much work related to anthers and ovaries in differ-
ent species has been conducted (Barnabas et al., 2008; Rosati 
et  al., 2009; Engelke et  al., 2010; De Storme and Geelen, 
2014), whereas work focusing on anther and ovary size, espe-
cially in wheat, is limited. Genotypes used in this study were 
based on Rht and Ppd genes, which showed variable genetic 
backgrounds (Supplementary Table S1). Broad-sense herit-
ability of anther and ovary size was consistently high (range, 
0.7–0.9; average, 0.8) at different positions and stages. In pre-
vious studies, anthers were sampled from the first or second 
florets in the central position of a spike, just before flower-
ing, and heritability of anther length was estimated above 
0.65 (Komaki and Tsunewaki, 1981). This is consistent with 
our results, which suggest anther and ovary growth is stable. 
Conversely, according to variance component analysis, envi-
ronment had a greater influence on F3 and F4 anther and 
ovary size than those at F1, indicating that F3 and F4 anther 
and ovary growth is more sensitive. Genotype, on the other 
hand, had the smallest influence on F1 anther and ovary size 
at the GA stage, while the residual proportion was largest, 
which suggests a relatively large variation in F1 anther and 
ovary size in the GA stage. Furthermore, the residual pro-
portion was higher for ovaries, suggesting larger variation in 
ovary size. Overall, although heritability, sensitivity, and vari-
ation were variable across floret positions and developmental 
stages, we can infer that wheat anther and ovary size is under 
strong genetic control based on the high heritability (Figs 3B, 
4B) and close relationships between anther/ovary at different 
floret positions within genotypes (Supplementary Figs S1, S2).

We also found strong relationships between spike dry weight 
and anther and ovary size, especially, anther and ovary at F3 
and F4 positions. In previous studies, it was reported that 
wheat carpel size and weight was closely related to grain weight 
(Calderini et al., 1999; Hasan et al., 2011). According to our 
experience, the florets with large anther and ovary have more 

Fig. 5. The range and difference of thermal time (oCd) and absolute growing time (days) between greenhouse and field conditions at seven floral 
developmental stages. ***p<0.001.
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opportunities to set seeds. The anther and ovary size at F3 and 
F4 positions is possibly associated with grain number per spike, 
which further determines the grain weight per spike/spike dry 
weight. Hence, F3/4 anther and ovary size can be used as an 
indicator to breed and select cultivars with high grain number 
per spike, grain weight per spike and spike dry weight.

Effect of temperature and dry-mass accumulation on 
anther and ovary growth

Fluctuating temperatures during the day/night cycle in the 
field revealed a strong temperature oscillation while green-
house temperatures were comparably stable (Supplementary 
Fig. S3). The stable greenhouse temperatures resulted in a 

substantially increased thermal time for each floral devel-
opmental stage in the greenhouse versus the field, although 
growing time in days was significantly longer in the field. As 
expected, low night-time temperatures, strong temperature 
fluctuation, and longer growing time (days) lead to more 
spike dry-mass accumulation at different stages of the field-
grown plants. Fig. 8 reveals that spike dry weight in the field 
was significantly higher than in the greenhouse at different 
floral developmental stages. Previously it was reported that 
ovary swelling in bell pepper flowers is favoured by low night-
time temperatures (Darnell et  al., 2012) and can increase 
ovary size in sweet peppers (Cruz-Huerta et al., 2011). Hence, 
we concluded that F3 and F4 ovary size, which was higher in 
the field than in the greenhouse, could be attributed to low 

Fig. 6. Relationship between ovary size (µm) and spike dry weight (g) at different floral developmental stages under greenhouse and field conditions. 
Solid lines were fitted by linear regression.
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night-time temperatures and higher spike dry-mass accu-
mulation. Similarly, F1, F3, and F4 anther size, which was 
also higher in the field, might have been positively affected 
by low night-time temperatures and higher spike dry-mass 
accumulation.

Stem dry weight is also considered a crucial factor affecting 
anther and ovary growth. Fig. 9 reveals that main-stem dry 
weight in the field was significantly higher than in the green-
house, suggesting that low night-time temperatures, large 
temperature fluctuations, and longer growing time (days) 
are probably responsible for higher dry-mass accumulation 
within the main-stem. In previous studies, it was documented 
that pre-anthesis stem dry-mass accumulation influenced flo-
ral development and grain filling under stressed conditions 
(Bidinger et al., 1977; Kiniry, 1993; Blum et al., 1994; Blum, 
1998). In the present study, F3 and F4 were found to vary in 

size, and F1, F3, and F4 anther size in the field were higher 
than in the greenhouse, indicating that more dry-matter accu-
mulation within the main-stem in the field may also contrib-
ute to anther and ovary size differences between field and 
greenhouse conditions.

Contribution from sensitivity of different traits to 
correlation differences between greenhouse and field 
environments

Correlation analyses in this study revealed that (i) anther and 
ovary size are closely associated with spike dry weight, indi-
cating that anther and ovary size are good predictors of spike 
dry weight (Figs 6, 7); (ii) there are strong relations between 
anther/ovary size at different positions, as well as at the same 
position, allowing us to conclude that anther and ovary size 

Fig. 7. Relationship between anther size (µm) and spike dry weight (g) at different floral developmental stages under greenhouse and field conditions.
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are good predictors of each other within the germplasm 
studied. However, correlations were substantially different 
within the two environments (Supplementary Figs S6–S8). 
As shown in Fig. 10, the correlations above each graph sug-
gest the close relationship between field and greenhouse for 
these traits, meanwhile, spike dry weight, thermal time, and 
anther/ovary size at F1, F3, and F4 positions exhibited differ-
ent sensitivity levels, with F4 anther size expectedly exhibit-
ing the greatest sensitivity, which was 2–4 times higher than 
that of the other traits (i.e. greater angle between the red and 
dashed lines Fig. 10). It is evident that spike dry weight, F1, 
F3, and F4 anther size, and F4 ovary size benefited from field 
conditions (i.e. red line above dashed line and closer to field; 
Fig. 10), whereas F1 and F3 ovary size benefited from green-
house conditions (i.e. red line below dashed line and closer to 
greenhouse; Fig. 10). In addition, thermal time to all seven 
floral developmental stages under greenhouse conditions was 
substantially higher than in the field, while absolute grow-
ing time (days) to reach all seven floral developmental stages 

in the field was significantly higher than in the greenhouse 
(Fig. 5). Hence, the difference in sensitivity not only concerns 
value (angles), but also direction (values of angles are positive 
or negative; the traits benefit from greenhouse or field). The 
variable sensitivity levels of these traits may explain the cor-
relation differences between greenhouse and field conditions.

Conclusions

This study showed that broad-sense heritability of anther and 
ovary size at different positions and stages, as well as all traits 
examined, showed a high level of genetic control. Meanwhile, 
variance component analysis of anther and ovary size exhib-
ited a residual proportion, G, E, and G×E effects, suggest-
ing that F3 and F4 anthers and ovaries are more sensitive 
than those at F1. Relationships between spike dry weight 
and anther and ovary size were established, showing a close 
relationship of spike dry weight/anther size, spike dry weight/
ovary size, and anther/ovary size. This implies anther and 
ovary size are good predictors of each other and spike dry 
weight. However, the correlations under greenhouse condi-
tions are not as strong as those in the field. Correlations at 
F3 and F4 positions were stronger than at F1, suggesting F3 
and F4 anther and ovary size are better predictors of spike 
dry weight. In fact, ovary size had a closer relationship with 
spike dry weight than anther size, which indicates that ovary 
size is a more reliable predictor of spike dry weight. The 
residual proportions for anther size were not as big as ovary 
size, indicating that within-genotype variation of anther size 
is more stable compared with ovary size. The different sensi-
tivities of these traits are related to the correlation differences. 
Higher F1, F3, and F4 anther and F3 and F4 ovary size, low 
night-time temperature, large temperature fluctuations, more 
spike dry-mass and stem reserve accumulation in the field are 
thought to be responsible for the detected difference in anther 
and ovary size.

Supplementary data

Supplementary data are available at JXB online.
Supplementary Table S1. Marker information for all 30 

cultivars used.
Supplementary Fig. S1. Relationships between ovary size 

(µm) at different floret positions (F1, F3, F4) at different floral 
developmental stages under greenhouse and field conditions.

Supplementary Fig. S2. Relationships between anther size 
(µm) at different floret positions (F1, F3, F4) at different floral 
developmental stages under greenhouse and field conditions

Supplementary Fig. S3. Temperatures under field (A) and 
greenhouse (B) conditions.

Supplementary Fig. S4. Distribution of ovary (µm) at 
seven floral developmental stages versus thermal time (oCd) 
and their relationships under greenhouse and field conditions.

Supplementary Fig. S5. Distribution of anther size (µm) at 
seven floral developmental stages versus thermal time (oCd) 
and their relationships under greenhouse and field conditions.

Fig. 8. Spike dry weight (g) at the seven floral developmental stages under 
greenhouse and field conditions. *p<0.05. **p<0.01. ***p<0.001.

Fig. 9. Main-stem dry weight (g) at the seven floral developmental stages 
under greenhouse and field conditions. *p<0.05; **p<0.01; ***p<0.001.
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Supplementary Fig. S6. Relationships between ovary size 
(µm) at different positions at seven floral developmental 
stages under greenhouse and field conditions.

Supplementary Fig. S7. Relationships between anther 
size (µm) at different positions at seven floral developmental 
stages under greenhouse and field conditions.

Supplementary Fig. S8. Relationships between anther size 
(µm) and ovary size (µm) at the same position.
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