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Abstract

Many organisms have dormant stages with an extension of their life span to
increase longevity, and deeper dormancy is usually related to greater longevi-
ty. In cereal crops, seed dormancy is significantly associated with pre-harvest
sprouting tolerance during seed development, as seed longevity is a valuable
trait for seed banks and providing reliable crop seeds to farmers. In this study,
we evaluated both seed dormancy and longevity in bread wheat based on
germination and artificial aging tests. According to phenotypic clustering
analysis, relative germination rate/potential and relative seedling vigor index
were more effective to indicate seed longevity than relative electrical conduc-
tivity in wheat, while all the four investigated phenotypes of relative germina-
tion potential, relative germination rate, germination index and degree of
seed dormancy fit well as a reflex of wheat seed dormancy. In the correlation
analysis, the germination level of newly harvested grain negatively reflected
its degree of seed dormancy, while the germination ability of grain after ar-
tificial aging reflected its seed longevity. However, in contrast to the current
opinion in plant, seed dormancy was significantly negatively correlated to
seed longevity in our study, and it was not an accidental phenomenon, for
that the majority of accessions with high degree of seed dormancy had short
seed longevity. To our knowledge, this is the first to report the negative asso-
ciation between seed dormancy and longevity in cereal crops. It would lead to
further concerns about how to breed wheat with both prolonged seed longev-
ity and deep dormancy to avoid pre-harvest sprouting.

*Jing Zhang and Shijie Xiang contributed equally to this work.
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1. Introduction

Dormancy is described as a condition of apparent metabolic arrest with life ac-
tivities reduced or brought to a halt. Many organisms have dormant stages,
which have been related to an extension of their life span to increase longevity
[1]. Cereal crops such wheat [2], rice [3] [4] and maize [5] [6] [7] usually pro-
duce dormant seeds at maturity stage, which is called as seed (innate) dormancy
and described as the temporary failure of an intact viable seed to complete ger-
mination under favorable conditions [8]. In bread wheat, seed dormancy often
shows negative association with pre-harvest sprouting (PHS) [9]-[15], which is
usually induced by wet conditions after maturity or before harvest and can se-
verely reduce grain end-use quality, and even grain yield. PHS resistance en-
hancement is often used interchangeably with deep seed dormancy.

Seed longevity is defined as seed viability after dry storage, which is valuable
for seed banks and provides reliable crop seeds to farmers. Seed longevity is of-
ten negatively correlated with the advancement of germination [16]. It is a com-
plex trait influenced by two most important environmental factors: 1) relative
humidity, which is related to seed moisture content; 2) temperature, which af-
fects the rate of biochemical processes in seeds [17] [18]. In the case of wheat
seed longevity has negative relation with temperature and moisture [19], and it
also shows their diversification in different varieties [20].

In plant, seed dormancy and longevity have been described as two separate
traits. And the commonly held view is that dormancy may be positively related
to longevity in plant seeds [21] [22] [23] [24], and most of these works have been
based on environmental-stress-induced or mutant dormancy genotypes. How-
ever, Nguyen et al. (2012) firstly reported a negative relationship between seed
dormancy and longevity in natural variations of Arabidopsis [25]. In cereal
seeds, Roberts (1963) investigated the seed dormancy of 6 rice cultivars with the
same seed longevity, and found remarkable differences among their seed dor-
mancy [26], indicating the independence between innate dormancy and longev-
ity [3]. Rehman Arif et al (2012) conducted germination tests for both seed
dormancy and longevity in wheat without any description for relationship be-
tween them, and no obvious relationship was found between them from a ge-
netic sight [27]. In this study, both seed dormancy and longevity were evaluated
for the accessions from Core Wheat Germplasm Panel (CIMCOG) of Mexico
International Maize and Wheat Improvement Center (CIMMYT), and a signifi-
cantly negative relationship between seed dormancy and longevity was observed,
which was in contrast to the current opinion in plant and discussed in the con-

text. And this dramatic association between them raised new advantages or
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challenges for breeding wheat cultivars with both long longevity and deep dor-

mancy against pre-harvest sprouting.

2. Materials and Methods
2.1. Plant Materials and Field Trial

A total of 60 elite accessions from CIMCOG panel provided by CIMMYT were
planted in the greenhouse of Sichuan Academy of Agricultural Sciences (SAAS)
in the growing season of 2012-2013. Two replicates per trial were performed for
each accession. Each plot consisted of two 1.5 m rows spaced 0.5 m apart, and 10
plants were evenly spaced in each row to minimize border effects.

The seeds of each accession were harvested near the end of its dough stage,
air-dried to 10% - 12% moisture content, and then stored at a condition of
—20°C and moisture content less than 12% to maintain dormancy until all 60
accessions were collected, in consideration of their different maturation times.
After 2-day’s air-drying, these seeds with <12% moisture content were treated
with aluminum phosphide for 5 days and then transferred into an airtight con-
tainer at a room temperature. Among 60 accessions, 58 of them were 7Triticum
aestivum, including 13 accessions derived from the crosses between 7. aestivum
and synthetic hexaploid wheat, and the remaining two were durum cultivars.
And most of them (52 accessions) obtained white seed coat color.

2.2. Seed Longevity Measurement

2.2.1. Artificial Aging

Artificial aging (AA) test was conducted to stimulate biochemical and hence al-
low for the evaluation of seed longevity. In this study, 50 seeds of uniform size
were selected for artificial aging tests with eight replicates for each accession af-
ter 6-month storage for eliminating the possible influence of seed dormancy, and
these seeds were dispersedly placed in a stainless metal cage sealed inside a re-
quired container adding 2 cm of deionized and sterilized water to its bottom.
The container was covered and held at 43°C + 0.5°C for 72 h and more than 90%
relative humidity [28]. Then these treated seeds were air-dried and stored at 4°C.

2.2.2. Germination and Seedling Vigor Test
Four replicates of 50 seeds each for AA tests with three replicate for control were
subjected to a standard ISTA germination test, in which the seeds were placed
on the wet filter papers, formed into rolls and stood on a Jacobsen apparatus at
25°C + 1°C during the day and 23°C + 1°C during the night [29]. The seed ger-
mination potential and rate were recorded on the 4™ and 8" day, respectively
[28]. Apart from the absolute germination (in both non-treated and treated seed
lots), a relative germination potential and rate was determined by dividing the
rates obtained after AA treatment by that of the non-treated control.

For the seedling vigor, 10 seedlings for each 50-seed plot were randomly se-
lected from the germinated seedlings without any injury or defect in the 8" day
simultaneously, to measure average seedling length. The seedling vigor index
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and relative seedling vigor index were calculated following the formula described
as Abdul-Baki and Anderson (1973): vigor index = seed germination rate x
seedling length, relative vigor index (%) = [(vigor index of AA treatment)/(vigor
index of control)] x 100% [30].

2.2.3. Electrical Conductivity Test
The remaining four AA-treated replicates and three control replicates of 50
air-dried seeds for each accession were used to estimate the membrane integrity
after AA treatment, as measured by electrical conductivity, which is suggested as
an indicator of seed aging during storage at room temperature. And higher value
of electrical conductivity caused by damaged cell membranes of deteriorated
seeds is often positively related to the degree of seed aging [31] [32] [33].

The average weight of 50 AA-treated seeds of each accession ranged from 0.961
g to 1.667 g and the control was from 1.016 g to 1.721 g. After weighed, all the
seeds were soaked in plastic cups (200 mL) containing 75 mL deionized water for
24 hours at 25°C. After soaking, the value of absolute electrical conductivity was
determined in a conductivity meter (Analyzer 600) with an electrode with constant
1. Deionized water without any seeds soaked was conducted as a control of back-
ground level. And the absolute electrical conductivity of each lot (50 seeds) was
calculated following the formula: absolute electrical conductivity (uScmr'g™) =
(absolute electrical conductivity for seed soak water-absolute electrical conductivi-
ty for background-level control)/ the weight of each lot. In this study, the electrical
conductivity of each AA-treated accession was represented by relative electrical
conductivity (%) = [(absolute electrical conductivity for AA-treated seed)/ (abso-
lute electrical conductivity for seed without AA-treatment)] x 100%.

2.3. Seed Dormancy Measurement

After harvested and threshed by hand with sterile PE disposable gloves, the
air-dried seeds of each accession were immediately transferred to —20°C to
maintain their dormancy as described in the section of “Plant materials and field
trial’. Once all accessions were collected from the field, those seeds were used for
dormancy measurement. Fifty kernels for each accession were surface-sterilized
with 25% bleach, placed on a sterilized wet filter paper in a Petri dish, and incu-
bated in a temperature-controlled growth room with temperature control as de-
scribed in the section of “Germination and seedling vigor test’. Germinated
kernels were counted daily and removed after counting. The seed germination
potential and rate for dormancy measurement were recorded on the 4™ and 8™
day, respectively [28]. A weighted germination index [34], relative germination
potential and rate were used to measure seed dormancy based on the following
formula in this study:

Germination index = 100 X [(x X m + (x— 1) X m; + ... + 1 X n;)/ N X x], rela-
tive germination potential = (germination potential for seed dorman-
cy)/(germination potential of seeds after 6-month storage), relative germination

rate = (germination rate for seed dormancy)/(germination rate of seeds after
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6-month storage), and the degree of seed dormancy = Ln[1/(relative germina-
tion rate x germination index)].

Where xis the total number of days between seed planting and the end of the
experiment, NV is total number of grains, and 1, m, ... n, are the numbers of
kernels that germinated on a specific day 4 7is number of days after seed plant-

ing ranging from 1 to x.

2.4. Statistical Analysis

Pearson correlation analysis and Duncan’s multiple range test for all phenotypes
were made in IBM SPSS Statistics Version 22 package (IBM Corp., Chicago, IL).
Population distribution of phenotypic data was performed in MS Excel 2003 and
SPSS.

Cluster analysis was carried out using NTSYS pc Version 2.10e [35]. After li-
near transformation with “Standardization” program, the selected phenotypic
data matrix was transformed to a similarity matrix using Euclidian distance
(EUCLID). The EUCLID similarity matrix of all accessions was analyzed using
un-weighted pair group method with arithmetic average (UPGMA) algorithm in
sequential agglomerative hierarchical nested (SAHN) routines, and the results
were used to construct a dendrogram. The goodness of fit of the phenotypes to a
specific cluster in the UPGMA cluster analysis was determined by the Mantel
matrix correspondence test [36].

3. Results
3.1. Seed Dormancy and Longevity Related Traits

The germination rates of the air-dried seeds after 6 months storage in an airtight
container at a room temperature that was used for control set ranged from
45.8% to 100.0%. And these seeds were used for AA test and as control for dor-
mancy measurement. Among the 60 accessions, 58 accessions remained > 80%
germination rate, and only No. 9 and 40 accessions’ germination rate (54.3%,
45.8%) was less than 80%.

For the measurement of seed dormancy, 4 germination related indexes in-
cluding, relative germination potential, relative germination rate, germination
index and degree of seed dormancy were used for indicating seed dormancy. A
total of 4 indexes were calculated for the measurement of seed longevity, as rela-
tive germination potential, relative germination rate, relative vigor index and
relative electrical conductivity after artificial aging. In AA test, greater germi-
nating ability and lower relative electrical conductivity often reflect higher seed
longevity. The frequency distribution, median, mean and phenotypic standard
deviation of seed dormancy and longevity related traits in CIMCOG panel are
showed in Figure 1. For seed dormancy, the relative germination potential,
germination index and degree of seed dormancy have larger means than their
medians in the panel. For seed longevity, the medians of relative germination
potential, relative germination rate, relative vigor index are more than their

means in the population, and the median of relative electrical conductivity are
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Figure 1. Frequency distribution of seed dormancy and longevity related traits in CIMCOG panel. The position pointed by black
arrow in X-axis represents phenotypic mean for the population. “Median” means the middle value of the population. “S.D.”
means its phenotypic standard deviation. RGP, relative germination potential; RGR, relative germination rate; GI, germination
index; DSD, degree of seed dormancy; RV], relative vigor index; REC, relative electrical conductivity.

less than its mean. The means of degree of seed dormancy and relative electrical
conductivity for seed longevity and are over 10% larger than the medians, indi-
cating their significant right-skewed distribution.

For the morphological diversity of seed dormancy related traits, the correla-
tion coefficient r between the data matrix for the dendrogram (cophenetic ma-
trix) and the Euclidian distance matrix for similarity coefficients (original ma-
trix) was 0.69 when ¢ value for Mantel #test was 20.31 and p value for Prob.
(Zrandom < | Zovs|) was 1.00 (Figure 3(a)). All the 60 accessions, with Euclidian
distance ranging from 0.15 to 3.28, were also grouped into 3 clusters (Figure
2(a)). The first group Isp with 22 accessions had low degree of seed dormancy,
the 2™ group IIsp contained 6 accessions with high degree of seed dormancy, and
the rest of accessions belong to the 3 group /7Isp with intermediate level of seed
dormancy (Table 1). Significant difference among groups on relative germina-
tion potential, relative germination rate, germination index and degree of seed
dormancy indicated that all the four investigated phenotypes fit well as a reflex
of dormancy degree (Table 1). Four traits related to seed longevity were selected
for the clustering analysis of the 60 CIMCOG accessions (Figure 2(b)). The co-
phenetic coefficient r computed against the original data matrix was 0.86 (¢ =
9.22; p=1.00) (Figure 3(b)), indicating that the cophenetic matrix for the den-
drogram and the Euclidian distance matrix for the similarity coefficients (origi-

nal matrix) were in very close agreement. Fifty-seven out of 60 accessions, with
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Euclidian distance ranging from 0.15 to 7.80, were grouped into 3 clusters
(Figure 2(b)). Duncan’s multiple range test showed significant difference (a =
0.01 level) between each group on relative germination rate and relative vigor
index (Table 2), and their phenotypic scores could reflect the seed longevity of
these accessions.

o 1
4%;5 5
3 4
3 4
' |
1% ISD zgu
4 %1
4 §
¥ )
— 15 X
3 B
— = gg
:
i ]
— 8 b
% 3
2 %
i i oo
§ B
B i;
%
L 3 i L %} 117 SL
s
3 b
SO e i
400 300 200 100 000 800 700 600 500 400 300 200 100 000
Euclidian distance Euclidian distance
@) (b)

Figure 2. Cluster analysis of CIMCOG accessions based upon (a) seed dormancy and (b) longevity
related phenotypic scores.
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Table 1. Multiple comparison of seed dormancy related traits between different cluster-
ing groups?.

Cluster No. RGP RGR GI DSD
Lo 22 0.72 (¢, C) 0.90 (c, C) 0.59 (c, C) 0.66 (c, C)
sp 6 0.06 (a, A) 0.15 (a, A) 0.11 (a, A) 4.26 (a, A)

Hsp 32 0.26 (b, B) 0.52 (b, B) 0.33 (b, B) 1.90 (b, B)

‘Lower case and capital letters represent Duncan’s multiple range test at @ = 0.05 and 0.01 level, respectively.
RGP, relative germination potential; GRG, relative germination rate; GI, germination index; DSD, degree of
seed dormancy.

Table 2. Multiple comparison of seed longevity related traits between different clustering

groups®.
Cluster No. RGP RGR RVI REC
Iy 39 0.86 (a, A) 0.92 (a, A) 0.77 (a, A) 0.95 (a, A)
15t 7 0.51 (c, B) 0.53 (¢, C) 0.37 (b, C) 0.91 (a, A)
s 11 0.61 (b, B) 0.75 (b, B) 0.56 (c, B) 0.92 (a, A)

fLower case and capital letters represent Duncan’s multiple range test at @ = 0.05 and 0.01 level, respectively.
RGP, relative germination potential; GRG, relative germination rate; RV, relative vigor index; REC, relative
electrical conductivity.

3.2. Correlations between Seed Dormancy and Longevity Related
Traits

In this study, 6-month storage was set up to let the harvest seeds finish their
physiological after-ripening completely, and these dormancy-released seeds were
used as control for measuring seed dormancy. Correlations among investigated
traits for seed dormancy, longevity and seed coat color (white = 0, red = 1) are
presented in Table 3. For the seed longevity, significant positive correlations
were detected among (relative) germination potential, (relative) germination
rate and (relative) seedling vigor index. However, electrical conductivity had no
significant relationship with seed germination related traits (Table 3). For seed
dormancy, significantly positive relationships were also observed among these
seed germination related traits such (relative) germination potential, (relative)
germination rate and germination index. However, more seeds that sprouted as
soon as being harvested usually means the lower degree of seed dormancy,
which was negatively related to germination related traits in this study (Table 3).
Moreover, seed coat color was significantly negatively related to (relative) ger-
mination rate with the absolute value of coefficients more than 0.50 but posi-
tively to degree of seed dormancy (Table 3), suggesting that the seed dormancy
of red wheat accessions was higher than the white ones.

The germination potential, germination rate and seeding vigor index of the
control group were positively related to the germination potential (rate) and
seeding vigor index of AA-treated group for seed longevity with their coeffi-

cients more than 0.50, respectively. However, the relative germination potential
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of AA-treated group for seed longevity was not significantly correlated with
germination potential of the control group. The correlation coefficient between
relative germination rate of AA-treated group for seed longevity and germina-
tion rate of the control group was 0.33 at P = 0.05 level, which was much less
than 0.77 between germination rates of AA-treated and control groups. The rel-
ative seeding vigor index for seed longevity were weakly correlated with seeding
vigor index of the control group with correlation coefficient only 0.28 (Table 3).
And these indicated that relative germination potential (rate) and relative seed-
ing vigor index could almost evaluate the influence caused by AA-treatment to-
tally. This similar situation also happened to seed dormancy related traits, and
the relative germination potential/rate for seed dormancy was not significantly

related to germination potential/rate of the control, respectively.

Table 3. Correlation coefficients between seed dormancy, seed longevity related traits and seed coat color?.

SL

RGP GR RGR VI

Control SD SCC

RVI AEC REC GP GR VI AEC GP RGP GR RGR GI DSD

> - - > ox . .

GP 0.85" 0.94" 0.847 0.93" 0.82" -0.15 -0.13 0.68" 0.66" 0.64" -0.02 0.61" 0.45" 0.69” 0.55" 0.50" -0.62" —0.40"
RGP 0.76" 0.86" 0.77" 0.84" -0.06 -0.14 0.19 020 027" 020 0.58" 057" 0.66" 0.66" 0.47" —0.66" —0.45"
GR 0.92” 0.90” 0.87° -0.22 -0.15 0.70” 0.72” 0.59” -0.18 0.58" 0.39” 0.65" 0.49" 0.47" -0.55" -0.43"
RGR 0.817 0.93" -0.17 -0.16 0.31° 0.33° 0.32° -0.03 0.53" 0.42" 0.62” 0.54" 0.43" -0.56" —-0.47"
. VI 0.85" -0.20 -0.13 0.64” 0.64" 0.717 -0.13 0.45" 0.29° 0.54" 0.40” 0.35" -0.48" —0.33"
RVI -0.19 -0.14 037" 0.39" 0.28" -0.08 0.50" 0.38" 0.58" 0.51" 0.40" -0.53" -0.41"
AEC 0.92" -0.18 -0.21 -0.13 025 0.04 0.09 0.09 0.15 0.15 -020 -0.16
REC -0.04 -0.05 -0.04 -0.13 0.00 0.00 0.04 0.06 0.10 -0.11 -0.11
GP 0.98" 0.817 -0.34" 0.33" 0.05 0.38" 0.14 027 -025 -0.19
GR 0.81" —0.42" 0.35" 0.08 0.38" 0.13 0.28" -0.24 -0.21
Control
VI -0.23 0.20 -0.01 0.25 0.06 0.12 -0.18 -0.16
AEC 0.03 0.14 0.10 0.21 0.09 -0.21 -0.16
GP 0.93” 0.90” 0.85" 0.80" —0.80" —0.42"
RGP 0.847 0.89” 0.74" —0.79" —0.44"
GR 0.96" 0.77" -0.91" -0.55"
SD
RGR 0.72" -0.91" -0.57"
GI —-0.85" -0.31
DSD 0.53"

SL, seed longevity; SD, seed dormancy; GP, germination potential; RGP, relative germination potential; GR, germination rate; RGR, relative germination

rate; VI, vigor index; RVI, relative vigor index; AEC, absolute electrical conductivity; REC, relative electrical conductivity; GI, germination index; DSD,

degree of seed dormancy; SCC, seed coat color; "and ” indicate significance at the P = 0.05 and 0.01 levels, respectively; Shaded cell represents the absolute

value of correlation coefficient more than 0.50.
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3.3. Negative Association between Seed Dormancy and Longevity

Interestingly, the seed dormancy related traits germination potential and (rela-
tive) germination rate that negatively reflecting the degree of seed dormancy
were significantly positively correlated with the seed longevity related traits such
relative germination potential (rate) and relative seeding vigor index with their
coefficients more than 0.50 (Table 3). Contrary to controls, the degree of seed
dormancy was significantly negatively correlated with relative germination po-
tential (rate) and relative seeding vigor index for seed longevity (Table 3), where
greater germination potential (rate) and relative seeding vigor index expressed
higher seed longevity.

This negative relationship was not caused by their initial germination ability
statistically, for the germination ability of control group was independent of seed
longevity related traits (Table 3). In the cluster analysis, the groups Zsp and IIy;
were composed of accessions with the deepest seed dormancy and shortest lon-
gevity (Table 1 and Table 2), respectively. A total of 10 accessions were involved
in these two groups (Figure 2, Table 4). Among accessions No. 3, 4, 8, 19, 21
and 60 of /Isp, No. 4, 19 and 60 were clustered to /Iy, No. 8 and 21 were clus-
tered to /Iy, whose seed longevity related traits (RGP, RGR and RVI) were
smaller than the means of the CIMCOG panel (Table 2, Figure 1 and Figure 2).
Among the 7 accessions of IIs;, 6 were clustered to the groups Ilsp and IIsp with
deeper seed dormancy and 1 belonged to I;p with non-deep seed dormancy
(Table 1, Figure 1 and Figure 2). The degrees of seed dormancy of all involved
accessions except for No. 40 were more than the mean in the panel, while their
seed longevity traits were less than the mean in the panel (Table 4), and there
was also huge difference in means between the two groups and the whole
CIMCOG panel (Table 4). These suggested a significant negative correlation
between seed dormancy and longevity, deep seed dormancy correlating with

short seed longevity and vice versa.

Table 4. Degree of seed dormancy and longevity related traits of ZZsp and sz accessions.

Accession Cluster GR* (%) DSD (1.68)° oL
RGP (0.76) RGR (0.83) RVI (0.66)
3 Isp 94.0 4.28 0.21 0.38 0.20
4 Isp, IIst 94.5 3.25 0.50 0.57 0.43
8 IIsp, 15t 100.0 4.89 0.53 0.71 0.48
9 Hlsp, Isz 54.3 291 0.55 0.46 0.32
19 Isp, s 80.0 3.63 0.33 0.60 0.37
21 Isp, Ist 90.0 4.67 0.56 0.82 0.62
40 Isp, IIs; 45.8 1.22 0.75 0.44 0.26
42 sp, st 93.9 1.69 0.48 0.53 0.37
45 lsp, Ilst 98.0 2.05 0.58 0.59 0.46
60 1sp, Ise 95.0 4.85 0.40 0.54 0.36
Mean 3.35 0.49 0.56 0.39
*germination rate of control indicating seed quality; *Trait average mean in the CIMCOG panel.
DOI: 10.4236/ajps.2021.123022 356 American Journal of Plant Sciences


https://doi.org/10.4236/ajps.2021.123022

J. Zhang et al.

4. Discussion

Except for elative germination potential, relative germination rate and relative
vigor index, relative electrical conductivity were also investigated for seed lon-
gevity in this study, and electrical conductivity is valid to assess longevity of di-
cotyledon seeds such pea [37] and soybean [31] when these seeds are stored in
room temperature condition [33] [38]. However, relative electrical conductivity
was independent of other three indexes in both correlation (Table 2) and cluster
analysis (Table 3), which challenged the electrical conductivity of seed-steep
water to be a good indicator for the deterioration of AA-treated wheat seeds
stored at a room temperature. Except for seed stored temperature, the efficiency
of electrical conductivity test for seed longevity or viability is also variable ac-
cording to different genotypes [39] [40] [41], seed imbibition leakage [42] and
proportion of endosperm in seed. Those wheat genotypes with heat resistance
often enhance their cell membrane stability [43], and their membrane repair or
reorganization in AA-treated condition may reduce the correlation between
electrical conductivity and seed deterioration in the germplasm panel of wheat.
Electrical conductivity is less sensitiveness to declines viability or longevity of
seeds that comprise a large proportion of endosperm, such as corn seed [38] [44]
and wheat seed [45], and most of the seed imbibition leakage for electrical con-
ductivity test is from the deteriorated endosperm, which reduces the efficiency
of electrical conductivity test for the embryo. For this, electrical conductivity
tests tend to be more helpful in grain legumes without endosperm. Moreover,
seeds with different longevity often needed different AA-treated times to reach
the max value of their relative electrical conductivity, when all the seed imbibi-
tion leakage from both endosperm and embryo (without any seed vigor). Seeds
with long longevity need more AA-treated time to reach the max values of their
relative electrical conductivity. In this study, the seeds of accession No.57, 6 and
9 needed the AA-treated times of 11 d, 7 d and 5 d to obtain their largest relative
electrical conductivity, respectively (Figure 4). Thus, it is difficult to choose one
unified AA-treated time for a germplasm panel with different cultivars and
compare their seed longevity using electrical conductivity. And it also seems that
the max value of relative electrical conductivity had no significant relationship
with seed longevity (Figure 4). We suggested that the AA-treated time of reach-
ing max values of electrical conductivity could be a good indicator for evaluating
seed longevity.

In this study, correlation analysis showed that the seed dormancy of red wheat
accessions was higher than the white ones, and this has been accepted in wheat.
Because dormancy genes are thought to be tightly linked or pleiotropic with seed
coat color determined by R alleles on chromosome 3A, 3B, and 3D (in durum
wheat [46]; in common wheat [47]; in synthetic wheat [48]). And dormancy is
often thought to be positively related to longevity in plant seeds [21] [22] [23]
[24]. A dormant stage may be related to an extension of their life span to in-

crease longevity [1]; however, the dormant stage of wheat seeds is often only
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—8— Accession No. 57 with long SL
- a- Accession No. 6 with medium SL

--@-- ] Accession No. 9 with short SL

AA-treatment time (day)

Figure 4. Effect of AA-treatment time on relative electrical conductivity.

several weeks/months, and it is difficult for wheats to expand their seed longevi-
ty significantly by dormancy, while the longevity of wheat seed under commer-
cial storage conditions is often up to years with half-viability. The germination
rate of wheat seed remained >85% after 3-year storage under ambient conditions
of room temperature and 50% relative humidity [49]. In our study, there is a
strong negative relationship between seed dormancy and longevity in the
CIMCOG wheat panel, and the correlation coefficients between degree of seed
dormancy and seed longevity related indexes were more than 0.50 with signifi-
cant level at 0.01. This result was based on the natural variation from germplasm
pool, while most of the reported investigations about their positive relationship
were under inducement of environmental stress or based on dormancy-mutant
genotypes. Nguyen et al. (2012) reported a negative correlation between seed
dormancy and longevity in the natural variation of Arabidopsis, and their mo-
lecular basis for seed dormancy and longevity were also dissected in the popula-
tions, which was the first report in seed plants [25].

Long seed longevity is beneficial to preserving seeds for germplasm banks and
providing reliable crop seeds to farmers, while deep seed dormancy is associated
with the resistance to pre-harvest sprouting in wheat. In the CIMCOG panel,
most of accessions with degree of seed dormancy more than 3.00 had short seed
longevity, and their average relative germination rate for seed longevity was only
0.60, suggesting a negative association between seed dormancy and longevity.
However, further investigation was needed to understand the molecular and
physiological basis of these extreme accessions, in order to create breeding wheat
lines with both long seed longevity and deep dormancy against pre-harvest

sprouting.

5. Conclusion

We evaluated the seed longevity of 60 wheat accessions after artificial aging and
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their seed dormancy, and analyzed the relationship between them seed dorman-
cy and longevity. The data revealed a negative correlation, in contrast to com-
monly held view, as high longevity with shallow seed dormancy, and low stora-

bility correlated with deep seed dormancy.
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Supplementary Material

—&— Accession No. 57 with long SL.

Accession No. 6 with medium SL

--&-- 1 Accession No. 9 with short SL

AA-treatment time (day)

Figure S1. Effect of AA-treatment time on relative electrical conductivity. SL, seed longevity.

Table S1. The pedigrees of the 60 accessions from CIMCOG panel and their seed coat color (SCC).

No. Pedigree SCC
1 ATTILA White (W)
2 ATTILA*2/PBW65 w
3 ATTILA*2/PBW65*2/5/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES Red (R)
4 ATTILA//PGO/SERI/3/PASTOR R
5 BABAX/LR42//BABAX/3/ER2000 w
6 BABAX/LR42//BABAX/3/VORB R
7 BACANORAT 88 w
8 BAVIACORA M 92 w
9 BCN/RIALTO R
10 BCN/WBLL1 w
11 BECARD w
12 BECARD/KACHU w
13 BRBT1*2/KIRITATI R
14 C80.1/3*BATAVIA//2*WBLL1/5/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES W
15 SAUAL/4/CROC_1/AE.SQUARROSA (205)//KAUZ/3/ATTILA/5/SAUAL W
16 SAUAL/WHEAR//SAUAL w
17 CHIR3/4/SIREN//ALTAR 84/AE.SQUARROSA (205)/3/3*BUC/5/PFAU/WEAVER w
18 CHWL86/6/FILIN/IRENA/5/CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA (TAUS)/4/WEAVER W
19 CMH79A.955/4/AGA/3/4*SN64/CNO67//INIA66/5/NAC/6/RIALTO R
20 CIRNO C 2008 w
21 CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA (TAUS)/4/OCI/5/PASTOR/6/TEMPORALERA M 87/ROMO9%6 w
22 CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA (TAUS)/4/WEAVER/5/2*KAUZ W
23 CNO79//PF70354/MUS/3/PASTOR/4/BAV92*2/5/FH6-1-7 W
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Continued
24 CROC_1/AE.SQUARROSA (205)//BORL95/3/PRL/SARA//TSI/VEE#5/4/FRET2 w
25 GK ARON/AG SECO 7846//2180/4/2*MILAN/KAUZ//PRINIA/3/BAV92 w
26 KINGBIRD #1//INQALAB 91*2/TUKURU w
27 KFA/3/PFAU/WEAVER//BRAMBLING/4/PFAU/WEAVER*2//BRAMBLING R
28 MEX94.27.1.20/3/SOKOLL//ATTILA/3*BCN w
29 MILAN/KAUZ//PRINIA/3/BAV92 w
30 MUNAL #1 w
31 ATTILA/PASTOR w
32 OASIS/5*BORL95/5/CNDO/R143//ENTE/MEXI75/3/AE.SQ/4/2*OCI w
33 MISR 1 w
34 OASIS/SKAUZ//4*BCN/3/2*PASTOR/5/FRET2%2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/6/SAUAL #1 w
35 PANDORA//WBLL1*2/BRAMBLING w
36 PASTOR/3/URES/JUN//KAUZ/4/WBLL1 w
37 PAVONF 76 w
38 PBW343*2/KUKUNA*2//FRTL/PIFED w
39 PFAU/SERI.1B//AMAD/3/WAXWING w
40 ARMENT//2*SOOTY_9/RASCON_37/4/CNDO/PRIMADUR//HAI-OU_17/3/SNITAN w
41 QUALIU #3//MILAN/AMSEL w
42 RL6043/4*NAC//2*PASTOR w
43 ROLF07*2/5/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES w
44 SERI M 82 w
45 SIETE CERROS T66 w
46 SOKOLL*2/3/BABAX/LR42//BABAX w
47 SOKOLL//PBW343*2/KUKUNA/3/ATTILA/PASTOR w
48 TACUPETO F2001/SAUAL/4/BABAX/LR42//BABAX*2/3/KURUKU w
49 TACUPETO F2001/BRAMBLING*2//KACHU w
50 TC870344/GUI//TEMPORALERA M 87/AGR/3/2*WBLL1 w
51 TRAP#1/BOW/3/VEE/PJN//2*TUI/4/BAV92/RAYON/5/KACHU #1 w
52 TRCH/SRTU//KACHU w
53 UP2338*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/5/MILAN/KAUZ//CHIL/CHUM18/6/UP2338%2/4/SNI/TRAP#1/3/KA w
UZ*2/TRAP//KAUZ
54 W15.92/4/PASTOR//HXL7573/2*BAU/3/WBLL1 w
55 BECARD w
56 WBLL1*2/4/BABAX/LR42//BABAX/3/BABAX/LR42//BABAX w
57 WBLL1*2/KURUKU*2/5/REH/HARE//2*BCN/3/CROC_1/AE.SQUARROSA (213)//PGO/4/HUITES w
58 WBLL1*2/TUKURU*2/4/CROC_1/AE.SQUARROSA (205)//BORL95/3/2*MILAN w
59 WHEAR/SOKOLL w
60 YAV_3/SCO//JO69/CRA/3/YAV79/4/AE.SQUARROSA(498)/5/LINE1073/6/KAUZ*2/4/CAR//KAL/BB/3/NAC/5/KAUZ/7/ R

KRONSTAD F2004/8/KAUZ/PASTOR//PBW343
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Table S2. Correlation analysis between kernel weight and seed dormancy and longevity related traits®.

Kw Kw Kw
RGP for SL 0.36** GP for control 0.22 RGP for SD 0.18
RGR for SL 0.42%* GR for control 0.22 RGR for SD 0.19
RVI for SL 0.38%* VI for control 0.15 GI for SD 0.27*
REC for SL -0.15 EC for control -0.10 DSD —-0.18

‘KW, kernel weight; GR, germination rate; RGR, relative germination rate; GP, germination potential; RGP, relative germination potential; SL, seed longevi-

ty; SD, seed dormancy; DSD, degree of seed dormancy.
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