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Abstract. In small-grain cereals, grain yield is closely associated with grain number. Improved spikelet survival is an
important trait for increasing grain yield. We investigated spikelet number, spikelet survival and yield-related traits under
greenhouse conditions, and pot- and soil-grown field conditions. Thirty-two spring barley (Hordeum vulgare L.) accessions
(14 two- and 18 six-rowed accessions) were manually dissected to determine spikelet/floret number on the main culm spike
(SNS) at awn primordium (AP), tipping (TIP), heading and anther extrusion. We observed a significant difference between
two- and six-rowed barley for SNS and spikelet survival at all stages and growing conditions. Both traits were highly
genetically controlled, with repeatability and broad-sense heritability values of 0.74-0.93. The rate of spikelet survival
from AP to harvest was higher in two- (~70%) than in six-rowed (~58%) barley. Spikelet abortion, starting immediately
after AP, was negatively affected by increased SNS and the thermal time required to reach the AP stage. The largest
proportion of spikelet reduction happened during the AP-TIP phase, which was the most critical period for spikelet
survival. The duration between AP and the end of stem elongation correlated better with spikelet survival and yield-related
characters than the estimated duration of stem elongation using leaf height measurements. Our observations indicate that
the main spike plays an important role in single-plant grain yield. Extending the length of the critical AP-TIP phase is
promising for improving yield through increased spikelet development and survival. The results also demonstrate that

greenhouse conditions are appropriate for studying traits such as phase duration and spikelet survival in barley.
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Introduction

Barley (Hordeum vulgare L.) is considered to be the fourth most
important cereal food crop in the world (Food and Agriculture
Organisation 2012), largely due to its exceptional adaptations
towards growing in a variety of different environmental
conditions. The barley spike possesses three single-flowered
spikelets (one central and two lateral spikelets) at each rachis
internode (Forster et al. 2007). Based on the fertility of the
lateral spikelets, barley has been classified into two different
row types, namely the two- and six-rowed barleys. All three
spikelets are fertile in six-rowed barley, but the two lateral
spikelets are sterile in two-rowed barley (Bonnett 1966). The
difference in lateral spikelet fertility between the two germplasm
pools is one of the major factors determining barley yield
potential.

Improved grain yield is amajor objective of crop breeding, and
a promising avenue for maximising yield is through improved
spikelet survival. Several researchers have considered the pre-
anthesis development phase as a target for improving yield
potential (Appleyard er al. 1982; Kitchen and Rasmusson
1983; Borras et al. 2009). However, little is known about
spikelet survival and its role in improving grain yield. Crop
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breeding programs have focussed intensively on final grain
yield directly rather than improving other yield components
such as spikelet survival. In barley, the number of spikelets
per spike at the awn primordium (AP) stage represents the
maximum yield potential per spike (Riggs and Kirby 1978;
Waddington et al. 1983; Kirby and Appleyard 1987; Kernich
et al. 1997). Moreover, the maximum number of spikelet or
floret primordia in wheat (Triticum aestivum L.) is genetically
controlled (Kirby et al. 1989; Gonzalez et al. 2003). Six-rowed
barley has more fertile spikelet/floret primordia per spike at the
AP stage than two-rowed barley does (Whingwiri and Stern 1982;
Kirby and Appleyard 1987; Kernich et al. 1997; Miralles et al.
2000; del Moral et al. 2002; Arisnabarreta and Miralles 2006) and
variation in the number of spikelets per spike at AP is higher in
six-rowed barley (Kitchen and Rasmusson 1983; Kernich et al.
1997).

Several studies have postulated that the differences in spikelet
mortality between two- and six-rowed barley arise as a result
of competition for assimilates (Kirby 1988; Arisnabarreta and
Miralles 2004), competition between spikelets per spike
(Appleyard et al. 1982) or the position of spikelets within the
spike (Arisnabarreta and Miralles 2006). Spikelet abortion is
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generally higher in six-rowed barleys (Frank ez al. 1992; Kernich
et al. 1997; Arisnabarreta and Miralles 2004; Arisnabarreta and
Miralles 2006) because they possess more fertile spikelet
primordia per spike (Whingwiri and Stern 1982; Kirby and
Appleyard 1987; Kernich et al. 1997; Miralles et al. 2000; del
Moral et al. 2002; Arisnabarreta and Miralles 2006). However,
no focussed research has been performed to identify the causes
of spikelet and floret survival from AP to harvest in both row
type classes of barley.

In barley, the pre-anthesis developmental phases include the
vegetative phase (leaf initiation), the early reproductive phase
(spikelet or floret initiation; from the double ridge to AP) and the
late reproductive phase (spike growth and development; from AP
to anthesis) (Appleyard et al. 1982; Kirby and Appleyard 1987;
Slafer and Rawson 1994; Sreenivasulu and Schnurbusch 2012).
Variation in the duration of the pre-anthesis developmental
phases and morphological changes, particularly during the late
reproductive phase, have been reported (Appleyard et al. 1982;
Kitchen and Rasmusson 1983; Kernich et al. 1995h; Kernich
et al. 1997). The duration of these phases is affected by
environmental conditions such as temperature, photoperiod
and vernalisation, but also by genotypic differences among
barley varieties (Appleyard et al. 1982; Kernich et al. 1995q;
Kernich et al. 1997). Increasing the duration between the triple
mound stage (when the spikelet ridge part of the double ridge has
differentiated into three distinct bumps or mounds (Kirby and
Appleyard 1987)) and heading time (HD) may increase barley
grain yield through higher spikelet fertility (Miralles ez al. 2000).
In barley and wheat, stem elongation (SE) appeared to be the
critical period for determining spikelet survival (Cottrell et al.
1985; Gonzalez et al. 2003) and extending its duration has been
proposed as an appropriate way for increasing grain yield
(Miralles et al. 2000). Therefore a more complete
understanding of the genetic constitution of these pre-anthesis
phases could help breeders in improving grain yield (del Moral
et al. 2002).

In this study, we investigated spikelet survival from the
standpoint of developing a more detailed description of the
later reproductive phases in barley and their specific influences
on fertility. We sought to identify a subphase in which the
majority of spikelets were aborted and to estimate the broad-
sense heritability of this trait. Finally, we examined differences
in spikelet survival between two- and six-rowed barleys as well
as in plants growing in different environments (greenhouse vs.
field). In our study of spikelet fertility in the context of later
reproductive development, we used 32 diverse spring barley
accessions to address the following specific objectives: (i) to
quantify spikelet number per main culm spike (SNS) at several
stages during the late reproductive phase (from AP to anther
extrusion (AE)) and to determine spikelet survival in individual
subphases; (ii) to measure yield, yield components and the
contribution of the main spike to single-plant yield; (iii) to
estimate the genetic basis for these traits by calculating their
repeatability or broad-sense heritability; and (iv) to correlate the
onset of SE and the late reproductive subphases with spikelet
survival in barley.

Analyses of these traits in 32 accessions under greenhouse
and field conditions showed that spikelet survival in barley is
highly genetically controlled. We narrowed down the critical
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growing period in which most spikelet abortion occurred and
found that most of the reductions consistently happened
during the first subphase of the late reproductive phase, from
AP to tipping (TIP), regardless of different growing conditions.
These findings may help breeders to maximise barley
grain yield by focussing on this critical period of grain
development.

Materials and methods
Plant materials and experimental conditions

The study was conducted at the Leibniz Institute of Plant
Genetics and Crop Plant Research (IPK), Gatersleben, Germany.
Three growing conditions were used during this study: (i)
greenhouse, with planting into pots in controlled conditions;
(i) field planting into pots and (iii) field planting into soil.
Temperature, rainfall and humidity data for the field and
greenhouse conditions are presented in Table 1. Seeds for each of
the three growing conditions were planted on the same date (1st
of April 2012) and each condition was represented as a set of
32 spring barley (Hordeum vulgare L.) accessions comprising
a worldwide collection of 14 two-rowed and 18 six-rowed
accessions (see Table 2). Thirty plants per accession were
planted in each growing condition, resulting in a total of
960 barley plants. Agricultural practices were performed as
recommended, including pest, disease and weed control.

For the greehouse experiment (long days, 16 h: 8 h day : night
and ~20°C: ~16°C day : night), seeds were germinated in trays
and seedlings were grown for 10 days until they reached the two-
to three-leaf stage. Seedlings were then exposed to vernalisation
at ~4°C for a period of 28 days. Seedlings were subsequently
hardened for a period of 7 days to gradually acclimatise the
plants under 12h:12h and ~14°C:~12°C for day : night and
temperature, respectively. Plants were transplanted into 0.5-L
pots (one plant per pot; 9 x 9 cm pot diameter and height) and
grown in potting substrate (peatmoss fertilised with
14:16:18N:P:K) under long-day conditions (16h:8h
light : dark and ~20°C : ~16°C). Plants were irrigated daily and
each 0.5-L pot was fertilised with 1.5g (17:11:10N:P:K)
fertiliser to avoid nutritional deficiencies. Supplemental light

Table 1. Monthly average temperature (°C), precipitation (mm) and
relative humidity (%) in the field and greenhouse during the 2012
growing season at Leibniz Institute of Plant Genetics and Crop Plant
Research
Planting date for all growing conditions was 1 April 2012. Greenhouse-grown
plants were maintained forl0 days at 20°C for germination, for 28 days at
4°C for vernalisation, for 7 days at 14°C for hardening and under normal
greenhouse growing conditions at 20 £ 1°C until harvest

Month Field Greenhouse
Temperature Rainfall ~ Relative = Temperature  Relative
°C) (mm) humidity (%) °C) humidity (%)

April 8.8 17.4 75.8 9.3 72.9
May 15.0 48.7 73.0 14.3 71.7
Jun 15.6 72.4 80.3 18.8 77.2
July 18.1 93.4 78.7 19.7 75.9
August 18.7 38.1 75.3 20.0 72.6
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Table 2. Spring barley accessions used in this study
No. Name Germplasm status Origin Name Germplasm status Origin
Six-rowed Two-rowed
1 BCC1453 Cultivar Finland BCC1497 Landrace Kyrgyzstan
2 HOR2835 Landrace Iran BCCl1541 Cultivar Yugoslavia
3 BCC149%4 Landrace Kazakhstan BCC869 Cultivar Mexico
4 BCC579 Cultivar India HORS8006 Landrace Turkey
5 BCC219 Landrace Tajikistan Barke Cultivar Germany
6 BCC447 Cultivar China BCC1566 Landrace Greece
7 BCC719 Cultivar Korea BCC1589 Landrace Italy
8 Morex Cultivar USA Triumph Cultivar Germany
9 BCC814 Breeder line USA BCC801 Cultivar Canada
10 BCC818 Cultivar USA Proctor Cultivar UK
11 BCC718 Cultivar Korea BCC1370 Cultivar France
12 BCC551 Cultivar India BCC1371 Cultivar France
13 BCC577 Cultivar India BCC903 Landrace Afghanistan
14 BCC888 Cultivar Canada Weeah Cultivar Australia
15 BCC942 Cultivar USA
16 BCC875 Cultivar USA
17 BCC921 Cultivar Colombia
18 BCC868 Breeder line Mexico

(~300mEm s ' PAR) was used to extend the natural light with
low-intensity incandescent lamps (Philips son-t agro 400 w).
Randomisation of pots was conducted three times per week to
minimise border and temperature gradient effects on growth and
development.

For pot-grown plants in the field, seeds were directly planted
into identical 0.5-L pots. Plants were grown in potting substrate
and fertilised as above. Plants were manually irrigated when
required.

For soil-grown plants in the field, seeds were planted directly
into silty loam soil (10 plants per row; rows were 50 cm long with
20-cm spacing between rows). Three rows for each accession
were randomly distributed and 15g of fertiliser per row
(17:11:10N:P:K) was applied. Plants were manually
irrigated when required.

Phenotyping and data recording

Data were collected at five developmental stages: AP (Z 31-33,
this stage is reached when the tip of the lemma starts to grow
and curves over the stamen primordia (maximum yield
potential) (Kirby and Appleyard 1987)), TIP (Z49, first
awns visible from the flag leaf sheath), heading (HD,Z55,
the inflorescence has half emerged from the flag leaf sheath),
AE (Z65, the spikes have anthers extruded) and physiological
maturity (292, yellow spike) (Zadoks et al. 1974). The time for
each stage was recorded when at least 50% of the main culm
spike in each accession had reached this stage. Growing
degree days (GDD) or thermal time was used to identify the
required temperature for each stage and the base temperature
was set to 0°C.

Initially, three plants per accession were randomly selected
and tagged when the youngest leaf (i.e. the top leaf) on the
main culm had initiated (Kiss et al. 2011). Estimations of the
onset, length and end of SE were calculated by measuring
the height of the youngest fully developed leaf (the distance

between the soil surface and the youngest leaf) eight times.
These measurements started from Z20 (main shoot only) and
continued to Z69 (anthesis completed) (Zadoks ez al. 1974) and
are expressed as thermal time as well as the number of days.
SE started to occur when the distance between the soil surface
and the youngest leaf increased; SE reached an end when this
distance stopped changing. To identify the critical duration for
spikelet survival, SE was calculated in two different ways: (1)
the estimated onset of SE (based on leaf height) to the end of
SE, and (2) from AP to the end of SE. Correlations with grain
yield, yield components and spikelet survival using both
methods were calculated.

During the first four developmental stages (AP, TIP, HD and
AE), three plants per accession were randomly selected to
determine each stage and the number of spikelet primordia or
spikelets on each main culm. To determine the AP stage
accurately, immature barley inflorescences were prepared for
microscopic dissection and image capture (Stereo Microscope
Stemi 2000-C with KL 1500 LCD; Axio Vision, 4.8.2, ZEISS
Germany) to count the number of spikelet primordia from each
main culm. To identify the exact timing for the AP stage (Kirby
and Appleyard 1987), regular dissection of the main culm apex
had to be performed in each accession three times per week.
Floral primordia were counted along the spike to score the
maximum SNS.

The number of spikelets was counted at each stage to deduce
the changes in SNS. For each sample, main spike dry weight
(MSDW) and tiller numbers were also recorded. At each stage,
SNS and its relation to GDD was calculated to identify the
importance of GDD in spikelet survival between different
stages. Spikelet survival was calculated based on the total
number of spikelets (both sterile and fertile) and spikelet
fertility was calculated based on the yield of fertile grain at
harvest. The equations for spikelet survival and fertility are
shown in Eqns 1 and 2:
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spikelets,

x 100,

(1)

where x is a specific stage, and x — 1, x — 2... x — n are stages
prior to x. For example, if x is harvest then x — 1 is AP and x — 2
is TIP.

kelet ival =
spikelet survival(%) developed spikelets, | 7. y—n

. . grain at harvest
kelet fertil = 100.
spikelet fertility (70 developed spikelets at HD x
(2)

Yield and yield components

Six plants per accession were randomly harvested by hand to
determine biological yield (BY), which was expressed as the total
weight of air-dried aboveground tissue. Single-plant grain yield
and yield components were measured by counting the number of
grains per main spike (SNS) and per plant (GNP), and total grain
weight per main spike (GWS) and per plant (GWP) following
hand threshing. Harvest index (HI) per plant was measured as the
ratio of grain weight per plant to BY per plant multiplied by a
factor of 100. Main spike harvest index (MSHI) was measured as
the ratio of GWS to BY per plant. The ratio of MSHI to total HI of
each plant was measured to identify the contribution of the main
spike towards grain yield. The spike fertility index (SFI) was
calculated as the ratio between the number of grains per gram of
the main culm spike (GNS) to the dry weight of the main culm
spike chaff (non-grain biomass of the spike) at harvest (grains
g ). The grain weight of 1000 grains (1000-grain weight or
TGW) was measured at harvest.

Statistical analyses

Each growing condition had a completely randomised design
with three replications for each stage and six replications for
single-plant yield and yield components. The collected data were
analysed using SAS for Windows ver. 9.3 SAS Institute Inc.,
Cary, NC, USA at the probability level P < 0.05. Student’s 7-test
was used to compare between row types (i.e. two- and six-rowed)
from the same growing condition, and Fisher’s LSD was used to
compare row types across growing conditions. Phenotypic
correlation analyses (Pearson) among row types and growing
conditions were calculated using PROC CORR (SAS 2012). The
repeatability of individual traits was calculated for each row type,
with growing condition and broad-sense heritability across
growing conditions as the ratio between genetic and the
phenotypic variance components (PROC VARCOMP; SAS
Institute Inc.). Multivariate analysis was performed by
principal component analysis (PCA; biplot) to interpret and
summarise the major pattern of variation among growing
conditions by accessions by heading date, yield and yield
components (main culm spike and single plant). PCA is an
indicator ordination tool for obtaining multivariate data that
can be explored visually in a two-dimensional PCA correlation
biplot. PCA was calculated based on accession means for each
trait under each growing condition to study the inter-relationships
among the components using GENsTAT for Windows ver. 16 (VSN
International, Hemel Hempstead, UK).
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Results
Comparisons among growing conditions

To verify whether greenhouse conditions can be used to study
spikelet survival and related traits of interest, we performed a
correlation analysis of growing conditions for spike-related traits
with data obtained from both greenhouse-grown and field-grown
plants. Correlations among growing conditions for thermal time,
heading date, spikelet number and spikelet survival per main
spike showed significant to extremely robust correlations ranging
from 0.62t0 0.98 (Fig. 1). The highest correlation among different
growing conditions was observed for thermal time from sowing to
physiological maturity (r>0.95), whereby the strongest
correlation was observed between soil-grown and pot-grown
field plants (»=0.98). Correlations among growing conditions
were r>0.89 for SNS (from AP to harvest) and »>0.83 for
heading date. Moreover, soil-grown and pot-grown field plants
had the strongest correlations among the growing conditions
(r=0.87 and »=0.94 for SNS and heading date, respectively).
However, spikelet survival had the lowest correlation among
different growing conditions and ranged from 0.62 (soil vs.
greenhouse) to 0.72 (soil vs. pot). For the four traits analysed,
a general trend was apparent, showing slightly higher correlations
between soil-grown and pot-grown field plants and slightly lower
correlations between soil-grown field plants and greenhouse-
grown plants. To validate results from the correlation analyses,
we also performed multivariate analysis of the 32 barley
accessions using PCA (Fig. 2). The PCA analysis was used to
examine whether growing conditions had any effects on plant
development, yield and yield components. Based upon PCA 1
and PCA 2, two groups could be clearly identified due to their
differences in row type (two- and six-rowed barleys). In each row
type group, accessions from different growing conditions clearly
overlapped with no further clustering, suggesting that row type
differences explained most of the observed variation in these
experiments.

Thermal time to reach developmental stages,
subphases and SE

Comparisons of thermal time to reach different developmental
stages in two- and six-rowed barley under the same growing
condition yielded no significant differences between the row type
classes (P < 0.05; Fig. 3a). The duration from sowing to reach
each developmental stage was significantly longer in both row
type classes under greenhouse conditions compared with pot-
grown and soil-grown field plants (Fig. 3a). Regardless of row
type, the pot-grown field plants showed the most rapid
development in all stages before AE. In two-rowed barley, the
duration of developmental stages was significantly different
among growing conditions at AP, TIP and HD (Fig. 3a). Very
similar trends were found for the six-rowed barley results at all
stages at P < 0.05 (Fig. 3a). The duration between AP and TIP
was the longest reproductive subphase in comparison to GDD
between TIP and HD, and between HD and AE under all growing
conditions and row types (Fig. 3b). The shortest reproductive
subphases for both row type classes was in pot-grown field plants
in the AP-TIP and TIP-HD stages. However, soil-grown field
plants had the shortest duration between HD and AE (Fig. 30).
Generally, there was no significant difference between two- and
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Fig. 1.

Correlation analysis for all barley accessions across stages and different growing conditions: (a, d, g, j) soil versus pots; (b, e, h, k) soil versus

greenhouse; (¢, f, 7, /) pots versus greenhouse in (a, b, ¢) thermal time (°C x days) during the period between the awn primordium (AP) stage to physiological
maturity (PM) (n=160); (d, e, f) heading date (HD) (n=32); (g, 4, i) spikelet/grain number per main spike during the period between AP and harvest (Hrv)
(n=160) and (j, k, /) spikelet survival (% per main spike) at AP, tipping, HD, anther extrusion and Hrv (n=160).
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Fig.2. Principal component analysis biplot based on phenotypic data for different growing conditions by accessions by yield
and yield components (single plant and main culm spike) and heading date. n =54 (18 x 3 replicates) in six-rowed and n =42

(14 x 3 replicastes) in two-rowed barley.

six-rowed barley in terms of the duration of the subphases in
plants growing under the same conditions.

Differences between both row types for the onset of SE, AP,
the end of SE and the duration of SE in the same growing
conditions were not significant (Fig. 3c¢). Spikes from
greenhouse-grown plants required more thermal time to reach
each stage than plants under pot- and soil-grown field conditions.
There were no significant differences between the onset of SE and
AP in both row type classes under field conditions but
differences of 124 GDD and 161 GDD in two- and six-rowed
barleys were observed under greenhouse conditions (Fig. 3¢). SE
halted approximately at the HD stage under all growing
conditions. The duration from the onset to the end of SE and
from AP to the end of SE was significantly longer under
greenhouse conditions compared with pot- and soil-grown
field conditions.

The correlations of the duration between the estimated onset
of SE (based on leaf height measurements) to the end of SE
and AP to the end of SE (GDD) with spikelet survival and
yield components traits were calculated for all growing
conditions. The correlations for GNS at harvest, spikelet
survival from AP to harvest, MSDW at HD, GWS, GNP
and GWP ranged from 0.11 to 0.82 for the estimated onset
of SE to the end of SE (Table 3). A very similar range of

correlations was obtained for the duration from AP to the end
of SE (0.16 to 0.88) for both row types under all growing
conditions (Table 3). However, the correlation was higher for
spikelet survival in AP to the end of SE (»=0.68 for two- and
six-rowed barley under greenhouse and field-grown pot
conditions) than the duration from the estimated onset (leaf
height measurement) to the end of SE (»=0.58 for six-rowed
barley under field-grown pot conditions). For MSDW at HD,
the highest correlation was for the two-rowed barley under
greenhouse conditions (r=0.75 for AP to end of SE and
r=0.73 for the onset to the end of SE). The highest
correlation value for GWS was obtained from two-rowed
barley under pot-grown conditions (»=0.87 for AP to the
end of SE compared with »=0.82 for the estimated onset to
the end of SE). For GNP, the correlation between the duration
of AP to the end of SE was higher than the correlation
between the duration of the estimated onset to the end of
SE (r=0.71 and »=0.65, respectively). For GWP, the highest
correlation (»=0.68) was observed for the duration of AP to
the end of SE compared with the onset to the end of SE
(r=0.57). There was a trend of higher correlations with
spikelet survival and yield traits with the duration starting

from AP compared with the estimated onset of SE (based
upon leaf height).
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Fig. 3. Thermal time for different developmental stages and phases. (¢) Thermal time from sowing to the
beginning of awn primordium (AP), tipping, heading, anther extrusion and physiological maturity stages;
(b) thermal time of the duration between subphases. (¢) Thermal time of the onset of stem elongation (SE),
AP, the end of SE, and the duration from the onset of SE and AP to the end of SE. Small and capital letters
differentiate between two-rowed and six-rowed barley separately at each stage. Among growing conditions, at each
stage, the same letters for each row type are not significantly different at P < 0.05 according to LSD. Error bars
indicate s.d. (n=14 and 18 for two- and six-rowed barleys, respectively).

SNS, spikelet survival and fertility

Under all growing conditions, there were highly significant
differences (P <0.001) between both row type classes for
SNS and spikelet survival. Across the three growing

conditions, six-rowed barley generally had significantly higher
SNS at all stages compared with two-rowed barley (Table 4). In
all growing conditions, two-rowed barley had similar numbers
of spikelet primordia at the AP stage, but showed a strong decline
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Table 3. Correlation analysis of durations (in growing degree days) from the estimated onset of stem elongation (based on leaf height measurements
(Kiss et al. 2011) and awn primordium (AP) to the end of stem elongation (SE) with some yield and yield components traits

Thirty-two barley accessions (two-rowed n = 14; six-rowed n = 18) were grown in a greenhouse as well as under field conditions (pots and soil). HD, heading date

Yield components Onset—end SE AP-end SE
GH Pots Soil GH Pots Soil

Two- Six- Two- Six- Two- Six- Two- Six- Two- Six- Two- Six-

rowed rowed rowed rowed rowed rowed rowed rowed rowed rowed rowed rowed
Grain number per main spike at harvest ~ 0.62 0.24 0.70 0.57 0.80 0.34 0.80 0.52 0.78 0.40 0.88 0.58
Spikelet survival (%) AP to harvest 0.48 0.20 0.41 0.58 0.18 0.31 0.68 0.40 0.58 0.68 0.51 0.39
MSDW (HD) 0.73 0.55 0.61 0.58 0.61 0.62 0.75 0.62 0.46 0.60 0.70 0.71
Grain weight per main spike (g) 0.67 0.43 0.82 0.38 0.75 0.11 0.76 0.38 0.87 0.39 0.79 0.16
Grain number per plant 0.64 0.52 0.45 0.55 0.65 0.26 0.71 0.47 0.50 0.53 0.70 0.37
Grain weight per plant (g) 0.44 0.35 0.25 0.35 0.57 0.27 0.62 0.49 0.36 0.38 0.68 0.40

Table 4. Spikelet and grain number per main spike (SNS and GNS) at different developmental stages, and spikelet survival for two- and six-rowed
barley under three growing conditions
All plants were sown on 1 April 2012 in the greenhouse as well as in the field. Spikelet survival was calculated based on the total number of spikelets (sterile and
fertile) and spikelet fertility was calculated based on the number of fertile grains at harvest (Hrv). Repeatability (REP) and broad-sense heritability (H?) are for each
row type in each growing condition and overall growing conditions respectively. Small and capital letters are to compare among growing conditions within two-
and six-rowed barleys, respectively. Identical letters in each column indicate no significant difference at = 0.05 according to the LSD test. AP, awn primordium;
TIP, tipping; HD, heading date; AE, anther extrusion

SNS GNS Spikelet survival% Spikelet fertility%

AP TIP HD AE Hrv AP-TIP AP-Hrv HD-Hrv
Greenhouse
Two-rowed 34a 23¢ 23¢ 22¢ 2lc 69b 62b 91.4a
REP 0.91 0.84 0.92 0.85 0.84 0.97 0.80 0.86
Six-rowed 91A 55B 48C 46C 44B 59C 43B 91.6B
REP 0.99 0.99 0.95 0.90 0.80 0.99 0.70 0.74
P-value® Hok wkok Hkok Hokk Ak sk sk s
Field-grown in pots
Two-rowed 3la 25b 25b 24b 23b 8la 74a 92.0a
REP 0.97 0.92 0.93 0.89 0.93 0.99 0.79 0.86
Six-rowed 82C 55B 55B 54B 52A 67B 63A 94.5A
REP 0.94 0.98 0.98 0.93 0.95 0.92 0.73 0.88
P-value wkk P P sk P sk ®kk ns
Field-grown in soil
Two-rowed 33a 28a 28a 26a 25a 85a 76a 89.2b
REP 0.95 0.97 0.94 0.90 0.86 0.88 0.71 0.76
Six-rowed 87B 62A 62A 61A 56A T1A 64A 90.3B
REP 0.87 0.92 0.95 0.75 0.77 0.89 0.74 0.74
P-value sk ®k % Kk Hkok k% ek sk s
Two-rowed (H?) 0.93 0.84 0.75 0.75 0.78 0.79 0.78 0.68
Six-rowed (H?) 0.84 0.84 0.74 0.76 0.78 0.81 0.80 0.66

AP-value: Represents a comparison between two- (n = 14) and six-rowed (n = 18) barley in the same growing condition by Student’s #-test. *** denotes a highly
significant difference at P<0.001 and ns denotes not statistically significant at P < 0.05.

in SNS from AP to TIP. After this developmental period, only a
gradual reduction of SNS was observed. Significant differences
for the highest SNS among growing conditions were found after
AP in soil-grown field plants, followed by pot-grown field plants
and greenhouse-grown plants (Table 4). In six-rowed barley,
greenhouse-grown plants had the highest yield potential
measured as SNS at AP. The reduction in SNS between AP
and TIP was evident under greenhouse conditions, but at TIP, the
spikes from greenhouse-grown plants and pot-grown field plants
displayed the same number of spikelets (Table 4). Consequently,

spikelet reduction mostly occurred from AP to TIP in both row
type classes under all growing conditions, with the highest
relative reduction occurring in greenhouse-grown plants
(Table 4). Two-rowed barley had significantly higher spikelet
survival than six-rowed barley at all stages and in all growing
conditions (Table 4). Spikelet survival from AP to TIP in two-
rowed barley was significantly higher in soil-grown and pot-
grown field plants than in GH-grown plants. A higher spikelet
survival rate was observed in six-rowed barley from AP-TIP in
soil-grown field plants, followed by pot-grown field plants and
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greenhouse-grown plants (Table 4). In comparisons across
all stages, spikelet survival in two- and six-rowed barley in
soil-grown and pot-grown field plants was significantly higher
than in greenhouse-grown plants (Table 4). There was no
significant difference between two- and six-rowed barley in
spikelet fertility in plants growing under the same conditions.
Spikelet fertility from HD to harvest was significantly lower in
soil-grown field plants than in pot-grown field and greenhouse-
grown plants (Table 4). Notably, the repeatability and broad-
sense heritability values for SNS and spikelet survival ranged
from 0.70 to 0.99, indicating that these traits are highly heritable
under all growing conditions (Table 4).

Grain yield and major yield components per plant

Analysis of yield and yield components obtained from main
culm spikes and single plants showed that there are significant
differences among row type classes and growing conditions.
GWS and grain weight per plant (GWP) were significantly
different for row-types in the different growing conditions
(Table 5). Six-rowed spikes had significantly higher GWS
than two-rowed spikes under all growing conditions. In
contrast, two-rowed barley had significantly higher GWP in
pot- and soil-grown field plants. GWS and GWP in greenhouse-
grown plants were significantly lower than that in pot- and soil-
grown field plants. In general, GNS and GNP were significantly
lower under greenhouse conditions (Tables 4 and 5).There were

Table 5.
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significant differences in tiller number per plant among row
types and growing conditions (Table 5). Two-rowed barley
produced significantly more tillers per plant (13.7 £5.2) than
six-rowed barley (8.043.5). Moreover, greenhouse-grown
plants had significantly fewer tillers per plant (4.2 £1.5)
compared with pot- (14.0 +4.1) and soil-grown field plants
(14.4 +3.9). There were significant differences among row type
and growing conditions for BY (Table 5). Average BY was
higher in two-rowed barley under all growing conditions
compared with six-rowed barley. Pot- and soil-grown field
plants generated a higher BY regardless of row type. The
lower BY in greenhouse-grown plants was mostly attributed
to fewer tillers, reduced grain number and reduced grain weight
(Table 5). There were significant differences between row types
and among growing conditions for HI. Generally, HI was higher
in greenhouse-grown plants than in pot- and soil-grown field
plants, and two-rowed barley had a higher HI than six-rowed
barley (Table 5). By using GNS, GWS and BY data, we found
that the MSHI and the ratio of MSHI to HI were higher in six-
rowed barley under all growing conditions, suggesting that the
six-rowed spike contributed more to single-plant yield than
MSHI for two-rowed barley. Furthermore, both traits were
higher in greenhouse-grown plants than in pot- and soil-
grown plants of both row types. Notably, GWS was the most
important contributor to increased HI, particularly under
greenhouse conditions. As a consequence of higher GNS in
six-rowed barley, SFI at harvest was significantly higher in

Grain yield and yield components per plant for two- and six-rowed barley under three growing conditions

All plants were sown on 1 April 2012 in the greenhouse as well as in the field. Repeatability (REP) and broad-sense heritability (H) are for each row type in each
growing condition and overall growing conditions, respectively. Small and capital letters are to compare among growing conditions within two- and six-rowed
barleys, respectively. Identical letters in each column indicate no significant difference at P < 0.05 according to the LSD test. P-value represents a comparison
between two- (n = 14) and six-rowed (n = 18) barley in the same growing condition by Student’s #-test. *, significant difference at P < 0.05; **, significant difference
at P<0.01; *** significant difference at P < 0.001; ns, not statistically significant at P < 0.05; GWS, total grain weight per main spike; GNP, number of grains per
plant; GWP, total grain weight per plant; BY, biological yield; HI, harvest index; MSHI, main spike harvest index; SFI, spike fertility index; total grain weight

Grain yield and yield components

GWS(g) GNP (@) GWP(g) Tillernumber BY (g) HI(%) MSHI(%) MSHI:HI SFI(grainsg') TGW (g)
Greenhouse
Two-rowed 0.91b 70c 3.0b 5.3b 9.7b 30.8b 10.7a 34.3a 61b 4.4b
REP 091 0.84 0.88 0.92 0.79 0.82 0.79 0.80 0.78 0.84
Six-rowed 1.64B 86B 3.5B 3.1B 9.2C 38.1A 18.3A 54.8A 89BC 3.8A
REP 0.92 0.85 0.76 0.87 0.78 0.71 0.67 0.79 0.75 0.81
P-value HEE ok * * * ns ok sk *x% *
Field-grown in pots
Two-rowed 1.18a 247a 10.2a 17.5a 27.3a 37.3a 4.6b 11.7b 83a 4.1b
REP 0.92 0.73 0.60 0.91 0.67 0.86 0.81 0.84 0.81 0.85
Six-rowed 1.56B 234A 5.8A 10.4A 20.1B 28.7B 9.5B 26.7C 132A 2.9B
REP 0.71 0.69 0.76 0.84 0.61 0.72 0.63 0.69 0.72 0.84
P-value *kk ns ®kk P k% *% k% *kk ®kk ®%
Field-grown in soil
Two-rowed 1.31a 217b 10.2a 18.3a 33.0a 30.8b 5.0b 17b 9la 4.7a
REP 0.78 0.60 0.60 0.88 0.62 0.71 0.75 0.60 0.75 0.83
Six-rowed 2.01A 191A 7.2A 10.5A 28.0A 25.6B 10.0B 42B 108B 3.8A
REP 0.88 0.71 0.64 0.90 0.70 0.62 0.64 0.61 0.74 0.82
P-value Hkok * Ak ok * ns ok Hkk ek sk
Two-rowed (H) 0.60 0.67 0.68 0.76 0.66 0.69 0.66 0.57 0.62 0.74

Six-rowed (H?) 0.70 0.59 0.61 0.65 0.65 0.59 0.65 0.75 0.69 0.76
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six-rowed barley under all growing conditions. Pot- and soil-
grown plants generally showed a higher SFI than greenhouse-
grown plants (Table 5). TGW was also significantly different
between row types (Table 5). Two-rowed barley produced
significantly higher TGW than six-rowed barley under all
growing conditions. The analysis of TGW among growing
conditions showed that in two-rowed barley, soil-grown
plants had significantly higher TGW compared with the other
growing conditions. In contrast, pot-grown plants showed
significantly lower TGW in six-rowed barley (Table 5).
Repeatability values for grain yield and yield components
were above 0.6 for each growing condition, but broad-sense
heritability values were smaller across growing conditions.

Discussion

This study supports the assertion that the maximum yield
potential in barley occurs at the AP stage (Kirby and
Appleyard 1987). Spikelet number declined after AP, resulting
in significant differences for spikelet survival and final GNS
between the two row type classes (Fig. 4). Moreover, in the
present study, we identified AP to TIP as being the most critical
subphase related to spikelet reduction and grain yield per main
spike (Fig. 4). The main culm spike also had a significant role
in improving yield potential. In addition, the duration between
AP and the end of SE showed better correlations with yield and
yield components than did the estimated onset of SE (leaf height
measurement).

Maximum yield potential and spikelet survival
in the two row type classes

In this study, we examined the degree of variation in spikelet
survival during spike development in different barley row types
and determined its repeatability and broad-sense heritability
under different growing conditions. In both row type classes,
the mortality of the spikelet primordia started with the onset of
fast stem and spike growth under all conditions and lasted until
HD, and this finding is consistent with the findings of other
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groups (Kirby 1988; Miralles et al. 2000; Arisnabarreta and
Miralles 2006). Regardless of the specific growing condition,
we found that from all initiated spikelets, ~70% and 58% of
spikelets survived in two-rowed and six-rowed barley,
respectively. Therefore, six-rowed barley had higher spikelet
mortality than two-rowed barley. Arisnabarreta and Miralles
(2006) reported slightly lower spikelet survival in near
isogenic lines of two- and six-rowed barley (63% and 44%) in
comparison to the present study. Several groups have suggested
reasons for the differences in spikelet survival observed between
two- and six-rowed barley. For example, six-rowed barley
possesses a greater number of potentially fertile spikelet
primordia compared with two-rowed barley at the AP stage.
Because of the greater sink size and competition among
spikelets within a spike, the majority of spikelet primordia are
aborted in six-rowed barley (Appleyard et al. 1982). Moreover,
Arisnabarreta and Miralles (2006) explained the differences
between barley row types with respect to spikelet survival
based on spikelet structure and position. These authors noted
that the smaller carpels in six-rowed barley may be a cause for
reduced spikelet survival. Moreover, they found that the reduced
synchrony among central, basal and apical spikelet primordia
explained higher spikelet survival in two-rowed barley. In wheat,
most of the floret abortion was observed in more distal spikelets
(Whingwiri and Stern 1982), possibly due to separated vascular
bundles between the rachis and distal spikelets (Hanif and
Langer 1972). We propose that similar mechanisms for higher
spikelet survival in two-rowed barley are at play in our study.

We also showed that the abortion of spikelets was more
pronounced under greenhouse conditions than in pot- and soil-
grown field plants. This observation could be explained by the
increased interval of time required to reach AP under greenhouse
conditions. This possibly resulted in a longer spike differentiation
phase and hence, in the production of more spikelet primordia.
An increase in the number of spikelet primordia or SNS under
greenhouse conditions may have led to increased within-spike
competition, which, in turn, resulted in a higher proportion of
aborted spikelets.

Vegetative Reproductive phase
phase Spikelet initiation ~ Spike growth and development Grain filling phase
£ Aborted spikelet
&
3
o
3
Q
=
o
]
S Developed spikelet to grain
E o Final grain number
yield potential X X
____________ . Spikelet survival
I Critical period I
----------- 4
Sowing Collar initiation Awn primordium Tipping Heading Anther extrusion Harvest

Fig. 4. General trend of spikelet numbers per spike with its relation to growing degree days GDD (stages).
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We demonstrated that spikelet survival was similar under
all growing conditions (environments) and that it is highly
genetically controlled. The high broad-sense heritability
suggests a promising unexplored opportunity to better
understand the genetic basis of spikelet survival in barley,
thereby opening up a new area of research for increasing yield
potential.

Effect of subphases on spike growth, development
and spikelet survival

The importance of strictly defining pre-anthesis phases for
improving the yield potential of barley has been previously
suggested (Ellis and Kirby 1980; Kitchen and Rasmusson
1983; del Moral et al. 2002). However, few studies have
explored the specific contribution of pre-anthesis subphases to
spikelet survival. In this study, we tested whether dividing
spike growth and development into subphases can reveal a
critical subphase that is important for spikelet mortality.
Miralles et al. (2000) reported that the period between the
triple mound and HD is important for yield in barley and
extending this period might effectively increase spikelet
fertility. Our analysis showed that the AP-TIP subphase is the
most critical period for spikelet survival, where more than two-
thirds of the reduction in spikelet number occurred, regardless
of the environment in which the plants were grown. This finding
further narrows down the critical spikelet survival phase to a very
precise interval contained within the longer phase reported by
Miralles et al. (2000). Our results, therefore, support the notion
that the period before HD is the most crucial for spikelet abortion
(Kernich et al. 1996). The causes for spikelet abortion are unclear,
but it is likely that the duration from AP toTIP is not sufficient to
allow most of the newly initiated spikelet primordia to become
fertile. The early phases of SE also coincide with spikelet
development, which possibly drains resources away from
developing and growing spikes. The duration between AP and
HD inbarley is sensitive to photoperiod. In some cases, main culm
spikelet primordia were aborted when plants were grown
under long days; this is likely to be due to the shortening of
the spikelet development period under long photoperiods
(Kernich et al. 1996). Our study was also conducted under
long-day conditions, suggesting that photoperiod contributed
to the higher spikelet abortion observed between the AP and
TIP stages of development.

Importance of the main culm spike in improving yield

The main culm spike in barley, which is formed earlier than
the secondary spikes, was the greatest contributor to single-plant
grain yield and is therefore a worthwhile target to improve
spikelet survival. The importance of the main culm spike in
single-plant grain yield lies in producing more and heavier
grains compared with spikes from side tillers in spring barley
(Cottrell et al. 1985). Due to wheat breeding programs over the
last 20 years, SNS and grain number per spikelet have been
improved by more than 30% through specific genetic gains in
grain number on the main spike (Sanchez-Garcia et al. 2013).
In our study, we tested the contribution of the main culm spike
using distinct parameters and found that yield from the main
culm spike, measured as MSHI or the ratio of MSHI to HI, is
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clearly higher in six-rowed barley than in two-rowed barley.
This observation is very probably due to the higher GNS, higher
GWS and lower number of spikes and tillers per plant in
six-rowed barley, resulting in a relatively higher MSHI.
From an agronomical point of view, both GNS and GWS were
highly correlated with GNP and GWP in all growing conditions.
Thus, improving single-plant grain yield through targeted
improvements of the main culm spike will be an important
future goal.

Start and duration of SE, and its correlation with yield
and yield components

One objective of the present study was to correlate yield
components with (i) the duration from AP to the end of SE
(the late reproductive phase) and (ii) the duration of the
estimated onset to the end of SE (based on leaf height Kiss
etal. (2011). A previously reported method to estimate the onset
of SE made use of the appearance of the first node on the stem
(Borras et al. 2009). However, Kiss et al. (2011) noted that this
method leads to an inflated interval between the first node’s
appearance and the onset of SE in spring barley. In our study, we
calculated that the estimated onset of SE occurred ~3—4 days
earlier than the average occurrence of AP across all row types
and different growing conditions. Positive correlations were
found between the duration of SE and all traits, including
spikelet survival (Table 3). The importance of SE for spikelet
survival and grain yield has been studied in small-grain cereals
(Fischer 2007; Miralles and Slafer 2007). Kernich et al. (1996)
reported that spikelet survival is negatively affected under long-
day conditions due to a shortened SE period, and this was also a
likely consideration in our study. As shown in Table 3, the
duration between AP to the end of SE had better correlations
than the length of time between the estimated onset to the end
of SE with spikelet survival and yield traits. Manipulating
vegetative and  reproductive  phases  independently,
particularly by extending the reproductive phase, is likely to
increase the number of fertile florets by increasing assimilate
acquisition by the spikes in barley and wheat (Slafer and
Rawson 1994; Kernich et al. 1996; Miralles et al. 2000). It
seems that this particular interval is most critical because the
survival of the initiated spikelets is determined during this
period, which, in turn, represents the final grain number.
Despite the importance of the duration of this phase (i.e. AP
to TIP), it has received little attention in the literature, probably
because this type of study requires high-quality microscopic
dissection of spikes.

Summary and conclusion

Our study of barley accessions grown in different environments
revealed that, firstly, maximum yield potential in both row types
was observed at the AP stage of development, and the difference
in spikelet survival between two-rowed and six-rowed barely is
significant. Secondly, spikelet abortion occurred at a rate of
~30% in two-rowed barley and 42% in six-rowed barley. The
majority of spikelet abortion occurred during the AP-TIP phase,
which coincides with SE. More than two-thirds (~72%) of all
aborted spikelets were aborted during this phase, emphasising
the importance of this phase for improving barley yield. Thirdly,
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the duration of the interval from AP to the end of SE is a better
indicator than the estimated onset to the end of SE duration for
spikelet survival and grain yield in barley. Fourth, the main culm
spike is a major contributor to single-plant yield, particularly
in six-rowed barley. Fifth, all of the growing conditions used
in this study were suitable for studying agronomical and
developmental traits such as flowering time, phase durations
and spikelet survival. Lastly, the results from this study also
indicated that spikelet survival in barley is highly genetically
controlled and an in-depth analysis of this trait is a worthwhile
target for increasing yield in barley.
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