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Improvement in Brazilian
barley breeding: Changes in
developmental phases and
ecophysiological traits

Osmar Rodrigues™, Euclydes Minella®,
Edson Roberto Costenaro?, Silvia Scariotto?
and José Abramo Marchese?

Brazilian Agricultural Research Corporation, Embrapa Wheat, Passo Fundo, RS, Brazil, 2Department
of Agronomy, Federal University of Technology — Parana (UTFPR), Pato Branco, PR, Brazil

Despite recognizing the importance of genetic improvement in the production
of barley grains, little information is available on the contribution of
phenological development to the genetic improvement of Brazilian barley.
Field experiments were carried out between 2011 to 2013, in the absence of
biotic and abiotic stresses and with preventive lodging control. Five two-rowed
spring barley cultivars, released between 1968 and 2008, were evaluated.
Although there was no significant association in the cycle length (Emergence
- Anthesis) of the cultivars with the year of release, the genetic improvement
increased the proportion of the Doble ridge - Maximum number of spikelet
primordia/Maximum number of spikelet primordia - anthesis period to the total
time to anthesis. The period between DR-MNP was increased in modern
cultivars, to the detriment of the Doble ridge - Maximum number of spikelet
primordia period. However, the duration of the period between emergences to
the double ridge (vegetative phase) was not altered in the analyzed period.
Barley breeding in Brazil did not change the total number of leaves on the main
stem but caused an increase in the number of leaves earlier in the
development, favoring the high level of tillering. The leaf architecture of
modern barley was altered towards a more vertical inclination (erectophilic
canopy), allowing the penetration of photosynthetically active radiation into the
crop canopy.
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Introduction

Barley (Hordeum vulgare L.) is a winter cereal that occupies
the forth position, in order of economic importance, in the
world. The forecast for global barley production 2022/2023 was
increased by 2.5 million tonnes, and now stands at 147.9 million
tonnes, 1.7% higher on an annual basis (FAO, 2022). The
forecast for Brazilian barley production in 2022 is 540,700
tonnes, with an increase of 23.8% compared to 2021 (IBGE,
2022). In Brazil, barley breeding began in the middle of the 20th
century, focusing on resistance to diseases, resistance to lodging,
tolerance to different environmental stresses, malt quality, and
grain yield (Rodrigues et al., 2020). However, the effect of genetic
improvement of barley on some physiological attributes (e.g.
changes in developmental phases and ecophysiological traits),
has not being reported making it difficult for the scientific
community to understand the performance of this crop under
Brazilian growing conditions.

The phenological development of barley could be divided
into three main phases: vegetative, reproductive, and grain
filling. The vegetative phase begins with sowing and lasts until
floral initiation, and the initiation of leaves and tillers
characterizes it. The reproductive phase starts with the
differentiation of the spikelet at the apex and ends with ovary
pollination within the spikelets, usually coinciding with the
heading stage. Further, the reproductive phase can be divided
into two-sub-phases: a) initial reproductive: where the spikelet
differentiation is initiated at double ridge stage (DR) until a
maximum number of spikelets primordia (MNP) is reached,
equivalent to terminal spikelet stages (TS) in wheat and awn
primordium (AP) in Barley (Nerson et al., 1980; Alqudah and
Schnurbusch, 2014), and b) late reproductive phase.

In barley, the late reproductive phase can be divided into
three sub-phases (Alqudah and Schnurbusch, 2014): 1) awn
primordium (AP) to tipping stage (first awns visible on main
culm - Z49), 2) tipping to heading (half main culm spike
emerged from flag leaf sheath - Z55) and 3) heading to anther
extrusion (half of main culm spike with anthers - Z65) (Zadoks
et al, 1974). In this late-reproductive phase, the ear elongation
period occurs in parallel with the elongation of the main stem
(Kirby, 1988; Reynolds et al., 2009), and the number of fertile
flowers is set within the spike. The beginning of the floret
primordia mortality phase coincided with the beginning of
spike growth at its fastest rate and continued until the heading
stage when stem and spikes are growing together with high
competition for assimilates (Arisnabarreta and Miralles, 2008).
Finally, the last phase of development (GF) begins after
fertilization, when the seed endosperm accumulates dry matter
and determines the final seed weight.

In recent decades, it has been demonstrated that not all
phases of cereal development are equally important (Kirby and
Appleyard, 1984; Landes and Porter, 1989; Slafer and Rawson,
1994; Rodrigues et al., 2007) for seed yield. These phases could
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be independent of each other (Miralles et al., 2000; Gonzales
et al, 2003) and be under different genetic control, being able to
be manipulated without changing the total time until anthesis
(Slafer and Rawson, 1994; Slafer et al., 1996; Slafer et al., 2001).
The phase between the maximum number of primordia of
spikelets at anthesis (MNP-ANT), characterized by intense
spike growth and stem elongation, has been attributed as the
most significant contribution to grain yield (Slafer and Rawson,
1994; Whitechurch et al., 2007; Gonzalez et al., 2011). However,
Alqudah and Schnurbusch (2014) studied sub-phases in barley
within the reproductive phase and point out that the second sub-
phase of the reproductive phase (AP-tipping) is the most critical
period for spikelet survival.

During this final period (MNP-ANT), the rapid growth of
the spike coincides with the source limitation due to the higher
inter-plant competition and the maximum growth rate of the
stem of each plant (Siddique et al., 1989). At this period in
barley, the rapid growth of stem and spike growth compete for
assimilates, generating spikelet abortion. Kernich et al. (1997)
observed in barley cultivars a low variation in the number of
spikelets observed at awn primordium stages but a considerable
variation in spikelet death. Similarly, Garcia del Moral et al.
(2002) observed that the final number of grains depends more
on survival (degeneration) than on the generation of
reproductive structures that could produce more grains.
Evidence in several genotypes with similar spikelet
degeneration suggests that this phenomenon may be under
environmental control (Garcia del Moral et al., 1991).

The increase in MNP to ANT period has different
implications for the number of fertile flowers per ear in wheat
and barley (Miralles et al., 2000). The number of fertile flowers
on barley ears appears to be limited by the maximum number of
fertile spikelets (approx. 30 spikelets ears'). In wheat, a given
spikelet structure provides greater potential for flower formation
by the distal primordium. Therefore, MNP to ANT period
appears to be critical for the survival of the spikelets (Cottrel
et al,, 1985; Gonzales et al., 2003) and has been pointed out with
potential utility for plant breeding in the sense of maximizing the
production of barley grains (Miralles et al., 2000). In this sense,
several strategies have been studied in this phase (MNP-ANT) to
maximize their production.

The greater accumulation of dry matter in the spike, by
increasing the duration of the phase between MNP-ANT, with
the reduction in the time of the previous phases (Slafer et al,
1996; Araus et al., 2002; Abeledo et al., 2003; Reynolds et al.,
2005; Gonzalez et al., 2005; Miralles and Slafer, 2007 and Bancal,
2008), keeping the total time constant at anthesis, may be a
promising strategy for increasing grain yield potential in barley.
Several authors have demonstrated phenotypic variability in the
duration of the phases in barley (Appleyard et al., 1982; Kitchen
and Rasmusson, 1983; Kernich et al., 1995; Whitechurch et al.,
2007 and Kernich et al,, 1997), despite the similarity between
cultivars in the time to anthesis.
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Increasing the biomass partition at the expense of stem
growth has also been proposed during this critical phase
(Siddique et al., 1989; Slafer and Andrade, 1993). On the other
hand, the increase of biomass in this period could be obtained by
increasing the growth rate by the greater RUE (Radiation Use
Efficiency) (Reynolds et al., 2005; Miralles and Slafer, 2007;
Acreche and Slafer, 2009), through a better distribution of
radiation in the canopy. This strategy has limitations since,
during the MNP-ANT period, the canopy and the maximum
radiation interception have already been reached.

Another critical aspect in the competition for carbohydrate
and nitrogen reserves between stem growth and ear growth at
the end of the reproductive phase (MNP-ANT) (Ellis and Kirby,
1980; Cottrell et al., 1985) is the concomitant development of
tillers (Garcia del Moral and Garcia del Moral, 1995). Therefore
the competition for reserve becomes even greater, leading to
tiller mortality, which often begins after floral initiation (DR) in
the main stem, reaching the lowest levels at ear emergence. Thus,
as in winter cereals, the flowering period is related to differences
in the number of leaves (Appleyard et al, 1982; Slafer and
Rawson, 1996) and the emergence of the tillers, which is related
to the appearance of leaves (Kirby et al., 1985) may be impaired.
The synchrony between these processes is fundamental to
improving crop ability to intercept solar radiation (Dofing and
Karlsson, 1993).

Although in recent years, a large number of articles have been
published showing the yield genetic gain in barley (Riggs et al., 1981;
Wych and Rasmusson, 1983; Martiniello et al., 1987; Boukerrou
and Rasmusson, 1990; Bulman et al., 1993; Jedel and Helm, 1994;
Abeledo et al., 2003; Muiioz et al., 2006; Rodrigues et al., 2020), little
information is available (Siddique et al., 1989; Calderini et al., 1995)
on the effect of genetic improvement on the phenological
development of barley and particularly on the appearance of
leaves, tillers and the duration of phenological phases. Such
information may be relevant to continue increasing the yield
potential in barley. Riggs et al. (1981) found that breeding
reduced time to anthesis by seven days in the UK, in association
with a decrease in the final number of leaves on the main stem and a
reduction in the leaf reduction rate. In the USA, Wych and
Rasmusson (1983) found a slight difference in the period until
anthesis. However, in a different study, this trend was not supported
(Boukerrou and Rasmusson, 1990).

In Canada, modern cultivars also showed an MNP-ANT period
later than older cultivars (Jedel and Helm, 1994). This improvement
impact can have a repercussion on tillering, as previously observed
by Riggs et al. (1981), where more modern cultivars not only
produced more tillers but also showed a higher survival rate.

In Spain, a study with a similar objective pointed out that
genetic improvement did not show a significant effect on the
duration of the period until anthesis in the studied cultivars
(Munoz et al., 2006).

In Argentina, Miralles et al. (2000) in two-row barley showed
that the relationship between the number of fertile spikelets per ear
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and the duration of the MNP-ANT period was presented as a linear
model only in the first 55 days, with a number maximum of 30
fertile flowers/ears. Thus, in two-row barley, the opportunity to
increase the number of fertile flowers in the spike by manipulating
the development phase (MNP-ANT) would be more limited than
in wheat. For in wheat, the structure of the spikelet is determinate
and provides more potential for flower formation through the distal
beginnings (Miralles et al., 2000). On the other hand, in two-row
barley, unlike wheat, the ear structure is indeterminate and provides
a greater spikelet formation potential. Thus, the duration of the DR-
MNP period in two-row barley was expected to have a greater
impact on the increase in fertile flowers by the greater number of
spikelets per spike than the MNP-ANT period. On the other hand,
Abeledo et al. (2003) availed the improvement of barley in the
period between 1944 to 1998 and observed that neither time to
heading nor time to maturity were systematically modified by
breeding. However, the partitioning of the developmental time
was modified. The ratio of the duration jointing-heading to the
sowing-jointing period was increased with the year of release of the
cultivars. In this study, as the final number of leaves was not
different between cultivars, the high biomass produced by modern
cultivars was attributed to the greater interception of radiation by
the faster tillering (Abeledo et al., 2003 and Abeledo et al., 2004).

Borras et al. (2009), studied the effect of phase duration
before and after joining (which includes leaf and spikelet onset,
LS, and stem elongation, SE) on developmental characteristics
that affect other aspects of the generation of production, such as
phyllochron and tillering, observed that changes in LS duration
did not necessarily imply concomitant changes in these
characteristics that could be important for early expansion of
the crop canopy. Thus, the possible disadvantages to the
culture’s canopy structure, associated with the increased
duration of stem elongation at the expense of developmental
stages before MNP, do not seem to exist.

Evaluation of the effect of genetic improvement on phenological
development (barley phasic development), can help us to identify
characteristics of potential value for future crosses, contributing to
the increase of the production potential of the culture. In addition,
little is known about the implications of changes in the duration of
LS and SE upon other aspects of yield generation. Thus, the
objective of the present work was to analyze the effect of barley
breeding on the duration of barley development phases, tillering,
phyllochron, leaf area index, interception of radiation, and the final
number of leaves associated with the increase in grain yield.

Material and methods

General conditions and
experimental design

The study was conducted at the National Wheat Research
Center at Passo Fundo (28°15” S, 52°24° W, 687 m), RS, Brazil.
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Field trials were carried out in 2011, 2012, and 2013, using five
two-row spring barleys. The cultivars, which represented the
breeding period from 1968 to 2008, were (with their year of
release and genealogy between brackets): FM 404 (1968-
Selection/alpha), FM 434 (1977-Quinn/Malteria Heda//FM
424), BR 2 (1990-FM 424/TR 206), BRS 195 (2000-Defra/BR
2) and BRS Elis (2008-BRS 195/Scarlett). These cultivars were
chosen to represent each of the decades based on the significant
participation in the total barley area harvested in southern Brazil
and were previously analyzed by Rodrigues et al. (2020)
regarding genetic gain for yield.

The experiments were arranged in a complete randomized
block design with four replications. The plots consisted of 12
rows, 0.20 m apart and 6 m long. The sowing dates were 17 June
in 2011, 6 June in 2012, and 2013 at a rate of 400 seeds/m>. Nine
days after seedling emergence plots were thinned to 300 plants/
m?® to reach the recomended comercial density. The fertilizer
used was 250, 300, and 300 kg/ha (NPK 5-20-25), incorporated
before sowing in 2011, 2012, and 2013, respectively. In 2011 it
was applied 32 kg/ha of N at the double ridge and awn
primordium stages as topdressing. In 2012 and 2013, 30 kg/ha
of N was applied at the same stages.

The experiments were irrigated, and weeds were controlled
periodically. Diseases and insects were controlled by spraying
fungicides, and insecticides and nets were installed to
prevent lodging.

The data were subjected to analysis of variance and
differences among treatments determined. The degree of
association between the studied variables was estimated using
linear and quadratic regression models. The ExpDes package
was used to analysis of statistical data (Ferreira et al., 2018), and
the ggplot2 package was used to data visualization
(Wickham, 2016).

Measurements

The thermal time from emergence to physiological maturity
(292, yellow spike - Zadoks et al, 1974), was determined
(Table 1). The time for each stage was recorded when at least
50% of the main spike in each accession had reached this stage.

10.3389/fpls.2022.1032243

To determine apical development (double ridge and awn
primordium stages), four main stems per plot were sampled
and dissected every three days to identify the stages of floret
development (Nerson et al., 1980). The other stages (Anthesis,
Tipping, Heading and Physiological Maturation) and
developmental phases were established according to Alqudah
and Schnurbursh (2014).

The developmental progress was characterized using
thermal time units with a base temperature of 0°C (Cao and
Moss, 1989). Weather data (temperature, photoperiod, rainfall,
and humidity) were collected at Meteorological Station 83914,
BDMEP/INMET) 100 m away from the experimental plots.

After emergence and before tillering, four subplots of one
linear meter containing 60 plants were tagged in each plot. One
linear meter was harvested when the plants reached the double
ridge, awn primordium, anthesis, and maturity stages. A
subsample of 10 plants was separated to evaluate the number
of tillers, number of leaves, and green leaf area. The number of
tillers per plant and leaf number on the main stem were
measured in the stages of double ridge, MNP (maximum
number primordium), and anthesis.

The leaf number on the main stem was linearly regressed
against accumulated thermal time in the stages of DR and MNP,
using the following equation:

Y = a+bx

«_» «_»

Where “y” is the number of leaves, “a” is the number of leaves
when thermal time is 0, “b” is the rate of production of leaves, and

w » .

x” is the accumulated thermal time from seedling emergence.
The Phyllochron was estimated as the inverse of the
corresponding slopes. Therefore, 1/b represented the
phyllochron for the leaves in the stages of DR and MNP. Tiller
mortality was calculated as the relative difference between tiller
number at maturity and maximum number primordium (MNP).

The solar radiation intercepted by the crop was calculated as
RInt (%)=100-(Rtran x RInc') x 100, where Rlnt is the
proportion of solar radiation intercepted by crop, RInc is the
incident radiation above the canopy, and Rtran is the
transmitted radiation through the canopy and measured as the
incident radiation below the last layer of green leaves. Rtran and
RInc were measured twice weekly at midday under clear sky

TABLE 1 External phenology of barley cultivars released at different decades in Brazil: thermal times (°Cd) from emergence (EM) to double ridge (DR), to
the maximum number of spikelet primordia (MNP), to anthesis (ANT) and physiological maturity (PM) in 2011, 2012, and 2013 experiments.

Cultivar DR

FM 404 252 b*
FM 434 281a
BR2 271 ab
BRS 195 277 ab
BRS Elis 268 ab

MNP

622 b*
664 b
633 b
748 a
697 ab

Ant PM
1281 a* 2013 ab*
1220 b 1990 ab
1188 b 1892 b
13352 2070 a
1284 a 2006 ab

*Mean values followed by the same lowercase letters in a column do not differ statistically by Tukey’s test at 5%.
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FIGURE 1

Relationship between days from emergence to Maximum number of spikelet primordia (MNP) and days from Doble ridge (DR) to MNP for five
cultivars of barley released at different eras in Brazil (FM 404-released in 1968, FM 434-released in 1977, BR 2-released in 1989, BRS 195-
released in 2001, and BRS Elis-released in 2008). Data correspond to the experiments carried out in 2011, 2012, and 2013.

conditions, using a linear PAR/LAI Ceptometer (Accupar PAR-
80, Decagon Devices Inc.)

The leaf area index (LAI) (leaf blade) was measured in the
stages of DR, MNP, and ANT using the LI-COR LI-3000 area
meter (LI-COR Inc, Lincoln, NE). Table 2 summarizes all
abbreviations used in the text.

Results
Duration of phenological phases

The cultivars under study showed differences in the duration of
the total cycle, with cultivar BR 2 the shortest cycle (1892°C d) and
cultivar BRS 195 the most extended (2070°C d) (Table 1).

The duration of the phase between emergence until anthesis
(Table 1) was not significantly associated with the years of
release (r> = 0.37 n.s). Even so, breeding affected the
proportion of DR-MNP and MNP-ANT periods to the total
time to anthesis (Table 3). The MNP-ANT period was reduced
from 1977, which means that this change was made in a shorter
period of time. On the other hand, the DR-MNP period was
increased in new cultivars (Table 3), from 2001 onwards.

In the modern cultivars, the duration of the EM-DR and DR-
MNP sub-phases increased and consequently amplified the
duration of the EM-MNP period, highly associated with the
duration of DR-MNP phase (Figure 1), since there were no
differences between cultivars in the duration of the sub-phase
EM-DR (Table 3). Such contribution from genetic improvement
affected the proportion of DR-MNP/MNP-ANT period
concerning the total time to anthesis.
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When the yields of the cultivars were evaluated as a function
of the duration of the MNP-ANT period, no significant
correlation was observed (y=-3.3294x +7271.3, 7 0.041,
n=15 p > 0.05). On the other hand, the duration of the DR-
MNP period was significantly associated with the evolution of
the grain yield of the cultivars (y= 9.4627x + 1497.6 r* = 0.499,
n=15, p < 0.05), characterizing the importance of the period
(DR-MNP) for grain yield evolution.

Final leaf number and phyllochron
The final leaf number (FLN) per main stem evaluated in the
DR was not different among the cultivars released during the

TABLE 2 Abbreviations used in the text to designate each of the
quoted traits.

Abbreviation Trait

EM Emergence

DR Doble ridge

MNP Maximum number of spikelet primordia
ANT Anthesis

TS Terminal spikelet

FLN Final leaf number

LAI Leaf area index

AP Awn primordium

GF Grain filling period

LS Leaf and spikelet differentiation phase (°C d
SE Stem elongation phase (°C d)

PM Physiological maturity
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TABLE 3 Duration of the different phenological phases of barley cultivars released at different decades in Brazil: thermal times (° Cd) from
emergence to double ridge (EM-DR); DR to the maximum number of primordium (DR-MNP); MNP to Anthesis (MNP-ANT) and DR-MNP to MNP-

ANT ratio in 2011, 2012 and 2013 experiments™®.

Cultivar EM-DR DR-MNP MNP-ANT EM-MNP DR-MNP to MNP-ANT/Ratio
FM 404 (1968) 252b 370.8 b 659 a 622.46 b 0.57 ¢

FM 434 (1977) 281 a 3832 b 556 b 664.40 b 0.69 abc

BR 2 (1989) 271 ab 361.7 b 555 b 632.83 b 0.65 bc

BRS 195 (2001) 277 ab 470.5 a 587 b 747.83 a 0.81 a

BRS Elis (2008) 268 ab 428.9 ab 587 b 697.16 ab 0.74 ab

(1) Averages followed by the same letter in the column do not differ statistically by Tukey's test at the 5% probability level.

(p<0.05) as tested by Tukey’s multiple range test.

analyzed period (Figure 2A). The same behavior was observed
among the cultivars in the anthesis phase, and in the average of
the three years evaluated, the FLN per plant was 9.4, 9.5, 9.6, 9.7,
and 9.7 for the cultivars FM 404, FM 434, BR2, BRS 195 and BRS
Elis, respectively. However, the number of leaves evaluated in the
MNP stage was slightly higher in the newer cultivars (BRS 195
and BRS Elis). At this stage, the cultivar FM 404 showed the
lowest number of leaves and BRS 195 the highest.

The phyllochron of the newer cultivars was smaller than the
older cultivars. The phyllochron of new cultivars was 63°C per
day per leaf (average of BRS 195 and BRS Elis) and 83°C per day
per leaf for older cultivars (average of FM 404, FM 434, and BR
2) (Table 4). The relationship between phyllochron and the
duration of the DR-MNP phase (Table 3) and phyllochron
(Table 4) of the cultivars under study was significantly
negative (y = -3.1983 x + 629.8, = 0.96, n= 5; p < 0.001).
The duration between MNP-Anthesis did not show a significant
relationship with the phyllochron.

Leaf area index and tillering

The Leaf area index (LAI) evaluation did not reveal
differences between cultivars at the DR stage (Figure 2B).
However, there were slight differences between the MNP and
Anthesis stages. In general, in these stages (MNP and ANT), the
oldest cultivars (FM 404 and 434) showed a slight superiority
(Figure 2B) compared to the newer cultivars. On the other hand,
for each specific cultivar, there were no marked differences in
LAI between the stages of MNP and Anthesis despite the
anthesis stage incorporating the leaf area loss due to tiller
mortality in this period (MNP-anthesis) (Figure 2B). The IAF
at the MNP stage was 2.6; 3.3; 3.1, 3.6, and 4.1, and at anthesis it
was 3.0; 3.3; 3.3; 3.9, and 5.1 for cultivars BRS Elis, BRS 195, BR
2, FM 434 and FM 404, respectively for each stage.

The maximum number of tillers per plant was observed at
the MNP stage where cultivar BRS 195, BRS Ellis, FM 434, FM
404, and BR 2 presented 3.5; 2.6; 2.4; 2.2, and 1.9 tillers per plant,
respectively (Figure 2C). Modern cultivars (BRS 195 and BRS
Elis) have more tillers than older cultivars. The final number of
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tiller (anthesis) was superior in modern cultivars (BR 2; BRS 195
and BRS Elis) and was related to the maximum number of tiller
(y = -0.1415 x* 1.429 x - 0.7616; R*> = 0.73, n = 15, p <0.01)
evaluated at the MNP stage (data not shown). High tiller
cultivars showed low tiller mortality rates (y = 0.0009x* +
0.0385x +1.7488; R> = 0.77, n = 15).

The relation between the number of tillers as a function of
the number of leaves in the main stem assessed at the DR and
MNP in the three years of study was best described by a
quadratic function (Figure 3) for all cultivars. It was observed
that the modern cultivars (BRS 195 and BRS Elis) presented the
smallest Phyllochron (59.2 and 74.6), respectively. Modern
cultivars showed faster leaves and tillers development, which
allows an earlier canopy closure.

Interception of radiation

Regarding radiation interception, it was observed that for
modern cultivars (BRS 195 and BRS Elis) in the MNP stage,
radiation interception was significantly lower than the other
cultivars in the three years of study (Figure 4). At the anthesis
stage, except for the cultivar BRS 195 in 2011, the radiation
interception was maximum and showed no differences between
the cultivars studied.

Developmental stages

Figure 5 is a development diagram showing the different
stages of barley development for a better understanding of each
stage discussed in this investigation.

Discussion

The results of this work demonstrate that, although there
was no significant association in the cultivars cycle length
(EM-ANT) with the year of release, the genetic improvement
affected the proportion of DR-MNP/MNP-ANT period to the
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TABLE 4 Phyllochron for five barley cultivars released at different eras in Brazil (FM 404; FM434, BR 2; BRS 195 and BRS Elis).

Cultivars Phyllochron*
(°C per day per leaf)

EM 404(1968) 86.2

EM 434(1977) 74.0

BR 2 (1989) 89.2

BRS 195 (2001) 59.2

BRS Elis (2008) 67.6

Linear equation r
y = 0.0116 x - 0.2776 0.90
y = 0.0135 x - 0.6521 0.94
y =0.0112 x - 0.1293 0.93
y = 0.0169 x - 1.8211 0.80
y = 0.0148 x - 1.1946 0.89

*Phyllochron was calculated as reciprocal of the slope pf a linear function between evolution of NFF and thermal time from emergence (base temperature of 0°C).

Linear equation and regression coefficient between the final number of leaves and thermal time (data represent the average of four repetitions, obtained in the DR and MNP stages in 2011,

2012, and 2013).

total time to anthesis (Table 3). The higher proportion of the
DR-MNP period to the MNP-ANT period in modern cultivars
than in old ones, may have come from breeding efforts to reduce
plant height and maintain the time to anthesis. Such condition
could have sustained a greater production of reserves used in the
production of primordial spikelet. The greater correlation
observed between the duration of this period (DR-MNP) and
the grain yield presented by the cultivars, reflects the importance
of the first reproductive phase (DR-MNP) for yield gains. Such
results could help breeders to focus on this critical period of
development to maximize grain production in barley.

Results presented by Miralles et al. (2000), despite having
studied a single cultivar (one genetic background) of barley, in a
way corroborate our results. In that study, they observed that in
two-row barley, the elongation of the MNP-ANT period did not
have the same impact on the increase in the number of fertile
flowers per spike caused in wheat. In barley, these results already
pointed out that this period (MNP-ANT) is not as limiting in barley

Tiller number

as it is in wheat. Therefore, it is to be expected that the DR-MNP
phase in two-row barley that has an undetermined ear may have
been chosen to advance the evolution of genetic material to
maximize grain production.

Abeledo et al. (2003) observed different results in barley
cultivars releases between 1944 and 1998 in Argentina, where a
higher contribution of the total time (EM-ANT) to the elongation
period of the stem (MNP-ANT) was observed. On the other hand,
in the same study, when the cultivar Beka was excluded from the list
of cultivars participating in the regression analysis, they observed
results similar to present study. It was also observed a significant
association between the release years and the period between
emergence and MNP, including the DR-MNP period. Finally, the
increase in the duration of the DR-MNP phase in the newer
cultivars at the expense of the MNP-ANT phase duration,
without a consistent change in the anthesis time (EM-ANT),
might be responsible for the increase in the number of grains/m*
and yield verified by Rodrigues et al. (2020).

BR 2 y=-3.54 +1.60x -0.115x*, R* = 0.89
BRS 195 y=-3.255 +1.445x -0.069x?, R? = 0.87
FM 404 y = -2.44 667 -0.084x? R*= 0.78

BRS Elis y = -3.047 +1.353x -0.075x?, R*= 0.92
FM 434,y = -1.574 +0.832x -0.040x?, R*= 0.75

2 3 4 5 6 7

8

9 10 11 12 13 14 15

Leaf number in main stem

Genotype ® BR2 4 BRS195 ® BRSElis + FM404 ® FM434

FIGURE 3

Dynamics of tillering as a function of leaf number in the main stem of barley cultivars released in different decades in Brazil. The arrows indicate
the maximum number of tillers. The points represent the average values of 4 repetitions obtained in the Doble ridge (DR) and Maximum number

of spikelet primordia (MNP) stages, in the years 2011, 2012, and 2013.
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scale; phases and development processes.

The reflection of the increase in the duration of the final
reproductive phase (MNP-ANT) in the number of grains per m*
in two-row barley is smaller than wheat with multi-floral
spikelets. The number of grains m™ in wheat is expected to
depend more on the number of viable flowers within the
spikelets. Whereas in two-row barley, the number of grains m”
% is expected to rely more on the number of spikelet primordia
determined by the duration of the DR-MNP phase (Miralles
et al., 2000).

Alquhad and Schnurbusch (2014) demonstrated that the
sub-phase between MNP and the tipping is critical for increased
barley yield potential through increased development and
survival of spikelets. However, the materials we studied
indicate that this sub-phase was not the most important to
support the grain yield potential. In the case of Brazilian genetic
material, the generation of spikelet primordia supported by the
sub-phase between DR-MNP seems to be the path chosen for the
advancement of yield potential rather than the reduction of
spikelet abortion initiated shortly after MNP until tipping.

In this condition, the increase in the period between DR-MNP
(i.e., the definition of the number of spikelets and initiation of the
tillers) may have favored an increase in the number of spikes and
grain m™, The reduction in the period MNP-ANT, where spike and
stem growth are competing for reserve, and the progress in reducing
plant height and lodging of modern cultivars (i.e., shortening of
internodes) (Rodrigues et al., 2020) may have favored spike growth
and reduced the mortality of the tillers.

Frontiers in Plant Science

The increase in the length of the DR-MNP period in the
genetic material studied may have favored a larger number of
spikelets since the differentiation of spikelets in the barley ear is
indeterminate. Therefore, as in two-row barley, only the central
spikelet is fertile in each rachis internode, and a larger number of
spikelets can provide a higher proportion of heavier grains
(greater ovary) in total grains m™ (Calderini et al,, 2001). In
this context, shortening the MNP-ANT period as a function of
the DR-MNP elongation may not negatively reflect the reserve
competition within the spikelet since barley of two rows has only
one flower primordium per spikelet (Arisnabarreta and Miralles,
2006). Thus allowing a relative partition of the development time
for the DR-MNP period without compromising the duration of
the total period (DR-ANT). The elongation of the DR-MNP
period at the expense of the later phase may be an interesting
strategy to improve grain yield in barley.

Regarding the FLN on the main stem, there was no change
due to the improvement of barley malting in Brazil in the
analyzed period (1968-2008). However, the FLN in the MNP
stage was slightly higher in the newer cultivars (BRS 195 and
Elis), which could support a higher number of tillers in the MNP
stage (Figure 2A). As there was no difference in the FLN between
the cultivars in the anthesis stage, the biggest difference in the
FLN observed in the newer cultivars (BRS 195 and BRS Elis) in
the MNP stage could be attributed to the faster establishment of
the leaves, favoring a better support condition for a greater
number of tillers at the MNP stage (Figure 2C).
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The reduction of phyllocron in modern cultivars allowed the
occurrence of faster leaves, contributing to the early canopy
closure and tiller viability. Likewise, increasing the duration of
the DR-MNP phase at the expense of reducing the subsequent
phase (MNP-ANT) in modern cultivars improves the canopy
structure of the crop before the MNP phase. Also, considering
that tillering is a photomorphogenic process, it would be possible
to speculate that the decrease in the value of the phyllochron
presented by modern cultivars could be the cause of the increase
in the tillering rate (Figure 2C).

Regarding the leaf area index (LAI), it was observed that
modern cultivars presented the lowest indexes (Figure 2C)
compared to the oldest cultivars in the MNP and ANT stages.
Such behavior may have enabled a greater radiation availability,
mainly at the MNP stage, favoring tillering and its viability. The
highest LAT at the anthesis stage, observed in the oldest cultivars
(FM 404 and FM 434) compared to modern cultivars, may be
due to the larger leaf area since the number of leaves was not
different between cultivars and the number of tillers was inferior
in these cultivars.

The LAI and radiation interception of cultivars in the MNP-
ANT period (Figure 4) allowed us to observe that the
improvement in the analyzed period changed the leaf behavior
(foliar architecture). The lower interception of radiation at the
MNP stage (Figure 4) compared to the anthesis stage, without
reducing LAI in modern cultivars (Figure 2C), can be attributed
to the more vertical leaf inclination of these cultivars (erectophile
canopy) favoring the penetration of PAR into the crop canopy.
As tillering is a photomorphogenic process (Casal, 1988; Lauer
and Simmons, 1989), greater radiation availability may have
favored the induction of a greater number of tillers and
better survival.

From that stage (MNP), the leaves of modern cultivars were
tilted, intercepting more radiation (planophile canopy) at the
anthesis stage. Similar results were observed in Argentina
(Abeledo et al., 2004). The breeding modified the intercepted
radiation accumulated during the MNP-ANT period when the
number of viable tillers was established. In Brazil, the genetic
improvement of barley had improved tillering and its viability by
modifying the leaf architecture and radiation interception

Modern cultivars (BRS 195 and BRS Elis) have more tillers
than older cultivars, which is associated with an increased
tillering rate. The final number of tillers was related to the
maximum number of tillers, and the high tiller cultivars showed
low tiller mortality rates. Thus, the improvement of barley in
Brazil in the analyzed period increased the tillering through the
increase in the tillering rate and the low tiller mortality rate. It
also was observed that the modern cultivars reached the
maximum number of tillers with a larger number of leaves
(Figure 3). This larger number of leaves, at an earlier period, may
have sustained the largest number of viable tillers (number of
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ears) and explained the genetic advance of barley production in
the analyzed period, since the tillering is one of the most critical
components used by cereals to increase grain yield (Sreenivasulu
and Schnurbusch, 2012; Xie et al., 2016). On the other hand, the
increase in the initial reproductive period (DR-MNP) as a result
of the reduction in the stem elongation period (MNP-ANT) by
the effort of barley improvement, could have reduced the
competitiveness of the stem by reserve, favoring the viability of
tillers, since there is a positive association between the elongation
of the main stem and the death of late tillers (Hay, 1986). This
potential impact on reducing the elongation period of the stem
could have reduced the pressure on the mortality of the tillers,
thus improving the number of tillers and spikes m™. Riggst et al.
(1981) found in modern barley cultivars high rates of production
and survival of tillers.

In conclusion, barley breeding in Brazil has: (1) increased
tillering and the number of viable tillers (number of ears); (2)
increased the proportion of the DR-MNP/MNP-ANT period to
the total time until anthesis by reducing the duration of the
MNP-ANT period, reducing the competition between stem and
tiller growth; (3) did not change the total number of leaves on
the main stem, but caused an increase in the number of leaves
during early development, increasing the number of viable tillers
(number of ears); (4) reduced LAI and modified the leaf
architecture of modern barley, making the leaf inclination
more vertical (erectophilic canopy) allowing the penetration of
photosynthetically active radiation into the crop canopy.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

Authors OR and EM: conceptualization, methodology,
investigation, data curation, funding acquisition. OR, EC, JM,
and SS: formal analysis. OR and EM wrote the manuscript.
OR and JM: editing and revision. OR, SS, and EC: making of
graphs, and figures. All authors contributed to the article and
approved the submitted version.

Funding

We are grateful for the financial and infrastructure support
provided by the Brazilian Agricultural Research Corporation,
Embrapa Wheat.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1032243
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Rodrigues et al.

Acknowledgments

We thank Eduardo Beche for the English language revision.

Conflict of interest

Authors OR, EM, and EC were employed by Brazilian
Agricultural Research Corporation.

The remaining authors declare that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of
interest. The authors declare that this study received funding from
Brazilian Agricultural Research Corporation, Embrapa Wheat.

References

Abeledo, L. G., Calderini, D. F., and Slafer, G. A. (2003). Genetic improvement of
barley yield potential and its physiological determinants in Argentina, (1944-1998).
Euphytica 130, 325-334. doi: 10.1023/A:1023089421426

Abeledo, L. G., Calderini, D. F., and Slafer, G. A. (2004). Leaf appearance,
tillering and their coordination in old and modern barleys from Argentina. Field
Crop Res. 86, 23-32. doi: 10.1016/50378-4290(03)00168-0

Acreche, M. M., and Slafer, G. A. (2009). Grain weight, radiation interception
and use efficiency as affected by sink-strength in Mediterranean wheats released
from 1940 to 2005. Field Crops Res. 110, 98-105. doi: 10.1016/j.fcr.2008.07.006

Alqudah, A. M., and Schnurbusch, T. (2014). Awn primordium to tipping is the
most decisive developmental phase for spikelet survival in barley. Funct. Plant Biol.
41, 424-436. doi: 10.1071/FP13248

Appleyard, M., Kirby, E. J. M., and Fellowes, G. (1982). Relationships between
the duration of phases in the pre-anthesis life cycle of spring barley. Aust. J. Agric.
Res. 33, 917-925. doi: 10.1071/AR9820917

Araus, J. L, Slafer, G. A., Reynolds, M. P., and Royo, C. (2002). Plant breeding
and drought in cereals: What should we breed for? Ann. Bot. 89, 925-940.
doi: 10.1093/a0ob/mcf049

Arisnabarreta, S., and Miralles, D. J. (2006). Floret development and grain
setting in near isogenic two-and six-rowed barleys lines (Hordeum vulgare 1.). Field
Crop Res. 96, 466-476. doi: 10.1016/j.fcr.2005.09.004

Arisnabarreta, S., and Miralles, D. J. (2008). Critical period for grain number
establishment of near isogenic lines of two- and six-rowed barley. Field Crops Res.
107, 196-202. doi: 10.1016/j.fcr.2008.02.009

Bancal, P. (2008). Positive contribution of stem growth to grain number per
spike in wheat. Field Crops Res. 105, 27-39. doi: 10.1016/j.fcr.2007.06.008

Borras, G., Romagosa, I, van Eeuwijk, ,. F., and Slafer, G. A. (2009). Genetic
variability in duration od pre-heading phases and relationships with leaf
appearance and tillering dynamics in a barley population. Field Crops Res. 113,
95-104. doi: 10.1016/j.fcr.2009.03.012

Boukerrou, L., and Rasmusson, D. D. (1990). Breeding for high biomass yield in
spring barley. Crop Sci. 30, 31-35. doi: 10.2135/cropscil990.0011183X003000010007x

Bulman, P., Mather, D. E., and Smith, D. L. (1993). Genetic improvement of
spring barley cultivars grown in eastern Canada from 1910 to 1988. Euphytica 71,
35-48. doi: 10.1007/BF00023465

Calderini, D. F., Dreccer, M. F,, and Slafer, G. A. (1995). Genetic improvement in
wheat yield and associated traits. A re-examination of previous results and latest
trends. Plant Breed. 114, 108-112. doi: 10.1111/j.1439-0523.1995.tb00772.x

Calderini, D. F., Savin, R,, Abeledo, L. G., Reynolds, M. P., and Slafer, G. A.
(2001). The importance of the period immediately preceding anthesis for grain
weight determination in wheat. Euphytica 119, 199-204. doi: 10.1023/
A:1017597923568

Cao, W., and Moss, D. N. (1989). Temperature effect on leaf emergence and
phyllochron in wheat and barley. Crop Sci. 29, 1018-1021. doi: 10.2135/
cropscil989.0011183X002900040038x

Casal, J. J. (1988). Light quality effects on the appearance of tillers of different
order in wheat (Triticum aestivum). Ann. Appl. Biol. 112, 167-173. doi: 10.1111/
j.1744-7348.1988.tb02052.x

Frontiers in Plant Science

12

10.3389/fpls.2022.1032243

The funder was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article, or the
decision to submit it for publication.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by
the publisher.

Cottrell, J. E., Easton, R. H,, Dale, J. E., Wadsworth, A. C,, Adam, J. S., Child, R. D.,
et al. (1985). A comparison of spike and spikelet survival in main stem and tillers of
barley. Ann. Appl. Biol. 106, 365-377. doi: 10.1111/].1744-7348.1985.tb03126.x

Dofing, S. M., and Karlsson, M. G. (1993). Growth and development of uniculm and
conventional-tillering barley lines. Agron. J. 85, 58-61. doi: 10.2134/
agronj1993.00021962008500010013x

Ellis, R. P., and Kirby, E. J. M. (1980). A comparison of spring barley grown in
England and in Scotland. 2. yield and its components. J. Agric. Sci. 95, 111-115.
doi: 10.1017/S0021859600029336

FAO (2022). Cereal supply and demand brief. cereal production, utilization,
stocks, and trade all forecast to contract in 2022/23 (Rome, Italy: Food and
Agriculture Organization of the United Nations). Available at: https://www.fao.
org/worldfoodsituation/csdb/en/.

Ferreira, E. B., Cavalcanti, P. P., and Nogueira, D. A. (2018) ExpDes.pt:
PackageExperimental designs (Portuguese). r package version 1.2. Available at:
https://cran.r-project.org/package=ExpDes.pt.

Garcla del Moral, M. B., and Garcia del Moral, L. F. (1995). Tiller production
and survival in relation to grain yield in winter and spring barley. Field Crops Res.
44, 85-93. doi: 10.1016/0378-4290(95)00072-0

Garcia del Moral, M. B., Jimenez Tejada, M. P., Garcia del Moral, L. F., Ramos, J.
M., Roca de Togores, F., and Molina-Cano, J. L. (1991). Apex and ear development
in relation to the number of grains on the main-stem ears in spring
barley (Hordeum distichon). J. Agric. Sci. 117, 39-45. doi: 10.1017/5002185
9600078941

Garcia del Moral, L. F,, Miralles, D. J., and Slafer, G. (2002). “Initiation and
appearance of vegetative and reprodutuctive structurres throughout barley
development,” in Barley science: Recent advances from molecular biology to
agronomy of yield and quality. Eds. G. A. Slafer, J. L. Molina-Cano, R. Savin, J.
L. Araus and I. Romagosa (New York: Food Product Press), 243-267.

Gonzales, F. G,, Slafer, G. A., and Miralles, D. J. (2003). Floret development and
spike growth as affected by photoperiod during stem elongation in wheat. Field
Crops Res. 81, 29-38. doi: 10.1016/S0378-4290(02)00196-X

Gonzalez, F. G,, Slafer, G. A., and Miralles, D. J. (2005). Photoperiod during stem
elongation in wheat: is its impact on fertile floret and grain number determination
similar to that of radiation? Funct. Plant Biol. 32, 181-188. doi: 10.1071/FP04103

Gonzalez, F. G., Terrile, I. I, and Falcon, M. O. (2011). Spike fertility ad duration
of stem elongation as promising traits to improve potential grain number (and
yield): variation in modern argentinean wheat. Crop Sci. 51, 1693-1702.
doi: 10.2135/cropsci2010.08.0447

Hay, R. K. M. (1986). Sowing date and the relationships between plant and apex
development in winter cereals. Field Crops Res. 14, 321-337. doi: 10.1016/0378-
4290(86)90067-5

IBGE, Instituto Brasileiro de Geografia e Estatistica (2022) Agéncia IBGE
noticias. Available at: https://agenciadenoticias.ibge.gov.br/agencia-sala-de-
imprensa/2013-agencia-de-noticias/releases/35136-em-setembro-ibge-preve-
safra-recorde-de-261-9-milhoes-de-toneladas-para-2022.

Jedel, P. E., and Helm, J. H. (1994). Assessment of western Canadian barley of
historical interest. II. morphology and phenology. Crop Sci. 34, 927-932.
doi: 10.2135/cropscil994.0011183X003400040016x

frontiersin.org


https://doi.org/10.1023/A:1023089421426
https://doi.org/10.1016/S0378-4290(03)00168-0
https://doi.org/10.1016/j.fcr.2008.07.006
https://doi.org/10.1071/FP13248
https://doi.org/10.1071/AR9820917
https://doi.org/10.1093/aob/mcf049
https://doi.org/10.1016/j.fcr.2005.09.004
https://doi.org/10.1016/j.fcr.2008.02.009
https://doi.org/10.1016/j.fcr.2007.06.008
https://doi.org/10.1016/j.fcr.2009.03.012
https://doi.org/10.2135/cropsci1990.0011183X003000010007x
https://doi.org/10.1007/BF00023465
https://doi.org/10.1111/j.1439-0523.1995.tb00772.x
https://doi.org/10.1023/A:1017597923568
https://doi.org/10.1023/A:1017597923568
https://doi.org/10.2135/cropsci1989.0011183X002900040038x
https://doi.org/10.2135/cropsci1989.0011183X002900040038x
https://doi.org/10.1111/j.1744-7348.1988.tb02052.x
https://doi.org/10.1111/j.1744-7348.1988.tb02052.x
https://doi.org/10.1111/j.1744-7348.1985.tb03126.x
https://doi.org/10.2134/agronj1993.00021962008500010013x
https://doi.org/10.2134/agronj1993.00021962008500010013x
https://doi.org/10.1017/S0021859600029336
https://www.fao.org/worldfoodsituation/csdb/en/
https://www.fao.org/worldfoodsituation/csdb/en/
https://cran.r-project.org/package=ExpDes.pt
https://doi.org/10.1016/0378-4290(95)00072-0
https://doi.org/10.1017/S0021859600078941
https://doi.org/10.1017/S0021859600078941
https://doi.org/10.1016/S0378-4290(02)00196-X
https://doi.org/10.1071/FP04103
https://doi.org/10.2135/cropsci2010.08.0447
https://doi.org/10.1016/0378-4290(86)90067-5
https://doi.org/10.1016/0378-4290(86)90067-5
https://agenciadenoticias.ibge.gov.br/agencia-sala-de-imprensa/2013-agencia-de-noticias/releases/35136-em-setembro-ibge-preve-safra-recorde-de-261-9-milhoes-de-toneladas-para-2022
https://agenciadenoticias.ibge.gov.br/agencia-sala-de-imprensa/2013-agencia-de-noticias/releases/35136-em-setembro-ibge-preve-safra-recorde-de-261-9-milhoes-de-toneladas-para-2022
https://agenciadenoticias.ibge.gov.br/agencia-sala-de-imprensa/2013-agencia-de-noticias/releases/35136-em-setembro-ibge-preve-safra-recorde-de-261-9-milhoes-de-toneladas-para-2022
https://doi.org/10.2135/cropsci1994.0011183X003400040016x
https://doi.org/10.3389/fpls.2022.1032243
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Rodrigues et al.

Kernich, G. C., Halloran, G. M., and Flood, R. G. (1995). Variation in
developmental patterns of wild barley (Hordeum spontaneum 1) and cultivated
barley (H. vulgare 1.). Euphytica 82, 105-115. doi: 10.1007/BF00027056

Kernich, G. C., Halloran, G. M., and Flood, R. G. (1997). Variation in duration of
pre-anthesis phases of development in barley (Hordeum vulgare). Aust. J. Agric.
Res. 48, 59-66. doi: 10.1071/A96020

Kirby, E. J. M. (1988). Analysis of leaf, stem and ear growth in wheat from
terminal spikelet stage to anthesis. Field Crops Res. 18, 127-140. doi: 10.1016/0378-
4290(88)90004-4

Kirby, E. J. M., and Appleyard, M. (1984). “Cereal plant development and its
relation to crop management,” in Cereal production. Ed. E. J. Gallagher (London:
Butterworth), 161-173.

Kirby, E. J. M., Appleyard, M., and Fellowes, G. (1985). Leaf emergence and
tillering in barley and wheat. Agronomie 5, 193-200. doi: 10.1051/agro:19850301

Kitchen, B. M., and Rasmusson, D. C. (1983). Duration and inheritance of leaf
initiation, spike initiation, and spike growth in barley. Crop Sci. 23, 939-943.
doi: 10.2135/cropsci1983.0011183X002300050030x

Landes, A., and Porter, J. R. (1989). Comparison of scales used for categorising
the development of wheat, barley, rye and oats. Ann. Appl. Biol. 115, 343-360.
doi: 10.1111/j.1744—7348.1989.tb033934x

Lauer, J. G., and Simmons, S. R. (1989). Canopy light and tiller mortality in
spring barley. Crop Sci. 29, 420-424. doi: 10.2135/cropsci1989.001118
3X002900020037x

Martiniello, P., Delocu, G., Odoardi, M., Boggini, G., and Stanca, A. M. (1987).
Breeding progress in grain yield and selected agronomic characters of winter barley
(Hordeum vulgare 1.) over the last quarter of a century. Plant Breed. 99, 289-294.
doi: 10.1111/j.1439-0523.1987.tb01184.x

Miralles, D. J., Richards, R. A., and Slafer, G. A. (2000). Duration of the stem
elongation period influences the number of fertile florets in wheat and barley. Aust.
J. Plant Physiol. 27, 931-940. doi: 10.1071/PP00021

Miralles, D. J., and Slafer, G. A. (2007). Paper presented at international
workshop on increasing wheat yield potential, CIMMYT, obregon, Mexico, 20-
24 march 2006. sink limitations to yield in wheat: how could it be reduced? J. Agric.
Sci. 145, 139-149.

Murioz, P., Voltas, J., Araus, J. L., Igartua, E., and Romagosa, I. (2006). Changes
over time in the adaptation of barley releases in north-eastern Spain. Plant Breed.
117, 531-535. doi: 10.1111/j.1439-0523.1998.tb02202.x

Nerson, H., Sibony, M., and Pinthus, M. J. (1980). A scale for the assessment of
the developmental stages of the wheat (Triticum aestivum 1.) spike. Ann. Bot. 45,
203-204. doi: 10.1093/oxfordjournals.aob.a085812

Reynolds, M., Foulkes, M. ], Slafer, G. A., Berry, P., Parry, M. A. ], Snape, J. W.,
et al. (2009). Raising yield potential in wheat. J. Exp. Bot. 60, 1899-1918.
doi: 10.1093/jxb/erp016

Reynolds, M. P., Pellegrineschi, A., and Skovmand, B. (2005). Sink-limitation to
yield and biomass: A summary of some investigations in spring wheat. Ann. Appl.
Biol. 146, 39-49. doi: 10.1111/j.1744-7348.2005.03100.x

Riggs, T.]., Hanson, P. R,, Start, N. D., Miles, D. M., Morgan, C. L., and Ford, M.
A. (1981). Comparison of spring barley varieties grown in England and Wales

Frontiers in Plant Science

13

10.3389/fpls.2022.1032243

between 1880 and 1980. J. Agric. Sci. 97, 599-610. doi: 10.1017/
50021859600036935

Rodrigues, O., Lhamby, J. C. B., Didonet, A. D., and Marchese, J. A. (2007). Fifty
years of wheat breeding in southern Brazil:Yield improvement and associated
changes. Pesquisa Agropecuaria Bras. 42, 817-825. doi: 10.1590/S0100-204X2007
000600008

Rodrigues, O., Minella, E., and Costenaro, E. R. (2020). Genetic improvement of
barley (Hordeum vulgare, 1.) in Brazil: Yield increase and associated traits. Agric.
Sci. 11, 425-438. doi: 10.4236/as.2020.114025

Siddique, K. H. M., Kirby, E. J. M., and Perry, M. W. (1989). Ear: Stem ratio in
old and modern wheat varieties; relationship with improvement in number of
grains per ear and yield. Field Crops Res. 21, 59-78. doi: 10.1016/0378-4290(89)
90041-5

Slafer, G. A., Abeledo, L. G., Miralles, D. J., Gonzalez, F. G., and Whitechurch, E.
M. (2001). Photoperiod sensitivity during stem elongation as an avenue to raise
potential yield in wheat. Euphytica 119, 191-197. doi: 10.1023/A:1017535632171

Slafer, G. A, and Andrade, ,. F. H. (1993). Physiological attributes related to the
generation of grain yield in the bread wheat cultivars released at different eras. Field
Crops Res. 31, 351-367. doi: 10.1016/0378-4290(93)90073-V

Slafer, G. A., Calderini, D. F., and Miralles, D. J. (1996). “Yield components and
compensation in wheat: opportunities for further increasing yield potential,” in
Increasing yield potential in wheat: Breaking the barriers. Eds. M. P. Reynolds, S.
Rajaram and A. McNab (Mexico, D.F: CIMMITY), 101-133.

Slafer, G. A., and Rawson, H. M. (1994). Sensitivity of wheat phasic development
to major environmental factors: a re-examination of some assumptions made by
physiologists and modellers. Aust. J. Plant Physiol. 21, 393-426. doi: 10.1071/
PP9940393

Slafer, G. A., and Rawson, ,. H. M. (1996). Photoperiod x temperature
interactions in contrasting wheat genotypes: time until the title and final number
of leaves. Field Crops Res. 44, 73-83. doi: 10.1016/0378-4290(95)00077-1

Sreenivasulu, N., and Schnurbusch, T. (2012). A genetic playground for
enhancing grain number in cereals. Trends Plant Sci. 17, 91-101. doi: 10.1016/
j-tplants.2011.11.003

Whitechurch, E. M, Slafer, G. A., and Miralles, D. J. (2007). Variability in the
duration of stem elongation in wheat genotypes and sensitivity to photoperiod and
vernalization. J. Agron. Crop Sci. 193, 131-137. doi: 10.1111/j.1439-037X.2007.
00259.x

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis (New York:
Springer-Verlag). Available at: https://ggplot2.tidyverse.org, ISBN: .
Wych, R. D., and Rasmusson, D. C. (1983). Genetic improvement in malting

barley cultivars since 1920. Crop Sci. 23, 1037-1040. doi: 10.2135/cropscil983.
0011183X002300060004x

Xie, Q., Mayes, S., and Sparkes, D. L. (2016). Optimizing tiller production and
survival for grain yield improvement in a bread wheat x spelt mapping population.
Ann. Bot. 117, 51-66. doi: 10.1093/aob/mcv147

Zadoks, J. C., Chang, T. T., and Konzak, C. F. (1974). A decimal code for the
growth stages of cereals. Weed Res. 14, 415-421. doi: 10.1111/j.1365-3180.1974.
tb01084.x

frontiersin.org


https://doi.org/10.1007/BF00027056
https://doi.org/10.1071/A96020
https://doi.org/10.1016/0378-4290(88)90004-4
https://doi.org/10.1016/0378-4290(88)90004-4
https://doi.org/10.1051/agro:19850301
https://doi.org/10.2135/cropsci1983.0011183X002300050030x
https://doi.org/10.1111/j.1744-7348.1989.tb03393.x
https://doi.org/10.2135/cropsci1989.0011183X002900020037x
https://doi.org/10.2135/cropsci1989.0011183X002900020037x
https://doi.org/10.1111/j.1439-0523.1987.tb01184.x
https://doi.org/10.1071/PP00021
https://doi.org/10.1111/j.1439-0523.1998.tb02202.x
https://doi.org/10.1093/oxfordjournals.aob.a085812
https://doi.org/10.1093/jxb/erp016
https://doi.org/10.1111/j.1744-7348.2005.03100.x
https://doi.org/10.1017/S0021859600036935
https://doi.org/10.1017/S0021859600036935
https://doi.org/10.1590/S0100-204X2007000600008
https://doi.org/10.1590/S0100-204X2007000600008
https://doi.org/10.4236/as.2020.114025
https://doi.org/10.1016/0378-4290(89)90041-5
https://doi.org/10.1016/0378-4290(89)90041-5
https://doi.org/10.1023/A:1017535632171
https://doi.org/10.1016/0378-4290(93)90073-V
https://doi.org/10.1071/PP9940393
https://doi.org/10.1071/PP9940393
https://doi.org/10.1016/0378-4290(95)00077-1
https://doi.org/10.1016/j.tplants.2011.11.003
https://doi.org/10.1016/j.tplants.2011.11.003
https://doi.org/10.1111/j.1439-037X.2007.00259.x
https://doi.org/10.1111/j.1439-037X.2007.00259.x
https://ggplot2.tidyverse.org
https://doi.org/10.2135/cropsci1983.0011183X002300060004x
https://doi.org/10.2135/cropsci1983.0011183X002300060004x
https://doi.org/10.1093/aob/mcv147
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.1111/j.1365-3180.1974.tb01084.x
https://doi.org/10.3389/fpls.2022.1032243
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Improvement in Brazilian barley breeding: Changes in developmental phases and ecophysiological traits
	Introduction
	Material and methods
	General conditions and experimental design
	Measurements

	Results
	Duration of phenological phases
	Final leaf number and phyllochron
	Leaf area index and tillering
	Interception of radiation
	Developmental stages

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


