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Abstract

As wheat yield is linearly related to grain number, understanding the physiological determinants of the number of
fertile florets based on floret development dynamics due to the role of the particular genes is relevant. The effects
of photoperiod genes on dynamics of floret development are largely ignored. Field experiments were carried out to
(i) characterize the dynamics of floret primordia initiation and degeneration and (ii) to determine which are the most
critical traits of such dynamics in establishing genotypic differences in the number of fertile florets at anthesis in near
isogenic lines (NILs) carrying photoperiod-insensitive alleles. Results varied in magnitude between the two growing
seasons, but in general introgression of Ppd-1a alleles reduced the number of fertile florets. The actual effect was
affected not only by the genome and the doses but also by the source of the alleles. Differences in the number of fer-
tile florets were mainly explained by differences in the floret generation/degeneration dynamics, and in most cases
associated with floret survival. Manipulating photoperiod insensitivity, unquestionably useful for changing flowering
time, may reduce spike fertility but much less than proportionally to the change in duration of development, as the
insensitivity alleles did increase the rate of floret development.

Keywords: Floret development, floret survival, late reproductive phase, photoperiod insensitivity, stem elongation, Triticum
aestivum.

Introduction

Gains in the grain yield of wheat can be achieved by improv-
ing any of its major components, but significant gains would
be almost exclusively dependent on increments in the number
of grains per unit land area (Slafer et al., 2014).

Grain number is mostly associated with the number of fertile
florets produced (Kirby, 1988; Slafer and Andrade, 1993; Miralles
et al., 1998, 2000) mainly because wheat is a cleistogamous spe-
cies. Therefore, grain number would be largely determined
by the number of fertile florets which, in turn, is the conse-
quence of floret generation/degeneration processes. The num-
ber of fertile florets was reported to be affected by (i) genotypic

differences (Miralles et al., 1998) and (i1) environmental condi-
tions such as nutrient availability (Sibony and Pinthus, 1988;
Ferrante ef al., 2010) and red/far-red light ratios (Ugarte ef al.,
2010), but mainly photoperiod (Miralles et al., 2000; Gonzilez
et al., 2003, 20054, b; Ghiglione et al., 2008; Serrago et al.,2008).
Thus, the importance of these environmental signals for these
developmental phases lies in the effect they have on the organs
that are being generated at that time and the fact that these
organs are the building blocks of grain yield (Slafer ef al., 1996;
Slafer, 2003). Manipulating developmental processes during the
critical period when floret development takes place becomes an
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important tool to increase spike fertility (Fischer, 2011; Foulkes
et al.,2011; Garcia et al.,2011; Slafer et al., 2015). As spike fertil-
ity is a critical trait to raise yield in wheat further (e.g. Reynolds
et al.,2012, Elia et al.,2016) because it seems reasonably herit-
able (Mirabella et al., 2016) and responsive to selection (Pedro
et al.,2012). For these reasons, it is extremely important that we
understand how major genes deployed in wheat breeding do or
do not affect the dynamics of floret generation/degeneration
and consequently spike fertility.

During the early reproductive phase, all spikelets are initi-
ated (see companion paper; Ochagavia et al., 2018). During
the late reproductive phase—from the terminal spikelet to
anthesis—floret primordia develop within the spikelets and
the outcome of this process determines spike fertility. Unlike
leaf and spikelet development, in which all initiated organs
prosper and are visible in the adult plant, floret development
includes a phase of floret initiation followed by a phase of
floret death, and the balance between initiation and death
determines the number of fertile florets that may prod-
uce grains (Kirby, 1988). Usually, 612 floret primordia per
spikelet are initiated (Sibony and Pinthus, 1988; Youssefian
et al., 1992; Miralles et al., 1998), but most of them degen-
erate before anthesis. The actual magnitude of this mortal-
ity (Gonzalez et al., 2005b; Ghiglione et al., 2008; Guo and
Schnurbusch, 2015; Guo et al.,2016), as well as the timing of’
the onset of floret mortality (Gonzalez et al., 2011; Ferrante
et al.,2013), seems likely to be associated with the availability
of assimilates to the growing juvenile spikes.

The rate of development of the late reproductive phase,
determining the duration of the phase of stem elongation,
was reported to be accelerated by extending the photoperiod
(Gonzalez et al., 2003, 20054), which resulted in reductions
in spike fertility (Miralles ef al., 2000; Gonzélez et al., 2003,
2005b). The corollary of these studies would be that the
introgression of photoperiod insensitivity alleles (a resource
commonly deployed in breeding programmes to improve
adaptation) could then produce a trade-oft in spike fertil-
ity. However, due to the intrinsic difficulties associated with
measurements required, the effects of major Ppd alleles on
the specific length of the floret development phase immedi-
ately preceding flowering have received little attention, and
those on the rates and dynamics of floret development have
only been exceptionally analysed. In addition to the limited
number of studies quantifying the effects of Ppd alleles on
the physiological bases of floret fertility, a further limitation
is the fact that they have considered a very restricted pool of
near isogenic lines (e.g. Gonzilez et al., 2005¢). As the genetic
background may carry developmental response effects (Jones
et al., 2016), it is critical to determine the effects of these
alleles on the developmental processes determining floret
fertility with more comprehensive studies.

We aimed to quantify the effects of Ppd alleles on the
dynamics of floret developmental patterns to shed light on
some physiological causes of the effects of these alleles on the
reproductive fertility of the crop. Furthermore, we analysed a
possible role for synchrony in development of different floret
primordia as a possible factor contributing to genotypic differ-
ences in floret mortality.

Materials and methods

General description, treatments, and design

Details of these experiments are available in the companion paper
(Ochagavia et al., 2018). To recap briefly, two field experiments under
potential growing conditions were carried out during 2012/13 and
2013/14 at Bell-lloc d’Urgell, NE Spain (41.63°N, 0.78°E).

Treatments consisted of 13 wheat genotypes: the wild type Paragon
(a spring wheat with photoperiod-sensitive alleles in all three genomes)
and 12 NILs (see fig. 1 in the companion paper; Ochagavia et al., 2018),
five of which were single NILs (with an insensitive allele in just one of
the genomes), five were double NILs (with insensitive alleles in two of
the genomes), and two were triple NILs (with insensitive alleles in all
three genomes). Sources of insensitivity were genotypes GS-100 (Ppd-
Ala), Chinese Spring (Ppd-B1a), Sonora 64 (Ppd-Bla and Ppd-D1a), and
Recital (Ppd-B1a). Herein we refer to these lines using a code represent-
ing the donor of the Ppd-1 allele [the first letter(s) of the name as a sub-
script] in each of the genomes (A, B, and D). Naturally, when there was
a sensitivity allele, the subscript was always ‘P’ (as Paragon was the only
source of the sensitivity alleles) and the genome-+subscript have been
typed in plain text. When there were insensitivity alleles introgressed in
the particular genomes of Paragon, the genomes+subscript have been

typed in bold.

Measurements and analyses

Stages of terminal spikelet and anthesis, defining the later reproductive
phase when floret development takes place, were determined as explained
in the companion paper (Ochagavia ef al., 2018). Thermal time was cal-
culated using the mean air temperature; a base temperature of 0 °C and
the maximum temperature never above the optimum temperature for
developmental progress were assumed.

The number of fertile florets (style and stigmatic branches spreading
and green or yellow anthers visible) was counted in main shoot and tiller
spikes from the sample taken at anthesis (0.5 m of a central row, which
had exact plant density and uniformity in the sample area and its bor-
ders; see companion paper by Ochagavia ef al., 2018). Fertile florets were
counted within each spikelet along the spike as illustrated in Fig. 1.

From the onset of stem elongation onwards, three plants from each
genotype were sampled frequently (2-3 times a week, depending on
the temperature). The spikes of the main shoots were dissected under a
microscope (Leica MZ 7.5, Leica Microscopy System Ltd, Heerbrugg,
Switzerland) and then within central spikelets floret primordia were
counted and the stage of development of each primordium was deter-
mined following the scale described by Waddington ef al. (1983) (Fig. 2).
When considering individual florets, this scale starts with stage W3.5 (sta-
men primordia present) and finishes with florets being fertile, stage W10
(styles curved and stigmatic branches spread wide, pollen grains on well-
developed stigmatic hairs). Florets were numbered from 1 to n, from the
closest to the most distal positions with respect to the rachis, respectively,
and their developmental progress was monitored individually for each
floret primordium (Fig. 2). The dynamics of floret development were
determined by plotting the stage of floret development (Waddington
score) against thermal time from anthesis (i.e. negative values represent-
ing timing before anthesis).

The number of living floret primordia within spikelets was plotted
against thermal time from anthesis for each genotype. This shows the
number of primordia that were developing normally at each sampling
time in the central spikelets from the beginning of floret generation (flo-
rets were considered to be a single primordium at W3.5; before that stage,
the scale refers to the stage of development of the spike as a whole, not
of the individual florets) until the maximum number of floret primordia
is reached (floret development generation phase). In addition, the onset
of floret initiation was defined when floret 1 reached the stage of W3.5.
After the maximum number of primordia initiated is reached, the floret
mortality or degeneration starts until the number of fertile florets is finally
established around anthesis. This number of fertile florets is therefore the
end result of the balance between generation and degeneration processes
and so has as components the maximum number of floret primordia
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and the proportion of florets that survived, which was calculated as the
ratio between the number of fertile florets at anthesis and the maximum
number of floret primordia developed. In order to compare genotypes,
living floret dynamics were plotted together, showing differences in the
duration of the floret generation/degeneration phase length, in the max-
imum number of floret primordia developed, and in the final number of
fertile florets.

The likelihood of a relatively distal floret primordium becoming a fer-
tile floret might be related to the synchrony of initiation of different
florets. To estimate the degree of synchrony of the initiation of floret pri-
mordia for each particular treatment, we determined the timing (thermal
time) of the onset of floret initiation as when each primordium reached
W3.5. Once the timing of W3.5 of each floret primordium was calcu-
lated, each floret position was plotted against thermal time to its stage
W3.5 and fitted a linear regression whose slope was the rate of floret
primordia initiation, and its reciprocal the ‘plastochron’ for floret primor-
dia (i.e. the average thermal time interval between the initiation of two
consecutive floret primordia).

To determine the significance of genotypic differences, we subjected
the data to ANOVA or t-tests. Fishers least significant difterence (LSD)
was used to test when differences between particular treatments were

Spikelet position

4 6
Number of fertile florets per spikelet

Fig. 1. lllustration of mapping fertile florets. The number of fertile florets
in each spikelet position from one side of the spike was counted from the
basal to the apical positions including the terminal spikelet. (This figure is
available in colour at JXB online.)

significant (JMP® Pro version 12.0 SAS Institute Inc., Cary, NC, USA).
To assess the degree of relationships between variables, linear regression
analyses were performed.

Weather conditions

All genotypes reached anthesis stage between 25 April and 21 May dur-
ing the first growing season, whereas during the second they flowered
between 21 April and 13 May. The main difference between growing
seasons in April and May was that temperatures were higher (3.7 °C and
4.0 °C warmer) in the second than in the first growing season: maximum
temperatures averaged for April were 18.8 °C in the first growing season
and 22.5 °C in the second, and for May they were 20.4 °C in the first
growing season and 24.4 °C in the second (Fig. 3).

Results

Results (and conclusions) are based on the whole set of 13
genotypes in both experimental growing seasons. However, the
number of individual relationships describing floret develop-
ment dynamics was massive (floret primordia in floret positions
1-8, in 13 genotypes and two growing seasons). In order to
simplify the presentation of the results, the details are explicitly
shown for four genotypes (representing the ranges exhibited
by the 13 lines) and for four floret positions (which represents
roughly the range of floret lability). However, relationships
from parameters derived from these dynamics were deter-
mined considering all genotypes. Regarding genotypes, we
showed the details for the wild type (with three sensitive alleles,
Apt+Bp+Dp), and for one NIL with a single (Ap+Bcst+Dyp),
one with a double (AgstBcstDyp), and one with a triple
(AgstBcstDyg) substitution with insensitive alleles. For floret
positions, the details are shown for floret primordia with either
very stable final outcome (Horets 1, always ending in a fertile
floret; and 6, always dying before these could become a fer-
tile floret) or very labile (florets 3 and 4, which, depending on
the conditions, developed normally to become fertile or died
during the developmental process). Thus, the most proximal
floret (#1) represents cases in which complete development is
always achieved (Horets 1 and 2), the sixth floret primordium
from the rachis is never developed enough to reach the fertile

o
e

Fig. 2. View of the entire spike with all the spikelets (A), a particular spikelet with the floret primordia (B), and a floret primordium (C) under microscopy.
Changes in the pistil morphology of each floret primordium with thermal time from early stages until post-anthesis stages were followed and characterized
using the scale of Waddington et al. (1983). (This figure is available in colour at JXB online.)
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floret stage at anthesis (fairly representing primordia that never
complete their development achieving the stage of fertile
florets; florets 5/6—8 or more distal), and florets 3 and 4 are
the most labile positions in which the effects of treatments
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Fig. 3. Minimum (triangles) and maximum (circles) temperatures averaged
weekly for April and May in the first (open symbols) and second growing
seasons (filled symbols).

First growing season

affecting floret development to reach a fertile floret can be seen
most noticeably.

Number of fertile florets at anthesis

All NILs developed fewer fertile florets at anthesis than
Paragon, although the differences were only consistently sig-
nificant in the first growing season (Fig. 4, top left panel)
while only a consistent trend, though mostly non-significant,
was evident in the second growing season (Fig. 4, top right
panel). In the first season, the reductions ranged from <20% to
>40% among the NILs with a single dose of insensitivity, and
between almost 30% and 60% when two or three insensitiv-
ity alleles were introgressed (Fig. 4, bottom left panel). In the
second season, all NILs also exhibited fewer fertile florets at
anthesis than Paragon, but only in three of the five single NILs
(AgstBp+Dp, Ap+BegtDyp, and Ap+Bgr+Dp) was the reduc-
tion noticeable, and only in the second was it also statistically
significant with respect to Paragon (Fig. 4, top right panel).
Comparing the NILs with only one insensitivity allele,
the strongest reduction in final number of fertile florets was
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Fig. 4. Top panels: number of fertile florets for each of the Ppd NILs (bars) and the wild-type Paragon (black line) during the first (left panel) and second
growing seasons (right panel). Error bars stand for the SE. Insets in each panel are the box plots grouping the NILs with the single, double, or triple doses
of Ppd alleles introgressed. Bottom panels: reduction in the number of fertile florets between each of the Ppd NILs and the wild-type Paragon during the
first (left panel) and second growing seasons (right panel). (This figure is available in colour at JXB online.)
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observed with the insensitivity introgressed in the D genome
in the first growing season (Fig. 4, bottom left panel), but this
homoeoallele was not consistently the strongest in the sec-
ond season (Fig. 4, bottom right panel) and the effect of one
of the NILs carrying Ppd-Bla from Sonora 64 was equally
strong as the insensitivity associated with Ppd-D1a (Fig. 4, left
panels). Analysing the data of the first growing season in which
the introgression of Ppd-1a alleles had a consistent significant
effect, there was a clear overall inverse relationship between
the number of insensitivity alleles and number of fertile flo-
rets (Fig. 4, top left panel, inset); but that was true on average,
while some individual NILs with a single insensitivity allele
had stronger reductions in number of fertile florets than some
particular NILs with two or three Ppd-1a introgressed (Fig. 4,
left panels). Even when considering the average of all NILs
with a particular dose of Ppd-1a alleles, the increased reduction
in number of fertile florets with increased doses of insensitivity
alleles revealed that the effect was not additive.

Mapping fertile florets

In general, differences in the number of fertile florets along the
spikes between the NILs and Paragon were extremely clear
only in the first growing season (Fig. 5, left columns of pan-
els). This is in line with the highest reduction found in the
total number of fertile florets at anthesis in this growing season

(Fig. 4, left panels).

First growing season

Comparison with Paragon carrying a single insensitivity
allele showed a more noticeably reduced number of fertile flo-
rets in the apical spikelets of the main shoot and the tiller spikes
in the first growing season (Fig. 5, top left panel), but not in
the second growing season, when the reduction was observed
across most spikelets mainly in the main shoot spikes (Fig. 5,
top right panels). The NILs carrying double or triple doses of
insensitivity alleles showed a marked reduction in the number
of fertile florets, making the difference compared with Paragon
clear in almost all spikelets of both main shoot and tiller spikes
during the first growing season (Fig. 5, middle and bottom
left panels), while differences in fertile florets per spike tended
to be negligible in the second growing season (Fig. 5, middle
and bottom right panels). Moreover, the spikes of the NILs
carrying insensitivity alleles tended to be shorter than those
of Paragon, again particularly clearly during the first growing
season. As the differences between NILs and Paragon in fertile
florets per spike resembled reasonably well those in the number
of fertile florets per unit land area (Fig. 6), the main effects of
Ppd alleles were on the fertility of the spikes rather than on the
fertility of tillers. In particular, differences already explained in
the number of fertile florets along the spikes in the NIL car-
rying one single insensitivity alleles may explain at least part
of the effect on the reduction of the number of fertile florets
at anthesis of ~41% and 34% in comparison with Paragon in
the first and second growing season, respectively (Fig. 4, bot-
tom left and right panels), and in the case of the NILs carrying

Second growing season

Tillers

Main-shoots

Main-shoots Tillers

Single (Ap+Bcs+Dp)

Double (AgstBcstDp)
Spikelet position
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(%)
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@

Number of fertile florets per spikelet

Fig. 5. Mapping of fertile florets (fertility of each spikelet position on the main shoot or tiller spikes) for the selected NILs with one (Ap+Bcs+Dp, top
panels), two (Ags+Bgs+Dp, middle panels), or three (Ags+Bcs+Ds, bottom panels) insensitivity alleles in comparison with Paragon (Ap+Bp+Dp, open
circles) during the first (two left columns of panels) and second growing seasons (two right columns of panels). Each data point is the average of all
replicates, and within each replicate the value was the average of four plants and the segment in each data point stands for the SE (not visible when
smaller than the size of the symbol or in the absence of replicates in Ags+Bcs+Ds tillers). (This figure is available in colour at JXB online.)
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Fig. 6. Relationship between the number of fertile florets at anthesis per square metre and the number of fertile florets per spike among the Ppd NILs
and Paragon during the first (left column) and second growing seasons (right column). The coefficient of determination (R?) and the level of significance
(P-value) for linear regression are shown. (This figure is available in colour at JXB online.)

double and triple insensitivity alleles may explain at least part
of the highest differences of ~56% and ~45%, respectively, dur-
ing the first growing season (Fig. 4, bottom left panel).

In this context, even though not perfect, the fertility of the
main shoot spikes reflected well that of the pool of all spikes in
the canopy across all NILs (Fig. 7). Naturally, the total number
of fertile florets was consistently larger in the main shoot spikes
than in the average of all spikes (in all lines, in both growing
seasons), but most (>86%; P<0.001) of the differences between
lines in spike fertility for the average spike in the canopy were
explained by differences in fertility of the main shoot spikes.
Likewise, differences in fertility seen by pooling all the spikelets
in the spike were highly related to the differences in fertility
of the central spikelet (Fig. 8), in which we can trace back the
developmental process that lies at the origin of differences in
floret fertility for each NIL.

Floret development and living floret primordia
dynamics in the central spikelets

No relevant differences were found in the dynamics of devel-
opmental progress of florets 1, 3, and 4 between the NILs car-
rying a single insensitivity allele and Paragon during the first
growing season (Fig. 9A, top panels). Although, floret 6 did
not reach the fertile floret stage in any of these two genotypes,
this floret primordium was clearly more developed in Paragon
than in the NIL with a single insensitive allele (Fig. 9A, top
panels). As the main difference in developmental rates of floret
primordia in the first growing season was in floret positions
which were not fertile in any case, the dynamics of floret initi-
ation and degeneration showed a similar final number of fertile
florets in the NIL and in Paragon, even though the period of
floret degeneration (when survival or death of particular florets
is determined) was slightly longer in the wild type (Fig. 9B,
top panel). In the second growing season, no differences were
found in the dynamics of floret 1 and 3 either, but the fourth
floret developed normally until reaching the fertile floret stage
in Paragon, while it did not do so in the NIL with one insensi-
tive allele, and no differences were found in development of

floret 6 (Fig. 9A, bottom panels). Consequently, carrying a
single insensitivity allele lowered the number of fertile flo-
rets compared with Paragon, which again exhibited a longer
period of floret degeneration (which might be responsible for
the reduced rate of floret mortality, increasing the final number
of fertile florets at the end of the floret development period,;
Fig 9B, bottom panel).

Comparing the floret development dynamics between a
NIL carrying two insensitive alleles and Paragon, during the
first growing season, no differences were found in floret 1 but
floret 3 reached the fertile stage in all Paragon plants whereas
it did so only in some of the plants of the photoperiod-insen-
sitive NIL (Fig. 10A, top panels). In addition, floret 4 reached
the fertile stage only in Paragon but never in the NIL with
two insensitive alleles. Again, floret 6, which was not devel-
oped enough to reach the fertile floret stage in any genotype,
presented in the first growing season a less advanced develop-
mental stage in the NIL with two insensitive alleles than in
Paragon (Fig. 10A, top panels). During the second growing
season, no difference was found for florets 1 and 3, but floret 4
was always fertile in Paragon while it was only fertile in some
plants of the NIL with two insensitive alleles (Fig. 10A, bottom
panels). In this second season, floret 6 was actually more devel-
oped in the NIL with two insensitive alleles than in the wild
type (Fig. 10A, bottom panels). Regarding the dynamics of the
number of living floret primordia, in both growing seasons the
NIL with two insensitive alleles had a shorter period of floret
death and a lower number of fertile florets at anthesis; in both
cases, the differences were clearer in the first than in the second
growing season (Fig. 10B).

In the case of the NIL carrying three insensitivity alleles
in comparison with Paragon, developmental progress towards
becoming fertile structures of individual florets was rather simi-
lar to the other two NILs, although more similar to the NIL
with two than to that with one insensitive allele (Fig. 11A).
Regarding the resulting dynamics of generation and degen-
eration of floret primordia, the NIL with the three insensitive
alleles presented a reduction in the number of fertile florets at
the end of the process, which was clearer in the first than in
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the second growing season, but the reduction in the duration
of the floret death period was clear only in the second season
(Fig. 11B).

Similar differences from the wild type for the overall patterns
of progress of floret development for individual floret positions
and of dynamics of living floret primordia were observed in
most of the other NILs also with similar differences in magni-
tude of responses between growing seasons (data not shown),
although there were some exceptions in which the NILs with
insensitivity finally produced more fertile florets than Paragon
in the central spikelets (e.g. Ap+B¢stDyg in the first growing
season; Ap+tBg+D)p and AgstBp+Dyg in the second growing
season; data not shown). However, these exceptions have to be
considered carefully as they are more apparent than real: the
insensitivity alleles also induced production of fewer spikelets
per spike and consequently the apparently higher fertility of
these exceptional cases mostly reflects this difference in spike
structure, and in all cases introgression of insensitivity alleles

reduced the overall fertility of the spikes.

In general, the effects of the photoperiod insensitivity
alleles on the final number of fertile florets were mainly due
to their effects on floret death determining the level of floret
survival. Although there was variation in the maximum num-
ber of floret primordia initiated, over all NILs there was no
relationship between the number of fertile florets at anthesis
and the maximum number of floret primordia developed in
any of the two growing seasons (Fig. 12, top panels). On the
other hand, the number of fertile florets was highly and posi-
tively related to floret survival in both growing seasons (Fig
12, bottom panels).

At least in part, the difference in likelihood of a floret prim-
ordium becoming a fertile floret may be related to the dif-
ferential timing between the onset of development of floret
primordia at distal and proximal positions (i.e. the time elapsed
between the initiation of different florets might be responsible
for the rate of floret death, and the synchrony in the initiation
of florets at different positions would play a role in determin-
ing the rate of floret survival.
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Synchrony in floret primordia initiation

The relationships between the floret position and the thermal
time before anthesis when each floret was initiated (reached
the W3.5 stage) were curvilinear in almost all cases, mainly
because the most distal primordium (or the two most distal
ones) tended to be noticeably delayed with respect to the rate
of initiation exhibited by the previous primordia (remarkably
so in the wild type in the second growing season) (Fig. 13).
Disregarding this curvilinearity, as the trend has a strong linear
component, in all cases the linear regression showed a highly
significant coefficient of determination (R* ranging from 0.71,
P<0.05, to 0.98, P<0.001; Fig. 13; Supplementary Figs S1, S2
at JXB online). During the first growing season, there was a
trend for an increased rate of floret primordia initiation with

the introgression of photoperiod insensitivity alleles; the difter-
ence from the rate of the wild type was not significant for the
NIL carrying a single dose of insensitivity alleles (Fig. 13, top
left panel) but it was larger and significant for the NILs carry-
ing double and triple doses of insensitivity alleles (Fig. 13, top
middle and top right panels). During the second growing sea-
son, differences were not significant (Fig. 13, bottom panels).
These results reflected well the overall results observed for each
of the NILs (Supplementary Figs S1, S2).

However, the differences in rates of floret initiation and con-
sequently in synchrony between the initiation of early- and
late-initiated floret primordia, which were clear in the first year
and only minor in the second, seemed largely inconsequential
for the maximum number of floret primordia initiated, the
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floret survival rate, and the number of fertile florets at anthesis
(R? ranging from 0.01™ to 0.12™).

Finally, there was not a clear relationship between (i) the
maximum number of floret primordia initiated; (i) the floret
survival rate; or (ii1) the resulting number of fertile florets and
the stage of development of the floret primordium nearest the
rachis (the most advanced floret) at the time when the max-
imum number of floret primordia was reached (the onset of
floret death) (R? ranging from <0.01™ to 0.21™).

Duration of floret development

Carrying the insensitivity allele(s) in most cases shortened time
to anthesis due to a reduction in the duration of the late repro-
ductive phase from terminal spikelet initiation to anthesis. This
result was clear and highly significant in the first growing sea-
son, but only showed a trend in the second growing season
(Fig. 14).

With similarity to what happened with the synchrony in
floret development, there was no clear relationship between
the floret survival or its consequence, the number of fertile
florets, and any of the durations of floret development. Neither
the whole period of stem elongation, the specific period of
floret initiation, the period of floret primordia generation, nor
the period of floret degeneration was relevant for explaining

by themselves the rate of floret mortality (R* ranging from
<0.01™ to 0.08™) or the final number of fertile florets (R?
ranging from <0.01™ to 0.15™).

Discussion

Carrying photoperiod insensitivity alleles caused a reduction
in the number of fertile florets, which is in agreement with the
general effects of Ppd alleles on the number of organs being
developed during the phase whose duration is affected by these
genes. This sort of parallelism has been established for leat and
spikelet primordia (i.e. when photoperiod changes the duration
of a phase it changes more or less proportionally the number
of primordia initiated; Slafer and Rawson, 1994; Ochagavia
et al., 2018), but to the best of our knowledge the same effect
on fertile florets was hypothesized (Slafer et al., 2001) but not
demonstrated, and, as far as we are aware, this is the first time
they are documented for floret primordia. It might not have
been similar because, unlike the determination of leaves and
spikelets in which all the primordia initiated contribute to the
final number achieved, the number of fertile florets at anthesis
is the outcome of a process of generation followed by degener-
ation of floret primordia. In fact, the processes are not parallel:
in leaf and to some degree in spikelet, in the initiation phase
it seems that Ppd alleles alter the rate of phasic development
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(changing the duration of the phase; Gonzilez et al., 2002;
Whitechurch and Slafer, 2001, 2002; Foulkes et al., 2004) but
do not noticeably affect the rate of leaf initiation and, conse-
quently, the number of organs initiated is rather linearly related
to the duration of the phase when they are initiated (Slafer
and Rawson, 1994). In this study, it was shown that synchrony
of floret initiation was improved with the introgression of
insensitivity alleles, which implies that unlike the development
of leaf primordia (and to a certain degree spikelet primordia;
Ochagavia et al., 2018), the rate of floret primordia initiation
was positively affected by insensitivity to photoperiod, to the
same extent as these alleles positively affect the rate of phasic
development of the late reproductive phase. Consequently, the
maximum number of floret primordia was largely unaffected
by Ppd alleles. Thus, the effect on the number of fertile florets
seemed to have occurred indirectly, through the reduction in
time, making fewer resources available for the most labile floret
primordia to continue developing normally towards the pro-
duction of fertile florets during the floret mortality phase. This
would be in line with much of the available evidence showing
that the fate of floret development seems to depend upon the
allocation of resources (e.g. Gonzilez et al., 2005a; Ferrante
et al., 2010; Guo and Schnurbusch, 2015). Thus, despite the
observation that insensitivity alleles frequently improved the
synchrony in floret primordia initiation, there was compensa-
tion with the effects of these alleles in shortening the duration
of the processes, and synchrony was not related to floret sur-
vival or final number of fertile florets.

The effect of Ppd insensitivity alleles on the number of
spike-bearing tillers was negligible due to trade-offs between
tillering and tiller mortality (Ochagavia et al., 2017), and differ-
ences in the number of fertile florets per square metre observed
among the NILs and Paragon were therefore almost exclu-
sively due to the effects of these alleles on spike fertility. This
1s somehow expected as the likelihood of the alleles reducing
the number of spikes per unit land area is lower than that of
reducing the number of florets per spike, as the latter implies
a more refined regulation (Slafer et al., 2014), and thus more

consistent with the strength of the effects of the alleles on the
reproductive phases. That is why differences in the number of
tertile florets per square metre were well explained by differ-
ences in the number of fertile florets seen in the spikes.

Also in line with previous reports (Gonzalez et al., 2005a4;
Gonzalez-Navarro et al., 2015; Guo et al., 2016, 2017), differ-
ences seen in the number of fertile florets in the spikelets were
better related to floret survival than to the maximum number
of primordia developed, and seemed not to be related to par-
ticular developmental stages of the more advanced florets.

The strength of the effects on the traits measured was rather
independent of the particular genome of Paragon in which the
sensitive allele was substituted by an insensitive allele. This is in
line with differences reported in the order of strength of the
genomes for time to heading or anthesis; while Scarth and Law
(1984); Law (1987); Worland (1996); Stelmakh (1998); Worland
et al. (1998); Gonzalez et al. (2005¢), and Diaz et al. (2012)
reported the Ppd-D1 gene to be the strongest, Tanio and Kato
(2007) remarked on the importance of Ppd-B1 comparable
with Ppd-D1,and Bentley ef al. (2011) reported the strength in
the A genome in synthetic hexaploid wheats with intermedi-
ate effects between D and B. This emphasizes the importance
of the allelic form (source) being used for substitution in a par-
ticular genome. In addition, increasing the dose of insensitivity
alleles tended to produce larger differences in traits, although
it was not fully consistent and in any case the effect was not
tully additive. Lack of consistency may well again be due to
the effect of the source of the alleles, either due to allelic dif-
ferences in the Ppd-1 gene, linked alleles, or even unlinked
background effects contributed by the donor cultivar used for
backcrossing. These results and interpretations are in line not
only with those of other traits considered in the same study
(Ochagavia et al., 2017, 2018), but also with a previous discus-
sion in Gonzalez et al. (2005¢) who compared the effects of
Ppd-D1 and Ppd-B1.That discussion highlighted lack of con-
sistency, implying that other elements would be more relevant
than the genome in which the allele was substituted in deter-
mining the strength of the effect, remarking on the importance
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of the source of the alleles over that of the genome in which
the insensitive allele substituted the sensitive allele, something
already hypothesized a long time ago (Scarth and Law, 1984).

As explained in the Results, the effects of introgressing the
Ppd alleles were evident in the first growing season, while in
the second season they became only trends. Attempting to
understand why the responses were different in the two sea-
sons, we analysed different climatic characteristics (soils were
similar, and in both seasons experiments were well irrigated
and fertilized). The hypothesis was that perhaps an interaction
with temperature could be possible (see also Ochagavia ef al.,
2017).This was based on the fact that temperature and photo-
period seem to act interactively, rather than additively (Slafer
and Rawson, 1996). In fact, there was an increment in max-
imum temperatures at the field around the flowering time
in the second growing season with respect to the first one.
Floral development has been identified as sensitive to climatic
stress including pollen formation (Saini and Aspinall, 1982;
Lalonde et al., 1997), and floral abnormalities induced by heat
stress (i.e. stamen hypoplasia and pistil hyperplasia) were also
reported in rice (Takeoka ef al., 1991). A modelling exer-
cise parameterized by flowering observations indicated that
the temporal and spatial variability of anther activity within
and between spikes may influence the relative resilience of
wheat to climatic events (Lukac et al., 2012). Furthermore,
even though the lines with different degrees of insensitivity
and also Paragon presented a lower number of fertile florets
during the second growing season, the effect seemed to be
stronger in Paragon rather than in the NILs (that is why sig-
nificances of the differences were mostly lost in the second
growing season), suggesting an interaction between tempera-
tures and photoperiod sensitivity for floret development that
seems worthy of further consideration.

In conclusion, photoperiod insensitivity did affect spike fer-
tility. Carrying photoperiod insensitivity reduced the num-
ber of fertile florets due to a combination of effects on floret
development phase length, the rate of floret appearance, and
floret survival. However, in quantitative terms, as Ppd-1a alleles
also accelerated the rate of floret initiation (comparing differ-
ent floret positions) improving the synchrony of floret devel-
opment, as well as the rate of floret development (for each
particular floret position), the reduction in number of fertile
florets, even in the growing condition where the reduction was
largest, was less than proportional to the reduction in duration
of the phase. Therefore, adjusting phenology to improve adap-
tation exploiting the introgression of Ppd-1a alleles seems to
drive only relatively minor trade-offs in spike fertility.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1.Timing of W3.5 for each floret primordium through
thermal time from anthesis in NILs in comparison with
Paragon during the first growing season.

Fig. S2.Timing of W3.5 for each floret primordium through
thermal time from anthesis in NILs in comparison with
Paragon during the second growing season.

Acknowledgements

We are grateful to the team of the Crop Physiology Lab of the UdL
for their technical assistance, especially to Andreu Casellas and Ignacio
Romagosa for valuable advice on the statistical procedures. Funding
was provided by ADAPTAWHEAT, an EU project, and the Ministry
of Economy and Competitiveness of Spain project AGL2012-35300.
PP and HO held scholarships from the University of Lleida and the
Spanish Ministry of Science, respectively.

References

Bentley AR, Turner AS, Gosman N, Leigh FJ, Maccaferri M,
Dreisigacker S, Greenland A, Laurie DA. 2011. Frequency of
photoperiod-insensitive Ppd-Ala alleles in tetraploid, hexaploid and
synthetic hexaploid wheat germplasm. Plant Breeding 130, 10-15.

Diaz A, Zikhali M, Turner AS, Isaac P, Laurie DA. 2012. Copy number
variation affecting the Photoperiod-B1 and Vernalization-A1 genes is
associated with altered flowering time in wheat (Triticum aestivum). PLoS
One 7, €33234.

Elia M, Savin R, Slafer GA. 2016. Fruiting efficiency in wheat: physiological
aspects and genetic variation among modern cultivars. Field Crops
Research 191, 83-90.

Ferrante A, Savin R, Slafer GA. 2010. Floret development of durum
wheat in response to nitrogen availability. Journal of Experimental Botany
61, 4351-4359.

Ferrante A, Savin R, Slafer GA. 2013. Is floret primordia death triggered
by floret development in durum wheat? Journal of Experimental Botany 64,
2859-2869.

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

Foulkes MJ, Slafer GA, Davies WJ, Berry PM, Sylvester-Bradley R,
Martre P, Calderini DF, Griffiths S, Reynolds MP. 2011. Raising yield
potential of wheat. lll. Optimizing partitioning to grain while maintaining
lodging resistance. Journal of Experimental Botany 62, 469-486.

Foulkes MJ, Sylvester-Bradley R, Worland AJ, Snape JW. 2004.
Effects of a photoperiod-response gene Ppd-D1 on yield potential and
drought resistance in UK winter wheat. Euphytica 135, 63-73.

Garcia GA, Serrago RA, Appendino ML, Lombardo LA, Vanzetti LS,
Helguera M, Miralles DJ. 2011. Variability of duration of pre-anthesis
phases as a strategy for increasing wheat grain yield. Field Crops Research
124, 408-416.

Ghiglione HO, Gonzalez FG, Serrago R, Maldonado SB, Chilcott
C, Cura JA, Miralles DJ, Zhu T, Casal JJ. 2008. Autophagy regulated
by day length determines the number of fertile florets in wheat. The Plant
Journal 565, 1010-1024.

Gonzalez FG, Miralles DJ, Slafer GA. 2011. Wheat floret survival as
related to pre-anthesis spike growth. Journal of Experimental Botany 62,
4889-4901.

Gonzalez FG, Slafer GA, Miralles DJ. 2002. Vernalization and
photoperiod responses in wheat pre-flowering reproductive phases. Field
Crops Research 74, 183-195.

Gonzalez FG, Slafer GA, Miralles DJ. 2003. Grain and floret number
in response to photoperiod during stem elongation in fully and slightly
vernalized wheats. Field Crops Research 81, 17-27.

Gonzalez FG, Slafer GA, Miralles DJ. 2005a. Floret development and
survival in wheat plants exposed to contrasting photoperiod and radiation
environments during stem elongation. Functional Plant Biology 32, 189-197.

Gonzalez FG, Slafer GA, Miralles DJ. 2005b. Photoperiod during
stem elongation in wheat: is its impact on fertile floret and grain number
determination similar to that of radiation? Functional Plant Biology 32,
181-188.

Gonzalez FG, Slafer GA, Miralles DJ. 2005c. Pre-anthesis development
and number of fertile florets in wheat as affected by photoperiod sensitivity
genes Ppd-D1 and Ppd-B1. Euphytica 146, 253-269.
Gonzalez-Navarro OE, Griffiths S, Molero G, Reynolds MP, Slafer
GA. 2015. Dynamics of floret development determining differences in
spike fertility in an elite population of wheat. Field Crops Research 172,
21-31.

6102 1idy L0 UO Jasn AleiqiT - JuelsISSY S[eolpoLiad Ad 06¥2161/€€92/01/69/1081Sqe-a[o1e/qx]/Ww00 dno dlwapeoe)/:sd)y Wolj papeojumoq



Wheat floret initiation/death in the field as affected by Pod | 2645

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

Guo Z, Schnurbusch T. 2015. Variation of floret fertility in hexaploid wheat
revealed by tiller removal. Journal of Experimental Botany 66, 5945-5958.

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

Jones H, Lukac M, Brak B, Martinez Eixarch M, Alhomedhi A,
Gooding M, Wingen L, Griffiths S. 2016. Photoperiod sensitivity affects
flowering duration in wheat. Journal of Agricultural Science 155, 32-43.

Kirby EJM. 1988. Analysis of leaf, stem and ear growth in wheat from
terminal spikelet stage to anthesis. Field Crops Research 18, 127-140.

Lalonde S, Beebe DU, Saini HS. 1997. Early signs of disruption of wheat
anther development associated with the induction of male sterility by
meiotic-stage water deficit. Sexual Plant Reproduction 10, 40-48.

Law CN. 1987. The genetic control of day-length response in wheat. In:
Atherton JG, ed. Manipulation of flowering, Proceedings of the 45th Nottingham
Eater School in Agricultural Science. London: Butterworths, 225-240.

Lukac M, Gooding MJ, Griffiths S, Jones HE. 2012. Asynchronous
flowering and within-plant flowering diversity in wheat and the implications
for crop resilience to heat. Annals of Botany 109, 843-850.

Mirabella NE, Abbate PE, Ramirez IA, Pontaroli AC. 2016. Genetic
variation for wheat spike fertility in cultivars and early breeding materials.
Journal of Agricultural Science 154, 13-22.

Miralles DJ, Katz SD, Colloca A, Slafer GA. 1998. Floret development
in near isogenic wheat lines differing in plant height. Field Crops Research
59, 21-30.

Miralles DJ, Richards RA, Slafer GA. 2000. Duration of the stem
elongation period influences the number of fertile florets in wheat and barley.
Functional Plant Biology 27, 931.

Ochagavia H, Prieto P, Savin R, Griffiths S, Slafer GA. 2017. Duration
of developmental phases, and dynamics of leaf appearance and tillering, as
affected by source and doses of photoperiod insensitivity alleles in wheat
under field conditions. Field Crops Research 214, 45-55.

Ochagavia H, Prieto P, Savin R, Griffiths S, Slafer GA. 2018. Dynamics
of leaf and spikelet primordia initiation in wheat as affected by Ppd-17a alleles
under field conditions. Journal of Experimental Botany 69, 2621-2631.

Pedro A, Savin R, Parry MA, Slafer GA. 2012. Selection for high grain
number per unit stem length through four generations from mutants in a
durum wheat population to increase yields of individual plants and crops.
Field Crops Research 129, 59-70.

Reynolds M, Foulkes J, Furbank R, Griffiths S, King J, Murchie E,
Parry M, Slafer G. 2012. Achieving yield gains in wheat. Plant, Cell and
Environment 35, 1799-1823.

Saini HS, Aspinall D. 1982. Abnormal sporogenesis in wheat (Triticum
aestivum L.) induced by short periods of high temperature. Annals of Botany
49, 835-846.

Scarth R, Law CN. 1984. The control of the day-length response in wheat
by the group 2 chromosomes. Zeitschrift fur Pflanzenziichtung 92, 140-150.

Serrago RA, Miralles DJ, Slafer GA. 2008. Floret fertility in wheat as
affected by photoperiod during stem elongation and removal of spikelets at
booting. European Journal of Agronomy 28, 301-308.

Sibony M, Pinthus MJ. 1988. Floret initiation and development in spring
wheat (Triticum aestivum L.). Annals of Botany 61, 473-479.

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

Slafer GA, Abeledo LG, Miralles DJ, Gonzalez FG, Whitechurch EM.
2001. Photoperiod sensitivity during stem elongation as an avenue to raise
potential yield in wheat. In: Wheat in a global environment. Dordrecht:
Springer Netherlands, 487-496.

Slafer GA, Andrade FH. 1993. Physiological attributes related to the
generation of grain yield in bread wheat cultivars released at different eras.
Field Crops Research 31, 351-367.

Slafer GA, Calderini DF, Miralles DJ. 1996. Yield components and
compensation in wheat: opportunities for further increasing yield potential.
In: Reynolds MP, Ortiz-Monasterio JI, McNab A, eds. Application of
physiology in wheat breeding. Mexico, DF: CIMMYT, 101-133.

Slafer GA, Elia M, Savin R, Garcia GA, Terrile Il, Ferrante A, Miralles
DJ, Gonzalez FG. 2015. Fruiting efficiency: an alternative trait to further rise
wheat yield. Food and Energy Security 4, 92—109.

Slafer GA, Rawson HM. 1994. Does temperature affect final numbers of
primordia in wheat? Field Crops Research 39, 111-117.

Slafer GA, Rawson HM. 1996. Responses to photoperiod change with
phenophase and temperature during wheat development. Field Crops
Research 46, 1-13.

Slafer GA, Savin R, Sadras VO. 2014. Coarse and fine regulation of wheat
yield components in response to genotype and environment. Field Crops
Research 157, 71-83.

Stelmakh AF. 1998. Genetic systems regulating flowering response in
wheat. Dordrecht: Springer Netherlands, 491-501.

Takeoka Y, Hiroi K, Kitano H, Wada T. 1991. Pistil hyperplasia in rice
spikelets as affected by heat stress. Sexual Plant Reproduction 4, 39-43.
Tanio M, Kato K. 2007. Development of near-isogenic lines for photoperiod-
insensitive genes, Ppd-B1 and Ppd-D1, carried by the Japanese wheat
cultivars and their effect on apical development. Breeding Science 57,
65-72.

Ugarte CC, Trupkin SA, Ghiglione H, Slafer G, Casal JJ. 2010. Low red/
far-red ratios delay spike and stem growth in wheat. Journal of Experimental
Botany 61, 3151-3162.

Waddington SR, Cartwright PM, Wall PC. 1983. A quantitative scale of
spike initial and pistil development in barley and wheat. Annals of Botany
51, 119-130.

Whitechurch EM, Slafer GA. 2001. Responses to photoperiod before and
after jointing in wheat substitution lines. Euphytica 118, 47-51.
Whitechurch EM, Slafer GA. 2002. Contrasting Ppd alleles in wheat:
effects on sensitivity to photoperiod in different phases. Field Crops
Research 73, 95-105.

Worland AJ. 1996. The influence of flowering time genes on environmental
adaptability in European wheats. Euphytica 89, 49-57.

Worland AJ, Borner A, Korzun V, Li WM, Petrovic S, Sayers EJ. 1998.
The influence of photoperiod genes on the adaptability of European winter
wheats. Euphytica 100, 385-394.

Youssefian S, Kirby EJM, Gale MD. 1992. Pleiotropic effects of the
GA-insensitive Rht dwarfing genes in wheat. 2. Effects on leaf, stem, ear
and floret growth. Field Crops Research 28, 191-210.

6102 1idy L0 UO Jasn AleiqiT - JuelsISSY S[eolpoLiad Ad 06¥2161/€€92/01/69/1081Sqe-a[o1e/qx]/Ww00 dno dlwapeoe)/:sd)y Wolj papeojumoq





