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Abstract

Genotype and agronomic management greatly influence crop growth and
grain yield in wheat (7riticum aestivum L.). To ensure sustainable produc-
tion, seeding rate selection is important to maximize efficiency of every plant.
Tillering can allow wheat plants to adjust growth relative to plant density and
quality of growing conditions. This research sought to determine a method
for assessing tillering of wheat cultivars and develop a standardized approach
for characterizing cultivar tillering capacity. Nine cultivars with diverse ge-
netic and phenotypic characteristics were seeded in 2017-2018 at Prosper, ND
using various seeding techniques at differing plant spacing arrangements to
evaluate tillering habit and spikes plant™'. Cultivars grown at population den-
sities common in grower fields did not express full tillering potential. Spaced-
plantings of cultivars promoted cultivar expression of tillering phenotype.
The SOFATT (seed only a few, and then thin) method, where average spikes
plant™ was determined from multiple plants sampled from a cultivar grown
at spaced-plantings (inter-row and intra-row spacing at 30 £ 12 cm), is rec-
ommended to properly assess tillering habits of wheat cultivars. Breeders and
researchers can use results from SOFATT evaluations to determine tillering
capacity rating for each cultivar based on raw or transformed z-score values
for spikes plant™.
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1. Introduction

Genotype is a primary determinant of yield potential in wheat ( Triticum aesti-
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vam L.) cultivars [1] [2]. The actual yield attained by a wheat cultivar is greatly
influenced by interactive effects from environment and agronomic management.
One way that these factors can affect yield is by influencing plant growth habit
and composition of yield components. For wheat grown in irrigated, intensive-
ly-managed environments, production of uniculm plants is considered ideal for
yield [3]. As the majority of hard red spring wheat (HRSW) in the Northern
Plains region of the U.S. is seeded in dryland environments, crop management
for economic production includes using cultivars with both main stem and til-
lers contributing to yield. Tillering can allow plants to adjust growth relative to
density of neighboring plants or quality of growing conditions [4]. Diversity
among modern HRSW cultivars includes a range of genotypes differing in plant
growth habit and tillering capacity. Although an extensive record of publications
document efforts employed to identify quantitative trait loci (QTL) associated
with tillering in wheat, no findings have been published to date identifying a
specific gene associated with tillering traits [5] [6].

Agronomic management for sustainable HRSW production includes selecting
a seeding rate that will maximize efficiency of production for every plant. For
example, a high tillering cultivar could be seeded at a lower rate compared to a
cultivar with a lower number of tillers contributing to total grain yield. When
determining the seeding rate optimal for cultivar yield, it is important to consid-
er the tillering capacity of a cultivar to avoid economic losses due to unnecessary
seed costs (overseeding) or uncaptured yield (underseeding). Underseeding to
promote plant tillering is likely to negatively impact yield if the plant is not pro-
lific at tillering, though differences in reportings for percent of total grain yield
contributed by tillers (range 6.7% to 46.9%) make it difficult to determine a de-
finitive percent [7] [8]. Additionally, underseeding a field with a low tillering
cultivar can limit leaf area index, reducing the amount of radiative light inter-
cepted ha™', and thereby lowering production efficiency and subsequent yield at
harvest [9]. Richards and Townley-Smith [10] noted that greater leaf area index
proved to be a disadvantage for high tillering cultivars subjected to early drought
conditions occurring prior to anthesis. When drought conditions were only
present after anthesis, pre-anthesis vegetative growth was estimated to contri-
bute 60% of total grain yield.

Though it is apparent that differences among cultivars in tillering capacity and
plant leaf area influence yield, spikes plant™ generally has a greater influence on
plant yield [11]. Applying this understanding on a field scale, Holliday [12]
noted yield gains observed in high tillering stands could be attributed to contri-
butions from spikes, based on the understanding of spike photosynthetic effi-
ciency reported by Archbold and Mukerjee [13]. Elhani et al. [14] conducted til-
lering experiments and concluded that a high tillering capacity provided culti-
vars with advantages in plant growth habit and yield components over low til-
lering cultivars, but only in non-stressed, irrigated environments. Hucl and Bak-
er [15] noted that though tillers m™ is closely associated with spikes m™ (r =

0.84), spikes m™ is a poor determinant of yield (& = 0.005). Considering diversity in
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tillering capacity among cultivars and production potential across environments,
these findings reinforce the importance of considering cultivar tillering capacity
when determining optimal seeding rates to maximize yield throughout the North-
ern Plains region.

Although environment can influence tillers plant™ produced by a cultivar, it
can be expected to observe similar relative responses in other cultivars across
environments. Klepper et al [16] indicated that the process of wheat plant de-
velopment is unchanged across environment types, but noted that environment
affects the rate at which development occurs. This can be used to explain the re-
porting from Friend [17] that reduced tiller numbers in mature wheat plants was
not attributable to the plant’s inability to form tiller buds, but rather the lack of
tillers emerging from axillary buds. Though environment and agronomic factors
can impact tillering, it can be expected that genotypes will not be differentially
affected by these factors. Work completed by Richards [5] provides support for
this statement as varying planting timing of spring-seeded wheat produced sim-
ilar changes in spikes plant™" among tillering cultivars. Evaluations of tiller numbers
of cultivar seeded in various arrangements (adaptations in spacing and rectan-
gularity) indicated arrangement had no interactive effect on cultivar tillering
[18]. Carr et al. [19] found that no rank changes were observed among HRSW
cultivars when evaluating tillage and seeding rate effects on tiller production. In
general, these study all document cultivar responses to agronomic practices that
are similar in scale across cultivars.

Numerous published findings have noted differences in tiller number in re-
sponse to changes in agronomic management for row spacing, seeding rate, and
planting method. However, documentation is minimal for current methods used
by breeders and researchers to assess tillering characteristics of individual culti-
vars. Hucl and Baker [15] utilized various approaches for evaluating tillering
characteristics of wheat genotypes based on spikes plant™. One approach in-
cluded single row planting and subsequent thinning to 10 plants m™ for sampling
of 5 plants to represent each genotype. Additional approaches included sol-
id-seeded (2.40 million seed ha™") and space-planted (est. 0.12 million seeds ha™)
conditions to determine spikes plant™ for relative comparisons among geno-
types. The objective of the space-planted method was to provide growing condi-
tions with minimal competition among plants to promote plant tillering for full
evaluation of genotype tillering capacity. Of the 373 genotypes originally eva-
luated, the genotypes with the 10 lowest, and 10 highest values for spikes plant™
were reported as low tillering and high tillering genotypes, respectively. This
study demonstrated various experimental approaches used to identify high and
low tillering genotypes, based on relative rank among genotypes for spikes
plant™. However, not all HRSW cultivars available to growers are designated as
having characteristics of high tillering or low tillering. This reinforces the im-
portance of developing a standardize system for assessing cultivar tillering habit
and determining a tillering capacity rating.

Without a standardized system for assessing cultivars for tillering characteris-
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tics, there is greater uncertainty in optimal seeding rates for HRSW cultivars due
to additional error associated with subjective evaluation of cultivar tillering ha-
bits. Developing a standardized method for assessing tillering capacity of geno-
types provides breeding programs with a tool to readily determine this impor-
tant characteristic to include in the description of new cultivars upon release.

The objectives of this research were to determine a method for assessing
tillering of HRSW cultivars and develop a standardized approach for characte-
rizing cultivar tillering capacity. Various seeding techniques were applied in dif-
fering plant spacing arrangements to evaluate tillering habit and spikes plant™ of
diverse HRSW cultivars.

2. Materials and Methods
2.1. Site Description

Three different experiments were used in this study to profile various assessment
methods. All experiments were established at the agricultural research site near
Prosper, ND (47.003° - 97.116°), with a soil type that is characterized as some-
what poorly drained consisting of a complex of Kindred (fine-silty, mixed, su-
peractive, frigid Typic Endoaquolls) and Bearden (fine-silty, mixed, superactive,
frigid Aeric Calciaquolls) soils with a minimal slope (0% - 2%). Experiment 1 was
established in 2017 and 2018 (two environments). Experiment 2 and Experiment
3 were established in 2018. Sites were cropped to HRSW in the year prior. Sites
received disc tillage in the fall prior, and a field cultivator in the spring, prior to
planting. Agronomic management (including cultivation, fertilization, and pest
management) followed North Dakota State University (NDSU) extension rec-

ommendations to ensure inputs were not an additional source of variance.

2.2. Experimental Approach

Experiment 1 was conducted concurrently within a small plot seeding rate expe-
riment. Experimental units were 5.5 m” plots in a randomized complete block
design with a factorial arrangement of cultivar and seeding rate. Treatments in-
cluded combinations of four seeding rates and nine HRSW cultivars (Table 1)
seeded in 7 rows at 18 cm spacing with a Great Plains no-till drill (Kincaid Re-
search, Haven, KS). Cultivars were selected to include a diversity of genetic
backgrounds and phenotypes (Table 2). Plant counts were completed within
each plot around the 2-leaf stage (Zadoks 12 to 15, [20]) by placing markers 91
cm apart within two of the innermost rows and counting all wheat plants be-
tween markers. At physiological maturity (Zadoks 89), all productive spikes be-
tween markers were counted and averaged over early-season plant counts in
each sampling area. Values from both areas sampled were averaged to determine
average spikes plant™ for each plot. Spikes plant™ was selected (versus spikes
m™ or stems m™>) to evaluate various plant spacing arrangements to determine
the method most appropriate for evaluating cultivar tillering abilities. As Hucl

[21] reported spacing arrangement comparisons based on spikes plant™ were

DOI: 10.4236/ajps.2020.115046

607 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2020.115046

J. D. Stanley et al.

Table 1. Experiment 1 factors and treatments of 2017-2018 experiments at Prosper, ND.

Factor Treatment
Cultivar LCS Anchor
Lang-MN
Linkert
Prevail
Shelly
Surpass
SY Valda
ND VitPro
TCG Wildfire

1.85 million seeds ha™!

Seeding Rate
3.09 million seeds ha™!
4.32 million seeds ha™

5.56 million seeds ha™!

Table 2. Select genetic and phenotypic characteristics' of HRSW cultivars in experiment.

Plant stature’?  Photoperiodism® Height Straw Heading
Cultivar Source strength
RAt-Bl Rht-D1 Ppd-D1 cm (1-9)* DAP?

LCS Anchor  Limagrain a b a 71.9 5 58
Lang-MN UMN a a a 82.6 5 61
Linkert UMN a b b 729 2 59
Prevail SDSU a a a 78.2 4 58
Shelly UMN b a b 77.0 5 62
Surpass SDSU a a b 79.8 7 56
SY Valda AgriPro a b b 75.9 4 60
ND VitPro NDSU b a b 80.0 4 59
TCG Wildfire 21st Century b a a 86.6 4 60

'Data obtained from North Dakota HRSW variety trial selection guide [22]. *a is wild-type allele, b is
semi-dwarf allele. *a is insensitive allele, b is sensitive allele. “Lodging score; 1 is standing erect, 9 is lying flat.
*DAP, days after planting.

only slightly correlated (r = 0.33), the focus was on relative cultivar response
across the various methods.

Space-planted methods were used in Experiment 2 and Experiment 3 to pro-
mote cultivar expression of tillering phenotype by minimizing competition
among plants [15]. Experiment 2 was a randomized complete block design with
four replicates. Nine HRSW cultivars were assigned as treatments. Experimental
units were 5.5 m* plots seeded with a 4-row Hege 1000 no-till planter (Hege
Company, Waldenburg, Germany) with 30 cm spacing. A SOFATT (seed only a
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few, and then thin) method was applied by seeding at a fixed rate of 215,000
seeds ha™' with the objective to establish wheat plants within each plot at an
equidistant of 30 cm for both intra-row and inter-row spacing. Plots were
thinned in early June to remove excess wheat plants, including any plants spaced
< 18 cm from a neighboring plant (Figure 1). Spikes plant™ was measured at
physiological maturity (Zadoks 89) to allow plants to reach full tillering potential
[22]. Intra-row spacing of plants (in meters) and mean spikes plant™ were rec-
orded for each plot by averaging spike counts of 8 plants sampled from each plot
(Figure 2).

Experiment 3 was a randomized complete block design with 24 replicates.
Nine HRSW cultivars were assigned as treatments. Experimental units were 0.09
m’ single-seed hills planted with a 4-row bubble tray hill plot planter at equidis-
tant spacing (30 cm X 30 cm). Spikes plant™ were determined at physiological

maturity for each cultivar replicate.

Figure 1. Experiment 2 plot of HRSW plants: (a) seeded at rate of 215,000 seeds ha™'; (b)
same plot after thinning established plants to equidistant spacings of 30 cm.

Figure 2. Intrarow spacing and spikes plant™ were determined for eight plants selected
from experimental plots at physiological maturity (Zadoks 89, [20]).
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2.3. Statistical Analysis

Analysis of variance of Experiment 1 data was performed for 2017 and 2018 en-
vironments using PROC MIXED in SAS 9.4 (SAS Institute Inc., Cary, NC).
Variance of environments was considered homogenous and data were combined
for ANOVA. Following the approach outlined by Carmer ef al [23], environment
was assigned a random effect, and fixed effects were cultivar and seeding rate. A
one-way ANOVA was completed for Experiment 2 in PROC MIXED and for
Experiment 3 in PROC GLIMMIX evaluating spikes plant™ of cultivar treat-
ments. Mean separations were completed according to F-protected LSD values
(P £ 0.05) determined in PROC MIXED for Experiment 1 and Experiment 2,
and PROC GLIMMIX for Experiment 3 as an unequal number of cultivar repli-

cates were present.

2.4. Parameterization Methods

Three methods were evaluated as potential approaches for determining parame-
ters for classifications of the tillering capacity rating system. These methods in-
cluded the “Means Comparisons approach”, the “Z-score approach”, and the
“Standardized Distribution approach”.

For the “Mean Comparisons approach”, SAS output for LSD mean separa-
tions of spikes plant™ were used to assign parameters as qualifiers associated
with each classification of the tillering capacity rating system (low, moderate,
high). As an objective was to develop a standardized system that could be ap-
plied in various environmental settings, this required a robust system with the
capacity to assign tillering capacity ratings to cultivar from diverse genetic back-
grounds that were assessed in differing growing conditions. To account for the
effects of these experiment-specific variables in regards to cultivar tillering ex-
pression, it was determined that cultivar tillering capacity should be evaluated
only after accounting for potential differences in spike densities across experi-
ments. This was done by using Z-score transformations for spikes plant™ obser-
vations in each experiment. This approach has been utilized by numerous agri-
cultural and ecological studies to account for variability across environments
[24] [25] [26]. The “Z-score approach” proposed that standardized z-scores cal-
culated from spikes plant™ observations could be used to determine cultivar til-
lering capacity based on relative tillering performance of the cultivar. The
“Z-score approach” required a data transformation step in SAS (PROC STANDARD)
to calculate standardized z-scores from observations for spikes plant™ as:

z—score:(x—f)/s (1)

where x is observed spikes plant™, X is experimental mean, and s is experi-
mental standard deviation [27]. This adjusted the scale of plant response for
spikes plant™ to have a mean of 0, and standard deviation of 1.

The “Standardized Distribution approach” was somewhat of a continuation of
the “Z-score approach”, as standardized z-scores were used to calculate spikes

plant™ estimates to represent data relative to the distribution of the population
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as:

% =(z-score* o)+ u (2)

where, % is estimated spikes plant™, z-score is the z-score of the spikes plant™

observation, ois the population standard deviation, and u is population mean.

3. Results
3.1. Assessing Cultivar Tillering

3.1.1. Experiment 1

Results from the ANOVA of Experiment 1 revealed spikes plant™ of cultivars
were consistent across environments. As cultivars were of diverse genetic back-
grounds and phenotypes, it was not surprising that spikes plant™ differed among
cultivars (Table 3). Cultivars with higher tiller number (>2.54 spikes plant™) in-
cluded SY Valda, Prevail, and ND VitPro. Cultivars producing a moderate
number of spikes were Surpass, Linkert, and Shelly, at spikes plant™ of 2.50,
2.33, and 2.21 spikes plant™, respectively. TCG Wildfire, LCS Anchor, and
Lang-MN were low tillering cultivars (<2.18 spikes plant™) in Experiment 1.

In Experiment 1, incremental increases in seeding rate had an inverse effect
on spikes plant™ (Table 4). An increase in seeding rate from 1.85 to 3.09 million
seeds ha™, reduced the number of spikes plant™ from 3.3 to 2.5 spikes plant™,
respectively. At the highest seeding rates of 4.32 and 5.56 million seeds ha™,
spikes plant™ was the lowest at 1.9 and 1.8 spikes plant™, respectively. As a con-
sistent decrease in spikes plant™ was observed across cultivars seeded at in-
creasing rates, agronomic management appeared to be a factor limiting cultivar

tillering potential.

Table 3. Spikes plant™ of HRSW cultivars observed in 2017-2018 environments, Prosper,
ND.

Cultivar Spikes plant™
SY Valda 2.64a!
Prevail 2.60a
ND VitPro 2.54ab
Surpass 2.50abc
Linkert 2.33abcd
Shelly 2.21bcd
TCG Wildfire 2.17bcd
LCS Anchor 2.15cd
Lang-MN 2.06d
mean 2.36
LSD (a=0.05) 0.38

"Values with the same letter in a column are not significantly different according to Fisher’s LSD test (P>
0.05).
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Table 4. Spikes plant™ of HRSW at varying seeding rates, 2017-2018 Prosper environ-
ments.

Seeding rate (million seeds ha™") Spikes plant™
1.85 3.3a!
3.09 2.5b
4.32 1.9¢
5.56 1.8¢c
mean 2.4
LSD (a=0.05) 0.3
Ccv 18.0

"Values with the same letter in a column are not significantly different according to Fisher’s LSD test (P>
0.05).

Though spikes plant™ were influenced by seeding rate, changes in seeding rate
did not differentially affect cultivar spikes plant™ (Table 5). This is likely be-
cause it is expected that plants established in densely-seeded conditions will have
greater intraspecies competition compared to plants in space-planted conditions.
To further evaluate cultivar spikes plant™ relative to seeding rate, cultivar spike
counts from the 2018 environment were used for one-way ANOVA for each
seeding rate factor level. The purpose of this was to evaluate each seeding rate
level (seeding density) as a potential approach for assessing cultivar tillering ca-
pacity. Results in Table 5 indicate assessments to determine cultivar tillering
capacity should not be completed in HRSW production fields, as spikes plant™

was similar among cultivar at seeding rates greater than 1.85 million seeds ha™".

3.1.2. Experiment 2

Spaced-plantings using the SOFATT method in Experiment 2 promoted cultivar
expression of tillering phenotype, as mean spikes plant™ was 22.1 spikes plant™
(Table 6). Cultivar diversity was apparent as responses in spikes plant™ were
normally distributed, and spikes plant™ differed among cultivars. Cultivars with
the greatest tillering were ND VitPro and Shelly at 25.9 spikes plant™ each. Cul-
tivars with moderate tillering were Lang-MN and Prevail (each with 23.4 spikes
plant™), and Surpass and LCS Anchor producing 21.3 and 21.0 spikes plant™,
respectively. Linkert, SY Valda, and TCG Wildfire were the lowest tillering cul-
tivars, as all averaged < 20 spikes plant™.

An unexpected result in Experiment 2 was that Shelly was among the highest
tillering cultivars, as this cultivar was one of the lower tillering cultivars in Expe-
riment 1 (Table 4). This may represent adaptive abilities of this cultivar, allow-
ing for adjustments in growth habit relative to the amount of intraspecies com-
petition. Increased tillering expression with greater intra-row spacing may be
represented by other cultivars, as spikes plant™ were not correlated (r= -0.23; P
= 0.547) when comparing cultivars at 1.85 million seeds ha™ in Experiment 1

and at spaced-plantings in Experiment 2. However, this may not be the case as
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Table 5. Spikes plant™ of HRSW cultivars at various seeding densities in 2018 at Prosper,

ND.
Seeding rate (million seeds ha™')
Cultivar
1.85 3.09 4.32 5.56
spikes plant™
SY Valda 3.63a’ 2.74 2.44 1.97
Linkert 3.55ab 2.11 2.15 1.57
ND VitPro 3.23abc 2.8 2.19 1.96
Surpass 3.22abc 2.49 1.98 1.89
Shelly 3.09abcd 2.13 1.58 1.35
Prevail 3.02abcd 2.63 1.87 1.66
TCG Wildfire 2.99bcd 1.95 2.05 1.58
Lang-MN 2.67cd 2.13 1.54 1.50
LCS Anchor 2.50d 2.23 1.61 1.59
Mean 3.10 2.36 1.93 1.68
LSD (a=0.05) 0.64 NS NS NS
Seeding rate Pearson’s correlation coefficient ()
1.85 vs 3.09 0.40™
3.09 vs 4.32 0.52N¢
4.32 vs 5.56 0.76*

"Values with the same letter in a column are not significantly different (2> 0.05). *Significant at £ < 0.05;
NS, not significant.

Table 6. Spikes plant™' of HRSW cultivars in space-planted experiments, Prosper 2018.

Experiment 2 Experiment 3
Cultivar
spikes plant™
Shelly 25.9a! 23.1bc
ND VitPro 25.9a 26.6a
Lang-MN 23.4ab 23.5bc
Prevail 23.4ab 26.4ab
Surpass 21.3bc 22.0cd
LCS Anchor 21.0bc 21.8cd
Linkert 19.5¢ 22.2cd
SY Valda 19.5¢ 20.5¢d
TCG Wildfire 18.9¢ 19.7d
Mean 22.1 22.9
Ccv 11.4 21.5

'Values with the same letter in a column are not different based on Fisher’s LSD (2> 0.05).
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there was no interaction for cultivar by seeding rate in Experiment 1, and Shelly
did not have an apparent advantage over other cultivars when different seeding

density methods were used to assess tillering capacity of cultivars.

3.1.3. Experiment 3

Experiment 3 had poor emergence and uneven establishment across replicates,
which was attributed to dry soil conditions at planting. Spikes plant™ differed
among cultivar at spaced-plantings used in Experiment 3, and the mean spikes
plant™ was 22.9 spikes plant™ (Table 6). The highest tillering cultivar was ND
VitPro (26.6 spikes plant™). The cultivar with the lowest number of tillers was
TCG Wildfire with 19.7 spikes plant™'. The six other cultivars had tillering that
ranged from 20.5 to 26.4 spikes plant™. The lack of differences among cultivars
was a result of high standard error values due to the broad range of spikes
plant™ observed for each cultivar (Figure 3). Due to the poor establishment of
Experiment 3 and high variability in results, no comparisons were made between

Experiment 3 and the other experiments evaluated in this study.

3.2. Determining Cultivar Tillering Capacity

3.2.1. Parameterization Methods
Three parameterization methods were identified as potential approaches for dif-
ferentiating the classes selected for the tillering capacity rating system (low,
moderate, and high). Parameters determined by the “Mean Comparisons ap-
proach” (using letters from mean separations based on LSD values) were se-
lected based on SAS output for mean separations (P < 0.05) for cultivar spikes
plant™ in Experiment 2 (Table 6). As four groupings of cultivars were indicated
by mean comparisons based on Fisher’s LSD, parameters for each rating class
were relatively easy to distinguish (Table 7).

Parameterization by the “Z-score approach” (data transformation to standar-

dized z-score values) provided a quantitative method for determining cultivar

40+ Indicates cultivar mean
! Cultivars with same letter are not significantly diférent based on Fisher’s LSD (P>0.05).

35
30
!
5 25 be I b
i i N -
& B .
20 . L ‘
[ ]
15

10
Anchor Lang Linkert  Prevail Shelly ~ Surpass  Valda VitPro  Wildfire

Figure 3. Spikes plant™ of HRSW cultivars evaluated at spaced-plantings in Experiment
3.
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Table 7. Parameterization used for grouping HRSW cultivars based on tillering capacity
in Experiment 2.

Tillering capacity
Parameterization method Low Moderate High
Mean separations' a ab/bc c
Z-score <-0.6745 —0.6745 to 0.6745 >0.6745
Spikes plant™ (est.)? <19.7 19.7 to 24.4 >24.4

'Based on F-protected LSD values (a = 0.05). *Estimated spikes plant™' based on standardized distribution;
calculated as: population mean + 0.6745 * standard deviation of population.

tillering capacity ratings. As spikes plant™ responses in Experiment 2 followed a
normal distribution, z-score values at the first quartile (Q1) and third quartile
(Q3) were used as parameters for assigning tillering capacity ratings (Table 7).
Cultivar with an average z-score of <—0.6745 were considered to have a low til-
lering capacity. Cultivar with a z-score = —0.6745 and <0.6745 were considered
to have a moderate tillering capacity. Cultivar with a high tillering capacity had a
z-score > 0.6745. This parameterization method was very easy to complete, and
interpretation of results is not limited to the dataset evaluated, as data were ad-
justed to a standardized scale, with a mean of zero and standard deviation of
one.

Z-scores for cultivar spikes plant™ can be readily compared across experi-
ments to determine relative tillering of cultivars in differing environments. This
was best demonstrated by comparing results from Experiment 1 and Experiment
2. Though expression of tillering phenotypes was limited in Experiment 1, dif-
ferences in spikes plant™ were observed among cultivar. These results were used
to demonstrate cultivar tillering response at densities present in grower produc-
tion fields (Experiment 1) compared to growth in spaced-plantings (Experiment
2). To account for the large difference in mean spikes plant™ between Experi-
ment 1 and Experiment 2, standardized z-score values were calculated for spikes
plant™ observations in each experiment. This adjusted the response scale of each
experiment to be on the same relative scale (Figure 4).

The “Standardized Distribution approach” (standardized z-scores transformed
to spikes plant™ estimates based on population distribution) was the third pa-
rameterization method used. For this method, parameters for tillering capacity
ratings were set at Q1 and Q3, and represented as estimated values for spikes
plant™, where g = 22.1 and o= 3.5. Spikes plant™ was estimated at 19.7 and 24.4
spikes plant™ at Q1 and Q3, respectively (Table 7). This method is most relevant
for application in future tillering studies.

With the diversity of cultivars and n = 36 spikes plant™ observations in Expe-
riment 2, it was surmised that results from Experiment 2 were representative of
most HRSW cultivars currently available to growers for production. Therefore,
the spikes plant™ parameters outlined in Table 7 can be readily used by re-

searchers to determine tillering capacity of cultivar when using the tillering
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Figure 4. Observations for spikes plant™ as: (a) Standardized Z-scores based on trans-
formed values for spikes plant™; (b) Observed in Experiment 1 and Experiment 2 at
Prosper, North Dakota in 2018.

assessment method from Experiment 2. If the mean and standard deviation of
any subsequent experiments were to differ from the population (¢ = 22.1; o =
3.5), values from the subsequent experiment could be considered samples of the
population, and thereby readily adjusted by solving for x (estimated spikes
plant™) in the z-score equation, using the z-score for the sampled value, and the

standardized distribution for the population (y, o).

3.2.2. Cultivar Tillering Profiles
The ranking for tillering capacity was similar across parameterization methods
for each cultivar (Table 8). Shelly and ND VitPro have a relatively high tillering
capacity, whereas Linkert, SY Valda, and TCG Wildfire have relatively low til-
lering capacity. Cultivars with moderate capacity for tillering include LCS Anc-
hor, Surpass, Prevail, and Lang-MN. Genetic associations with plant tillering
may be represented in Experiment 2 results, as cultivars with similar expression
for a particular trait have the same tillering capacity rating. This was demon-
strated by the high tillering capacity cultivars (Shelly and ND VitPro), which are
both photoperiod insensitive (Ppd-D1b) and express the RhAt-Bl gene for semi-
dwarf phenotype. Conversely, as other photoperiod insensitive cultivars (Linkert
and SY Valda) have a low tillering capacity, this may indicate influences from
other genes potentially associated with plant tillering response. These low tiller-
ing cultivars also have a semi-dwarf phenotype; however, this phenotype is im-
parted by RA¢-D1 semi-dwarf gene expression.

Tiller density, spikes plant™, and tillering capacity did not have an apparent
influence on tiller mortality of cultivars. As tiller mortality differed among culti-
vars in Experiment 2, these results indicate tiller production and survival is likely

influenced primarily by wheat genotype (Figure 5).
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Figure 5. Stem and spikes plant™ (difference represents tiller mortality) of HRSW culti-
vars in spaced-plantings in Experiment 2 at Prosper, ND in 2018. Mean separations for
tiller mortality were determined by Fisher’s LSD test, where cultivar with same letter are
not significantly different (£> 0.05).

Table 8. Tillering capacity of HRSW cultivars as determined by three parameterization
methods.

- B Dwart Method
otoperio warfin
Cultivar respinse gene 8 Mean Z-score Spikes plant™
comparisons (est.)
Shelly Insensitive Rht-Bl a’ H* 110 H 25.9 H
ND VitPro Insensitive RAt-B1 a H 1.10 H 259 H
Prevail Sensitive Wild-type ab M 037 M 234 M
Lang-MN Sensitive Wild-type ab M 038 M 23.4 M
Surpass Insensitive Wild-type bc M -023 M 213 M
LCS Anchor Sensitive RhAt-D1 be M -031 M 21.0 M
SY Valda Insensitive Rht-D1 c L -075 L 19.5 L
Linkert Insensitive RhAt-D1 c L -073 L 19.5 L
TCG Wildfire! Sensitive RhAt-B1 c L -092 L 18.9 L

'Cultivar ranked by tillering capacity; low to high. Mean comparisons based on Fisher’s LSD test (< 0.05).
*Tillering capacity; where L is low, M is moderate, and H is high tillering cultivar.

Though tiller mortality differed among cultivars, tiller production and surviv-
al were consistent for all cultivars as indicated by high correlation coefficients (r
> 0.93) between stem density and spikes plant™ (Table 9). Lang-MN and Sur-
pass appear to have produced a more variable number of yield-contributing
spikes relative to the number of tillers formed. Overall, this reveals that wheat
plants may self-regulate tiller formation to consistently produce a certain num-

ber of viable spikes relative to the number of tillers formed.
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Table 9. Spikes plant™ of HRSW cultivars in spaced-plantings in Experiment 2, Prosper
2018.

Tillers plant™ Spikes plant™  Tiller mortality’
Cultivar r Pr> |4
stems plant™ spikes plant™ n plant™
TCG Wildfire? 19.4 18.9 0.5 0.99 0.006
SY Valda 20.3 19.5 0.8 0.98 0.021
Linkert 20.5 19.5 1.0 0.99 0.003
LCS Anchor 22.3 21.0 1.3 0.97 0.026
Surpass 22.2 21.3 0.9 0.93 0.066
Prevail 25.0 234 1.6 0.98 0.020
Lang-MN 24.1 234 0.7 0.94 0.057
Shelly 26.2 259 0.3 0.99 0.001
ND VitPro 27.0 259 1.1 0.99 0.003
Experimentwise 23.0 22.1 0.9 0.99 <0.0001
LSD (a = 0.05) 3.7 3.0 0.7

'Tiller mortality = (stems plant™ — spikes plant™). *Ranked by tillering capacity; low to high. *LSD value
based on Fisher’s F-protected test (P < 0.05).

3.2.3. Method Validation

To validate the application of these approaches for determining cultivar tillering
capacity, experimental means from eight similar space-planted tillering studies
conducted at Prosper, ND and Crookston, MN in 2014 and 2015 were used to
determine tillering capacity of 12 HRSW cultivars (Table 10). Observations for
tiller density (stems plant™) were used for this validation, as spikes plant™ was
not reported. Z-scores and standardized values for cultivar tiller density guided
the selection of tillering capacity rating for each cultivar (Table 10).

Results for the validation set were similar to Experiment 2 results as interac-
tions between photoperiod gene Ppd-Dl1 and semi-dwarfing genes (RA¢-Bl and
RAt-D1) appear to be associated with plant tillering response. The most reveal-
ing finding is that the two cultivars that are photoperiod insensitive (Ppd-D1a)
and express the RAt-Bl1b allele, have a high tillering capacity. This response is
similar to what was revealed in Experiment 2, as Shelly and ND VitPro are both
cultivars with high tillering capacity and share similar genetic traits (Table 8).

Cultivars with photoperiod sensitivity appeared to have variable tillering ca-
pacity profiles, as no apparent groupings were observed for sensitive cultivars
with similar genetic background for traits affecting plant stature. As data were
compiled over multiple environments, it is likely that these results represent a
robust assessment of tillering habit of these cultivars, sufficient to determine the
tillering capacity that accurately characterizes each cultivar.

4. Discussion

The observations that spikes plant™ of cultivars were consistent across environ-

ments are in line with findings of Klepper et al [16]. This offers support that

DOI: 10.4236/ajps.2020.115046

618 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2020.115046

J. D. Stanley et al.

Table 10. Tillering of HRSW cultivars in space-planted experiments in North Dakota and
Minnesota, 2014-2015.

Cultivar Photoperiod =~ Dwarfing Observedi Standardizef‘l 7. score Tilleri'ng
response gene stems plant™  stems plant™ capacity
Faller! Insensitive RAt-Bl 29.7 28.1% 1.48 H’
Sabin Sensitive Wild-type 28.9 274 1.29 H
Albany Insensitive RAt-Bl 28.3 27.0 1.15 H
Marshall Insensitive Rht-D1 26.1 25.2 0.63 M
Knudson Sensitive Rht-Bl 25.8 24.9 0.56 M
Vantage Insensitive Wild-type 23.2 22.8 -0.04 M
Kuntz Sensitive Rht-D1 22 21.9 -0.33 M
Rollag Insensitive Rht-D1 20.6 20.8 -0.65 M
Oklee Sensitive Wild-type 20.4 20.6 -0.7 L
Briggs Insensitive Wild-type 19.6 19.9 -0.89 L
Kelby Sensitive RAt-DI1 19.3 19.7 -0.96 L
Samson Sensitive Rht-Bl 16.8 17.7 -1.54 L
Mean 234 23.0 0.00
Std. Dev. 4.3 34 1.00

'Cultivar ranked by tillering capacity; low to high. *Based on standardized distribution of z-scores with p =
23.0 and o = 3.4 stems plant™. 3Tillering capacity rating based on z-score parameterization; L, low; M,
moderate; H, high.

seasonal differences in environmental conditions are not likely to influence re-
sults when assessing tillering of wheat cultivars to determine tillering capacity. It
was apparent that plant spacing affected spike production, as incremental in-
creases in seeding rate had an inverse effect on spikes plant™ (Table 4). Similar
responses to seeding rate were reported by Joseph et al. [28], where 3.7, 2.3, and
1.8 spikes plant™ were observed at a seeding rate of 1.86, 3.72, and 5.58 million
seeds ha™', respectively. Other studies have indicated similar negative trends in
number of spikes plant™ as plant density increased, including observations of
29.4, 18.6, 7.2, 2.1, and 0.7 spikes plant™ at 1.4, 7, 35, 184, and 1078 plants m~,
respectively, and reduction in spikes from 5.6 to 3.1 spikes plant™, as plant den-
sity was increased from 75 to 200 plants m~> [29] [30]. As a consistent decrease
in spikes plant™ was observed across cultivars seeded at increasing rates, it is
apparent that seeding density can limit cultivar tillering potential.

Though spikes plant™ was influenced by seeding rate, changes in seeding rate
did not differentially affect cultivar spikes plant™ (Table 5). Simmons et al. [31]
reported similar findings for barley genotypes that varied in tillering capacity.
Cultivar differences in tillering capacity and growth habit may explain why
greater differences were not seen among cultivars seeded at different rates in
Experiment 1. Plants established in densely-seeded conditions are expected to

have greater intraspecies competition compared to plants in space-planted con-
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ditions. As neighboring plants compete for available resources, growth habit can
vary depending on the intensity of competition among rivaling intraspecies and
interspecies plants [32] [33]. Though differences in spikes plant™ were observed
among cultivar seeded at 1.85 million seeds ha™', the differences were minimal
and not likely to be readily detected in field evaluations. However, it is still im-
portant to note that spikes plant™ of cultivars became more dissimilar as seeding
rate decreased. This is supported by the increased cultivar expression of tillering
habit with incremental decreases in seeding rate that was represented by a con-
tinual decrease in correlation coefficient (r) values when comparing treatments
(Table 5). Experiment 1 confirmed the effects of plant density on HRSW tiller-
ing, primarily in relation to the level of competition among neighboring plants.
As a consistent decrease in spikes plant™ was observed across cultivars as seed-
ing rate increased, tillering assessments based on plants seeded at produc-
tion-level densities (1.85 to 5.56 million seeds ha™) will not represent the full til-
lering capacity of a cultivar.

The high standard error observed in Experiment 3 could be attributed to the
unfavorable environmental conditions at varying intensity throughout the site,
and additional error within the experiment (CV = 21.5) that was unaccounted
for (Table 6). Based on these results, the space-planted method used in Experi-
ment 3 is not likely to provide an accurate assessment of tillering of wheat culti-
vars.

Results for the three experiments assessing cultivar tillering indicate spaced-
plantings provided for the most accurate assessment of cultivar tillering. As re-
sults for cultivar spikes plant™ in Experiment 3 were correlated with Experiment
2 results (r = 0.79; P = 0.011), this indicates that both space-planted methods
provided for similar tillering expression of cultivars. However, cultivar tillering
habit was best represented by average spikes plant™ of multiple plants sampled
from a cultivar grown at spaced-plantings (inter-row and intra-row spacing at 30
+ 12 cm). In general, assessing cultivar tillering to determine tillering capacity
was best represented by the SOFATT method used in Experiment 2. This is like-
ly because the greater growing area of the experimental units helped minimize
experimental error and maximize tillering potential of cultivars. Limited compe-
tition from neighboring plants promoted phenotypic expression of tillering,
providing for an accurate assessment of cultivar tillering abilities. Based on these
findings, spaced-plantings are needed to properly assess tillering of wheat culti-
vars.

Considering the three parameterization methods proposed in this study, the
“Mean Comparisons approach” was the easiest as it readily provided four
groupings of cultivars to be used as parameters for each rating class (Table 7).
However, in experiments where the number of treatments or level of precision
results in greater than four groupings of letters, defining parameters for each til-
lering capacity rating class would be a highly subjective process. Also, in experi-
ments with unequal replication where alternative mean separations tests (such as

Tukey procedure, or Tukey-Kramer test [34]) are most appropriate, results
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would not be readily comparable across experiments. As these factors are addi-
tional sources of error and uncertainty that are not easy to account for, this is
likely the reasoning why there is currently no standardized method that is widely
used to assign tillering capacity ratings to wheat cultivars.

Parameterization by the “Z-score approach” provided a quantitative method
for readily determining cultivar tillering capacity ratings. This method is favora-
ble for researchers and breeders as the parameterization was very easy to com-
plete, and interpretation of results is not limited to the dataset evaluated. Re-
searchers in other wheat production regions could utilize this approach to de-
termine tillering capacity of cultivars that are adapted for their region. Assuming
a sufficient number of diverse cultivars are included in initial tillering evaluation
trials to ensure a dataset with a normal distribution, z-score values at the first
quartile (Q1) and third quartile (Q3) could be used as parameters for assigning
tillering capacity ratings (similar to Table 7). As region-specific data would be
adjusted to a standardized scale (with a mean of zero and standard deviation of
one), z-scores for cultivar spikes plant™ could be readily compared across expe-
riments to determine relative tillering of cultivars in differing environments
(similar to the example in Figure 4). Though data from Experiment 1 data were
not used to determine cultivar tillering capacity, Figure 4 demonstrates how
z-scores can be used to standardize observations to a scale that is relative to the
experimental mean. Therefore, relative response of a cultivar can be compared
when more than one experimental dataset is used to determine cultivar tillering
capacity.

The “Standardized Distribution approach” could be used by researchers and
breeders to assign cultivar tillering capacity ratings once initial parameters are
established using the “Z-score approach”. This would eliminate the need for ex-
cessive evaluation trials that continuously include a sufficient diversity in culti-
vars to ensure a normal distribution required for establishing parameters if the
“Z-score approach” was used alone. Once the population mean and standard
deviation are determined from initial tillering studies, these values can be used
with the “Standardized Distribution approach” to readily assign tillering capacity
ratings based on observations for spikes plant™. As breeding programs are likely
already documenting this information in spaced-plantings of their advanced
wheat lines, this data could be readily utilized to assign a tillering capacity rating
to further characterize cultivars when released.

Prior studies in barley indicated the importance of evaluating phenotypic
characteristics such as tiller density (stems plant™) relative to the number of
spikes plant™, as tiller mortality differs with genotype and can negatively impact
grain yield [35] [36]. As tiller mortality differed among cultivars in Experiment
2, these results offer additional support to the understanding that genotype
greatly influences tiller mortality. These observations also revealed the impor-
tance of considering the plant structure used to assess and determine tillering
capacity of wheat cultivars, as determining tillering capacity based on stems
plant™ could potentially lead to a different tillering capacity than when based on
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spikes plant™". Though this is an important consideration, this was not the case
in Experiment 2 as cultivar tillering capacity based on stems plant™ or spikes
plant™ arrived at the same tillering capacity rating (results not included). As
spikes plant™ is a primary component of wheat yield, cultivar tillering capacity
based on spikes plant™ is more relevant to growers making seeding and crop
management decisions; especially as not all tillers formed will produce spikes
that contribute to the final yield.

As there was inconsistency in tillering expression among cultivars relative to
specific genetic traits, tillering habit was not attributable to a single genetic trait
of the three evaluated. Contrasting responses among cultivar sharing similar ge-
netic traits may represent the effects of Ppd-D1 interactions with other genes as
discussed by Gonzalez ef al. [37]. However, trends in tillering habit were appar-
ent among cultivars sharing similar backgrounds for multiple genetic traits
(Table 8). Interactions between photoperiod gene Ppd-D1 and semi-dwarfing
genes (RAt-Bl and RAt-D1) appeared to influence plant tillering response. The
most revealing finding was that the cultivars that are both photoperiod insensi-
tive (Ppd-Dla) and express the RAt-Blb allele for semi-dwarf phenotype, all
have a high tillering capacity rating (Table 8 and Table 10). This response could
be influenced by QTL reported by Borras-Gelonch [38], who indicated QTLs at a
similar locus were associated with tillering and phenology characteristics. Eagles
et al. [39] suggested Ppd-Dl1 interactions with alternate gene(s) (that also have
effect on tillering) as a possible explanation for contrasting yield responses ob-
served in genotypes with similar genetic background for Ppd-D1. In comparison
to these high tillering cultivars, the photoperiod insensitive cultivars with
RAt-D1 gene have a moderate tillering capacity. As it has been noted by Addisu
et al. [40] that RAt-D1 plants can have reduced biomass and greater harvest in-
dex in comparison to RA¢-Bl plants, these differences in tillering capacity ob-
served in photoperiod insensitive cultivars are understandable. Overall, as a po-
tential interactive effect of Ppd-Dla x Rht-Blb on tillering habit has not been
previously reported, this association would be important to consider exploring

in future studies.

5. Conclusion

Plants grown at high population densities in grower production fields are not
likely to represent full tillering potential of a cultivar, therefore it is necessary to
utilize spaced-plantings to properly assess tillering habits of wheat cultivars. As-
sessing cultivar tillering to determine tillering capacity was best represented by
the SOFATT method, where average spikes plant™ was determined from mul-
tiple plants sampled from a cultivar grown at spaced-plantings (inter-row and
intra-row spacing at 30 £ 12 cm). Researchers can use results for average spikes
plant™ to determine tillering capacity rating for each cultivar, based on raw or
transformed z-score values for spikes plant™. The Z-score approach is most re-
levant for researchers evaluating a diverse selection of wheat genotypes (e.g. ad-

vanced breeding lines, variety trials). The Standardized Distribution approach is
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also useful, as researchers can establish values for spikes plant™ that can be used
as parameters in future studies to readily determine cultivar tillering capacity

rating.
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