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REGULAR PAPER

Evaluation of dry matter production and yield in early-sown wheat using
near-isogenic lines for the vernalization locus Vrn-D1
Hiroko Sawadaa, Hiromi Matsuyamaa, Hitoshi Matsunakab, Masaya Fujitac, Natsumi Okamuraa, Masako Sekia,
Hisayo Kojimac, Chikako Kiribuchi-Otobec, Toshiyuki Takayamad, Shunsuke Odae, Kazuhiro Nakamurab,
Tetsufumi Sakaib, Morio Matsuzakia and Kenji Katof

aNational Agriculture and Food Research Organization (NARO), Central Region Agricultural Research Center, Tsukuba, Japan; bNARO Kyushu-
Okinawa Agricultural Research Center, Chikugo, Japan; cNARO Institute of Crop Science, Tsukuba, Japan; dNARO Tohoku Agricultural
Research Center, Morioka, Japan; eNARO Hokkaido Agricultural Research Center, Memuro, Japan; fGraduate School of Environmental and
Life Science, Okayama University, Okayama, Japan

ABSTRACT
Wheat (Triticum aestivum L.) grain yield is predicted to decrease in the future because of an
increase in air temperature globally. To clarify the effects of the vernalization response gene in
wheat to warmer winters, we compared dry matter production and grain yield between spring
wheat ‘Asakazekomugi’ and its winter-type near-isogenic line (NIL) carrying different alleles of the
vernalization response gene Vrn-D1 under early-, standard-, and late-sowing conditions. Under
early-sowing conditions, dry matter production of the NIL carrying the winter allele of Vrn-D1,
named Asa (Vrn-D1b), exceeded that of ‘Asakazekomugi’ from mid-March (after stem elongation
in Asa (Vrn-D1b)) when the temperatures rose. Tiller number and leaf area index under early-
sowing conditions were consistently higher in Asa (Vrn-D1b) than in ‘Asakazekomugi’ from mid-
March onward. It was suggested that the early-sown ‘Asakazekomugi’ could not effectively
absorb solar radiation to produce dry matter because of the acceleration of stem elongation
caused by the Vrn-D1 gene during the cold season. The grain yield of Asa (Vrn-D1b) with early
sowing was higher than with standard sowing. In contrast, the grain yield of ‘Asakazekomugi’ was
lower in the early-sown crop than in the crop sown at the standard date. These results suggested
that the higher grain yield of Asa (Vrn-D1b) than that of ‘Asakazekomugi’ under early-sown
conditions could be due to Asa (Vrn-D1b) maintaining high dry matter production after the
jointing stage by suppressing acceleration of growth caused by warm conditions after sowing.

Abbreviations: CGR: crop growth rate; HI: harvest index; LAI: leaf area index; NIL: near-isogenic
line; SNP: single-nucleotide polymorphism
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1. Introduction

Climate change is expected to seriously affect wheat
(Triticum aestivum L.) production around the world in
the future. Global wheat production is estimated to fall
by 6% for each 1°C further temperature increase
(Asseng et al., 2015). In Japan, according to an analysis
of data collected over 45 years, the yield of wheat
variety ‘Norin 61’ decreased with increasing mean air
temperature before heading (Minoda, 2010). It is
expected that rising temperatures will accelerate phy-
siological development in wheat, such as time to joint-
ing (stem elongation) and heading, resulting in an
increased risk of frost injury to young spikes and
a decrease in dry matter production (Nakazono, 2010).

Winter wheat requires a period of low temperature
(‘vernalization’) to trigger the change from the vegetative

phase to reproductive development. Kakizaki and Suzuki
(1937) classified Japanese wheats into seven grades
(degree of growth habit: I–VII) according to their heading
behavior upon successive sowing from early spring to early
summer. Grade I corresponds to the extreme spring habit
and grade VII to the extreme winter habit. In the south-
western and central parts of Japan, early-maturing cultivars
mostly with spring-growth habit (grade I–III) have been
developed, to avoid the disease and preharvest sprouting
causedbymonsoon rain. However, spring-type cultivars are
prone to suffer frost injury, since the stemelongates actively
on the occasional warmdays during or beforewinter under
early-sowing condition. It has been suggested that winter-
type wheat can avoid frost injury to young spikes through
delayed ear primordia initiation and stem elongation in
warmer winters (Fujita, 1997; Fujita Taniguchi et al., 1995;
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Seki et al., 2007). In contrast, although winter-type wheat is
known to produce substantial numbers of tillers, drymatter
production and grain yield of winter-type wheat
‘Iwainodaichi’ were just slightly higher than or similar to
those of spring-type wheat ‘Chikugoizumi’ when both cul-
tivars were sown early in southwestern Japan (Fukushima,
Kusuda, & Furuhata, 2001). Thus, it is not clear how higher
temperatures, encountered under early-sowing conditions
or in warm winters, affect dry matter production and grain
yield in winter-type wheat.

The vernalization requirement is known to be controlled
by five genes (Vrn-A1, Vrn-B1, Vrn-D1, Vrn-D5, and Vrn-B3) in
wheat (Law & Wolfe, 1966; Pugsley, 1971, 1972; Yan et al.,
2006). Winter-type wheats carry recessive alleles at all these
loci. The Vrn genotype differs between areas, and Vrn-D1
has been identified as the main spring-habit gene in
Japanese wheat cultivars (Gotoh, 1979; Iwaki et al., 2000).
Moreover, the Vrn-D1 allele alone showed highest fre-
quency among combinations of dominant Vrn alleles (Vrn-
A1, -B1, -D1, and -B3) in major Chinese wheat cultivars
released since the 1960s (Zhang et al., 2008). Recently,
Zhang et al. (2012) have found a new winter allele which
differs from the dominant spring allele of Vrn-D1 by just
a single-nucleotide polymorphism (SNP) in the promoter
region. The authors designated the new allele as Vrn-D1b
and showed the lower expression of Vrn-D1 gene in the
homozygous genotype (Vrn-D1b/Vrn-D1b) compared with
the genotype (Vrn-D1a/Vrn-D1a, previously Vrn-D1). In
Japanesewinter-type cultivars, the same SNP in the promo-
ter region of Vrn-D1 has been identified (Takahashi et al.,
2013), and winter-type near-isogenic lines (NILs) without
dominant Vrn genes in previous studies by Fujita et al.
(1995) and Seki et al. (2007) have been observed as NILs
with homozygous Vrn-D1b.

Zhang et al. (2014) reported that the winter alleles (vrn-
A1vrn-B1vrn-D1) caused the latest flowering and the high-
est spikelet number per spike as compared to the other
genotypes such as vrn-A1vrn-B1Vrn-D1 in diverse environ-
ments, and high kernel number per spike and grain weight
inwell-watered environments.Moreover,Meng et al. (2016)
reported that the homozygous Vrn-D1b genotypes had
significantly higher grain yield than the homozygous vrn-
D1 genotypes in northern China. Thus, vernalization
response genes could be involved in the genetic control
of yield and yield components in wheat.

In a previous study, we showed that spike initiation in
spring-habit wheat cultivars with Vrn-D1a/Vrn-D1a
occurred much earlier than in its NILs (Vrn-D1b/Vrn-D1b),
under early-sowing conditions, where the average tem-
perature after sowingwas higher than that under standard-
sowing conditions (Matsuyama et al., 2017). We therefore
hypothesized that winter-type NILs carrying Vrn-D1b could
prevent the shortening of the vegetative growth period

caused by early spike development, and Vrn-D1a allele
could negatively affect dry matter production in wheat
under higher temperature conditions after sowing. In this
study, to clarify the effect of Vrn-D1 on dry matter produc-
tion and grain yield in wheat experiencing higher tempera-
ture conditions during the early growth stages, we
compared those traits between the spring wheat
‘Asakazekomugi’ carrying Vrn-D1a and its winter-type NIL
withVrn-D1b, namedAsa (Vrn-D1b), under early-, standard-,
and late-sowing conditions.

2. Materials and methods

2.1. Plant materials and field management

The early-maturing spring-habit ‘Asakazekomugi’ (growth
habit: II) carrying Vrn-D1a and its NIL with Vrn-D1b (pre-
viously vrn) (Asa (Vrn-D1b); growth habit: IV) developed by
backcrossing five times ‘Asakazekomugi’ as the recurrent
parent and a winter-habit cultivar ‘Ebisukomugi’ as nonre-
current parent (Fujita et al., 1995) were used in this study.

Field experiments were conducted in the 2015/2016
and 2016/2017 crop seasons in an upland field (light-
colored Andosol). The site was NARO Agricultural
Research Center located in central Japan (Ibaraki, 36°0′
N latitude, 140°0′ E longitude, 24 m altitude). The seeds
of ‘Asakazekomugi’ and Asa (Vrn-D1b) were sown on
15 October and 14 October 2015/2016 (early sowing);
17 November and 14 November 2015/2016 (standard
sowing); and 15 December and 13 December 2015/2016
(late sowing), respectively. A randomized complete block
designwith three replications was used in all experiments.
The plots were approximately 9.3 m2, each consisting of
eight rows 15 cm apart. The sowing rate was
180 seeds m−2. A chemical fertilizer (N:PO:KO = 14:14:14)
was applied at a rate of 4.0 g m−2 prior to sowing, and
ammonium sulfate was applied as a topdressing at a rate
of 4.0 gm−2 at the jointing stage inboth years. The jointing
stage was defined as the stage at which the length of the
main stem reached 20 mm.

Daily maximum and minimum temperatures (°C) and
daily total solar radiation (MJ m−2) during the wheat
growing season were obtained from the Weather Data
Acquisition System of the Institute for Agro-
Environmental Sciences, NARO. We calculated the cumu-
lative solar radiation from the daily total solar radiation.

2.2. Measurements of dry weight, leaf area index
(LAI), and yield component

Plants were harvested every 27–33 days starting at
tillering stage from each plot at randomly selected
sites (0.3 × 0.45 m), and leaves, stems, and spikes
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were oven dried at 80°C to constant weight, and dry
weight was determined. LAI was measured using a LI-
COR LAI-2200C Plant Canopy Analyzer (LI-COR) on
12 April and 18 May 2016, and on 17 and 29 March,
14 April, and 17 May 2017. Crop growth rate (CGR,
g m−2 day−1) was calculated from the difference in dry
weights of the aboveground parts between two adja-
cent sampling dates.

At the mature stage, grain yield m−2, spike number m−2,
and 1000-grain weight were determined from two ran-
domly selected 1.0 × 0.45 m subsamples. Grain number
per spikewas calculated from the spike number, 1000-grain
weight, and grain yield. The harvest index (HI) was calcu-
lated using the equation: HI = grain yield/aboveground dry
weight. The grain yield, 1000-grain weight, and above-
ground dry weight were corrected to 12.5% moisture.

2.3. Statistical analysis

IBM SPSS Statistics version 22 software (IBM, Armonk,
NY, USA) was used for statistical analyses. Data were
analyzed using a two-way analysis of variance. The
model was defined as a split-plot design, with the two
cropping years as the main plot, three sowing dates as
the subplots, the two NILs as sub-subplots, and the
three replicates as blocks. Tukey’s test or t-test was
used for pairwise comparison of means (P < 0.05).

3. Results

3.1. Effect of sowing date on temperature and
crop development rate between ‘Asakazekomugi’
and Asa (Vrn-D1b)

The daily minimum and maximum temperatures in
2015/2016 during the wheat growing season tended
to be higher than the temperatures in the 2016/2017
cropping season in autumn and winter (Figure 1). The
differences in the daily mean temperature from sowing
to the jointing stage between early and standard sow-
ings for the spring-habit ‘Asakazekomugi’ with Vrn-D1a
were +4.5°C and +3.2°C in 2015/2016 and 2016/2017,
respectively, whereas the corresponding differences for
the NIL with Vrn-D1b were +2.3°C and +1.5°C in 2015/
2016 and 2016/2017, respectively. The differences
between standard and late sowing were in the range
−0.2°C to +0.5°C for both wheat lines and both years.

The early-sown ‘Asakazekomugi’ began stem elonga-
tion during January, when the lowest mean tempera-
tures were observed (Table 1, Figure 1). The number of
days from sowing to jointing stage in ‘Asakazekomugi’
was 32–39 days fewer in the early sowing than in the
standard sowing, whereas no such shortening of the
period was observed between the two sowing dates in
Asa (Vrn-D1b) (Table 1). In contrast, there was little
difference in heading and maturity dates between

Figure 1. Daily maximum and minimum temperatures during wheat growth in Ibaraki. Ten-day averages are plotted.
〇 and ● show the sowing and jointing dates of ‘Asakazekomugi’ and Asa (Vrn-D1b), respectively, in early sowing. ▽ and ▼ show the sowing and jointing
dates of ‘Asakazekomugi’ and Asa (Vrn-D1b), respectively, in standard sowing. ◇ and ◆ show the sowing and jointing dates of ‘Asakazekomugi’ and Asa
(Vrn-D1b), respectively, in late sowing.
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‘Asakazekomugi’ and Asa (Vrn-D1b) with either early or
standard sowing, whereas the effect of sowing date on
heading and maturity dates were in the order (earliest
first) early-, standard-, and late-sowing date.

3.2. Yield and yield components

At maturity, there were significant sowing date × wheat
line interactions for grain yield, grain number per spike,
and aboveground dry weight (Table 2). The grain yield
of ‘Asakazekomugi’ was lower by 71% in the early-sown
crop than in the standard-sown crop in 2015/2016,
although such a decrease was not observed in 2016/
2017. In contrast, the grain yield of Asa (Vrn-D1b) was
higher in the early-sown crop than in the standard-

sown crop by 107% and 138% in 2015/2016 and
2016/2017, respectively. Following late sowing, the
grain yields of both wheat lines were lower than in
the standard sowing. Total aboveground dry matter
weight showed a response similar to grain yield, being
lower in ‘Asakazekomugi’ sown early and higher in Asa
(Vrn-D1b) sown early compared with the corresponding
lines sown at the standard date. Grain number per spike
of ‘Asakazekomugi’ was lower in the early sowing com-
pared with that in the standard sowing in both crop
years, whereas that of Asa (Vrn-D1b) in the early-sowing
date was similar to that in the standard-sowing date.

HIs in early-sown crops were lower in both wheat lines
than those from standard and late sowings. There were no
significant differences between ‘Asakazekomugi’ and Asa

Table 1. Phenological development of ‘Asakazekomugi’ and Asa (Vrn-D1b) under different sowing dates.

Crop year Line Sowing date
Jointinga

(month/day) Headingb Maturity
Sowing–jointing

(days)

2015/2016 Asakazekomugi Early 10/15 1/4 4/10 5/25 81
Standard 11/17 3/9 4/13 5/31 113
Late 12/15 4/1 4/22 6/7 108

Asa (Vrn-D1b) Early 10/15 2/16 4/10 5/31 124
Standard 11/17 3/16 4/15 5/31 120
Late 12/15 4/1 4/22 6/7 108

2016/2017 Asakazekomugi Early 10/14 1/13 4/16 6/1 91
Standard 11/14 3/24 4/22 6/5 130
Late 12/13 4/9 5/2 6/11 117

Asa (Vrn-D1b) Early 10/14 3/3 4/16 5/31 140
Standard 11/14 3/28 4/21 6/6 135
Late 12/13 4/12 5/1 6/10 120

aJointing stage was when length of main stem = 20 mm.
bHeading stage was when 40–50% of all stem spikes had emerged from the boot.

Table 2. Grain yield, yield components, and dry weight of aboveground parts in ‘Asakazekomugi’ and Asa (Vrn-D1b) under three
different sowing dates.

Crop year Line Sowing date
Grain yield
(g m−2)

Spike
number
m−2

Grain number
per spike

1000-grain
weight (g)

Dry matter
(g m−2)

Harvest
index

Percentage of pro-
ductive stems

(%)

2015/2016 Asakaze-komugi Early 405 ab 538 a 22.8 b 33.0 ab 1150 ab 0.33 b 68.8 a
Standard 569 a 505 a 31.8 a 35.5 a 1306 a 0.43 a 82.4 a
Late 384 b 421 a 28.0 a 32.6 b 796 b 0.43 a 98.3 a

Asa (Vrn-D1b) Early 627 a 581 a 31.4 a 34.4 a 1440 a 0.37 a 55.8 b
Standard 586 a 543 ab 31.9 a 33.8 a 1135 a 0.42 a 106.9 ab
Late 355 b 460 b 25.1 b 30.3 b 690 b 0.40 a 137.2 a

2016/2017 Asakaze-komugi Early 586 a 647 a 27.9 a 32.5 a 1492 a 0.40 b －
Standard 552 a 497 b 33.0 a 33.7 a 1342 a 0.46 a －
Late 289 b 348 c 27.2 a 30.1 b 733 b 0.42 b －

Asa (Vrn-D1b) Early 723 a 620 a 36.2 a 32.2 a 1943 a 0.42 a －
Standard 524 b 439 b 35.2 ab 33.9 a 1155 b 0.46 a －
Late 276 c 305 c 28.8 b 31.3 a 769 c 0.43 a －

Average 2015/2016 488 508 28.5 33.3 1086 0.40 91.6
2016/2017 492 476 31.4 32.3 1239 0.43 －
Early 585 a 596 a 29.6 b 33.0 a 1506 a 0.38 c 62.3 b
Standard 558 a 496 b 33.0 a 34.2 a 1234 b 0.44 a 94.7 ab
Late 326 b 383 c 27.3 c 31.1 b 747 c 0.42 b 117.8 a
Asakazekomugi 464 493 28.5 32.9 1136 0.41 83.1
Asa (Vrn-D1b) 515 491 31.4 32.6 1189 0.42 100.0

ANOVA Year ns ns ** ** ns * －
Sowing date * * ** *** ** * *
Line ns ns * ns ns ns ns
Sowing
date × Line

** ns ** ns *** ns ns

—: Not recorded. A two-way analysis of variance (ANOVA) was used for data analysis according to a split-plot design. ***, **, and * indicate significance at P < 0.001,
P < 0.01, and P < 0.05, respectively. Different letters within a column indicate a significant difference among sowing date at P < 0.05 (Tukey’s test).
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(Vrn-D1b) with respect to spike number per m2 and 1000-
grain weight, although there was a significantly greater
spike number per m2 from early than from standard sow-
ing. Studied in only the 2015/2016 season, the percentage
of productive stems from the early sowing was lower in
both wheat lines than from the standard or late sowings.

3.3. Dry matter production and CGR

Aboveground dry matter production by
‘Asakazekomugi’ and Asa (Vrn-D1b) sown at the three
different dates was compared over the growing season
in both years (Figure 2). In the early sowing of 2015/
2016, dry matter production by ‘Asakazekomugi’ was
higher than that in Asa (Vrn-D1b) until February, after
which dry matter production by Asa (Vrn-D1b)
exceeded that by ‘Asakazekomugi.’ We observed
a similar result in 2016/2017, where dry matter produc-
tion by Asa (Vrn-D1b) was higher than that in
‘Asakazekomugi’ after April in the early sowing,
although there was no significant difference between
two wheat lines until March. In the standard and late
sowings, the dry matter production by ‘Asakazekomugi’
was similar to that by Asa (Vrn-D1b) (Figure 2).

Interline differences in CGR occurred over the grow-
ing season in both years for both the early- and stan-
dard-sowing dates. As with dry matter production in
the early sowing of 2015/2016, CGR in ‘Asakazekomugi’
was higher than that in Asa (Vrn-D1b) until February,
after which ‘Asakazekomugi’ exhibited slower growth
and Asa (Vrn-D1b) faster growth (Figure 3). In the early

sowing of 2016/2017, CGR in ‘Asakazekomugi’ was simi-
lar to that in Asa (Vrn-D1b) until February, after which
CGR in Asa (Vrn-D1b) was higher than that in
‘Asakazekomugi.’ In the standard-sown crops of both
years, CGRs in both wheat lines were similar until April,
from which point to maturity ‘Asakazekomugi’ had the
higher CGR.

Tiller number per m2 in the early-sown
‘Asakazekomugi’ was significantly lower than that in
Asa (Vrn-D1b) sown at the same time (Figure 4). In
contrast, tiller number in the standard-sown
‘Asakazekomugi’ was higher than that in Asa (Vrn-D1b).

3.4. Relationship between solar radiation and dry
matter production

LAIs in early-sown crops were consistently higher in Asa
(Vrn-D1b) than in ‘Asakazekomugi’ from mid-March
(after the jointing stage in Asa (Vrn-D1b)), though the
differences were not statistically significant from mid-
March to late-March (Table 3). In standard-sown crops,
the LAI in Asa (Vrn-D1b) was not significantly different
from that in ‘Asakazekomugi’ at any measurement date.

To identify which growth stage contributed most
to the higher dry matter production in Asa (Vrn-
D1b), we analyzed the effect of solar radiation on
dry matter production for both lines at each growth
stage (Figure 5). No significant correlation was
detected between cumulative solar radiation and
dry matter production for both lines for any indivi-
dual stage during the period from sowing to jointing

Figure 2. Time course of dry matter production in ‘Asakazekomugi’ and Asa (Vrn-D1b) from different sowing dates.
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Figure 3. Crop growth rate (CGR) of ‘Asakazekomugi’ and Asa (Vrn-D1b) at each growth period from early- and standard-sowing
dates. S-2, from sowing to mid-February; 2-4, from mid-February to mid-April; 4-M, from mid-April to maturity stage.

Figure 4. Time course of tiller production in ‘Asakazekomugi’ and Asa (Vrn-D1b) from early- and standard-sowing dates.

Table 3. Leaf area index of ‘Asakazekomugi’ and Asa (Vrn-D1b) from early and standard sowings.
Mid-March Late-March Mid-April Mid-May

2015/2016 Early Asakazekomugi － － 4.77 * 3.5 **
Asa (Vrn-D1b) － － 6.77 4.79

Standard Asakazekomugi － － 4.13 ns 2.89 ns
Asa (Vrn-D1b) － － 3.30 2.62

2016/2017 Early Asakazekomugi 1.85 ns 2.60 ns 4.46 * 4.73 *
Asa (Vrn-D1b) 2.04 2.85 5.32 5.26

Standard Asakazekomugi － 1.22 ns 2.01 ns 3.48 ns
Asa (Vrn-D1b) － 1.22 2.09 3.40

—: Not recorded. * and ** indicate significance at P < 0.05 and P < 0.10 level, respectively (Student’s t-test). ns: not significant.
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stage and from heading to maturity stage. From the
jointing to the heading stage, there were significant
positive correlations between cumulative solar radia-
tion and dry matter production in both lines
(P < 0.05). The slope of the regression line between
cumulative solar radiation and dry matter production
for Asa (Vrn-D1b) significantly differed from that for
‘Asakazekomugi’ (P < 0.05), suggesting that dry mat-
ter production per unit cumulative solar radiation in
Asa (Vrn-D1b) was significantly higher between stem
elongation and heading than in ‘Asakazekomugi.’

4. Discussion

We evaluated the effect of Vrn-D1 on the response of
dry matter production and grain yield to increasing
temperature using spring-habit wheat
‘Asakazekomugi’ carrying vernalization response gene
Vrn-D1a and its winter-type NIL carrying the winter
allele of Vrn-D1 (Vrn-D1b), providing the higher tem-
peratures after sowing by sowing the crops earlier.
The period from sowing to the jointing stage in
‘Asakazekomugi’ was more than 30 days shorter under
early-sowing conditions than under standard-sowing
conditions, whereas the corresponding period in the
early-sown Asa (Vrn-D1b) extended very little compared
with standard-sowing conditions (Table 1). This demon-
strated that the vegetative growth period in Asa (Vrn-
D1b) differed little with early sowing compared with
‘Asakazekomugi,’ findings consistent with our previous
results (Matsuyama et al., 2017). The early-sown
‘Asakazekomugi’ began stem elongation at the coldest
time of the year (Figure 1, Table 1).

Dry matter production in ‘Asakazekomugi,’ which was
accelerated by the early-sowing date, was higher than that
in the early-sown Asa (Vrn-D1b) until February especially in
2015/2016, which experienced a warm winter (Figures 2
and 3). This suggests that dry matter production in
‘Asakazekomugi,’ which had reached the jointing stage in

the cold season, increased transiently under warm winter
conditions, since dry matter production in wheat usually
increases rapidly after the jointing stage. However, as
shown in Figure 5, the dry matter production per unit
cumulative solar radiation between the jointing and head-
ing stages in ‘Asakazekomugi’ was significantly lower than
that in Asa (Vrn-D1b). Dry matter productions in wheat and
barley are closely related to photosynthetically active radia-
tion absorbed during growth, with results from different
sites, seasons, and cultivars all at about the same level
(Gallagher & Biscoe, 1978). Therefore, we suggest that the
early-sown ‘Asakazekomugi’ could not effectively absorb or
intercept the solar radiation. One of the reasons for the low
interception of radiation might be the lower tiller number
exhibited in the early-sown ‘Asakazekomugi.’ In general,
the onset of tiller mortality coincides with the beginning of
stem elongation (Miralles & Slafer, 1999). The shortened
duration of the tillering phase caused by the acceleration
effect of stem elongation by Vrn-D1 in the early-sown
‘Asakazekomugi’ led to the lower tiller frequency in
‘Asakazekomugi’ compared with Asa (Vrn-D1b) (Figure 4).
Moreover, White et al. (1990) reported that low tempera-
tures inhibit leaf appearance and elongation in wheat.
Another reason for the low light interception might be
reduced leaf appearance or leaf elongation caused by low
temperatures after the jointing stage in ‘Asakazekomugi’
when the crop was sown early. This proposal is supported
by the observation that the LAI after jointing stage in early-
sown Asa (Vrn-D1b) was higher than in early-sown
‘Asakazekomugi’ (Table 3). Therefore, dry matter produc-
tion of Asa (Vrn-D1b), which was slow to reach the jointing
stage and produced many tillers and leaves, exceeded that
of ‘Asakazekomugi’ after mid-March, when the tempera-
ture rose. In the 2016/2017 crop season, in which tempera-
tures were lower in autumn and winter than in 2015/2016,
dry matter production in ‘Asakazekomugi’was at the same
level as it was in Asa (Vrn-D1b) during the winter season,
whereas the dry matter production in Asa (Vrn-D1b) after
March exceeded that in ‘Asakazekomugi.’ The greater dry

Figure 5. Relationship between cumulative solar radiation and dry matter production in ‘Asakazekomugi’ and Asa (Vrn-D1b) at each
growth stage.〇 and ● show ‘Asakazekomugi’ and Asa (Vrn-D1b), respectively. * indicates significance at P < 0.05. ns: not significant.
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matter production in the early-sownAsa (Vrn-D1b) in 2016/
2017 was also thought to be due to the higher numbers of
tillers as a result of the extended vegetative phase (indi-
cated by the delayed jointing stage) than in
‘Asakazekomugi,’ and the more rapid growth of those
after the jointing stage. As indicated in the previous study
(Matsuyama et al., 2017), Vrn-D1 hardly affected duration
from sowing to heading (Table 1), which means that the
duration from jointing to heading in Asa (Vrn-D1b) was
shorter than that in ‘Asakazekomugi’ under early-sowing
conditions. These results suggest that it is important to
ensure sufficient duration for tiller emergence before joint-
ing stage rather than after it due to increase in dry matter
production in the early-sown wheat.

The grain yields of Asa (Vrn-D1b) under the early-sowing
conditions, with higher temperatures after sowing than
under the standard-sowing conditions, were higher than
the corresponding yields of ‘Asakazekomugi’ in both years
(Table 2). The high yield of the early-sown Asa (Vrn-D1b)
was due to the grain number per spike in the early sowing
being maintained at the same level as in the standard
sowing, whereas the grain number per spike in the early-
sown ‘Asakazekomugi’ was less than that in the standard
sowing. Fukushima et al. (2001)and Fukushima, Kusuda,
and Furuhata (2003) compared tiller development, grain
yield, and yield components among very early (late
October), early (early November), and standard (late
October) sowings of winter-type wheat ‘Iwainodaichi’ and
spring-type wheat ‘Chikugoizumi’ in a paddy field in south-
western Japan. They reported that the very-early- and
early-sown ‘Iwainodaichi’ showed delayed stem elonga-
tion, higher tiller number, higher LAI, and slightly greater
aboveground dry weight than in the very-early- and early-
sown ‘Chikugoizumi.’ These findingswere nearly consistent
with our results. However, there was no significant differ-
ence in the grain yield among very early, early, and stan-
dard sowings of both ‘Iwainodaichi’ and ‘Chikugoizumi,’
and the grain number per spike in the very-early- and early-
sown ‘Iwainodaichi’ was less than that in the standard
sowing. In contrast, Seki et al. (2007) showed that the
grain yield of a winter-type NIL with Vrn-D1b (previously
recessive vrn) was significantly higher than that of spring-
type NILs carrying either of the Vrn-A1, Vrn-D1a, or Vrn-D5
gene in a warm winter in Ibaraki, central Japan. Under the
higher temperature conditions in central Japan, wheat
cultivars carrying Vrn-D1bmight be superior to those carry-
ing Vrn-D1a with respect to stability of grain yield. In the
present study, carried out in an upland field in central
Japan, where the temperatures are lower than in south-
western Japan, it was shown that Asa (Vrn-D1b) was super-
ior to ‘Asakazekomugi’ not only with respect to avoidance
of frost injury to young spikes but also with regard to dry
matter production and grain yield.

As a factor responsible for the lower grain number
per spike in the early-sown ‘Asakazekomugi,’ we spec-
ulate that the increase in spikelet number per spike or
floret number per spikelet was suppressed by nitrogen
deficiency during the spike development period due to
early dry matter growth during the cold season.
Nitrogen deficiency during the spike growth period
reduces grain number per m2 and grain number per
spike in wheat (Fischer, 1993; Demotes-Mainard et al.,
1999). Takahashi et al. (2010) have shown that early
sowing decreases grain yield by reducing spike number
or grain number per spike in ‘Iwainodaichi’ and
‘Airakomugi,’ but the reduction in grain number per
spike and grain number per spikelet was mitigated by
nitrogen topdressing during the spike development
period. Further research will be needed to identify the
factor responsible for the low grain number per spike in
the early-sown ‘Asakazekomugi.’

HI and percentage productive stem values in
crops grown from early sowings were lower in
both wheat lines than those under standard-
sowing conditions (Table 2), suggesting that the
increase in dry matter production in the early-
sown Asa (Vrn-D1b) did not contribute directly to
grain yield under early-sowing conditions. The lower
HI and percentage productive stem values in the
early-sown Asa (Vrn-D1b) might be caused by
a decrease in tiller survival due to an excessive
increase in tiller number, followed by competition
among tillers for assimilates. Miyama et al. (1989)
showed that the amount of nitrogen absorbed by
wheat at maximum tiller number stage was highly
positively correlated to the percentage of produc-
tive stems. This suggests that the percentage of
productive stems would be increased by nitrogen
topdressing before maximum tiller number stage.
Watanabe et al. (2016) reported that the percentage
of productive stems and HI were higher in winter-
type wheat ‘Satonosora’ treated with reduced basal
fertilizer accompanied by increased topdressing at
tillering stage than with a conventional application.
It will be important to develop fertilizer treatments,
which maintain an adequate number of tillers while
inhibiting the formation of nonproductive tillers in
order to improve yield performance in winter-type
wheat.

5. Conclusion

Dry matter production in the spring-type wheat
‘Asakazekomugi’ carrying Vrn-D1a was surpassed by its
NIL carrying Vrn-D1b (Asa (Vrn-D1b)) after the jointing
stage of Asa (Vrn-D1b) under early-sowing conditions. It
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is suggested that the lower dry matter production of
‘Asakazekomugi’ is caused by the acceleration of stem
elongation by Vrn-D1a under warm conditions after
sowing, resulting in lower tiller number and LAI.
Under the early-sowing conditions, grain yield of Asa
(Vrn-D1b) was higher than that of ‘Asakazekomugi.’ It is
suggested that the lower grain yield of ‘Asakazekomugi’
was caused by its lower dry matter production and
grain number per spike. Further research is required
to clarify the effect of Vrn-D1 on the low number of
grains per spike in early-sown wheat.
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