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Abstract

Seed vigour is an important trait and is often used to evaluate seed quality. A rapid and accurate evaluation of 
seed vigour is very important for agricultural production. Ca2+ is an important secondary messenger in plants, 
responding to various biotic and abiotic stimuli by Ca2+ flux into cytoplasm. To the best of our knowledge, how-
ever, no report has been published about seed vigour and Ca2+ influx. In this study, we used two hybrid maize 
(Zea mays L.) lines and their corresponding female parent lines as materials, and performed ageing and ‘ageing + 
priming’ treatments to obtain seeds with different vigour levels. After seeds were imbibed for 24 h, the intact seeds 
or embryos were used as materials for determining the Ca2+ influx rate using non-invasive micro-test technique 
(NMT). Results showed that, with the intact embryos as materials, the Ca2+ influx rate showed higher stability and 
higher values. Correlation analysis indicated that there was a significant, positive linear correlation between the 
shoot dry weight vigour index and Ca2+ flux rate into embryo. The results demonstrated that the Ca2+ influx rate 
can be used to evaluate the vigour levels of maize seeds.
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1. Introduction

Seed vigour is an important trait for evaluating seed qual-
ity. It can reflect the performance of seedling emergence 
in the field. Seeds with high vigour exhibit rapid and 
uniform seedling emergence and high stress resistance 
(Finch-Savage and Bassel, 2016). Low-vigour seeds can 
germinate under favourable conditions, but under stress 
conditions, seedling emergence is not uniform, or even 
no seedlings emerge, which severely impacts agricultural 
production (Finch-Savage and Bassel, 2016).

Seed vigour is a complex agronomic trait controlled by 
multiple genes. Han et al. (2014) identified 23 candidate 
genes in maize that were correlated with seed vigour. 

Thus, an accurate evaluation of the level of seed vigour 
is a difficult task. There are currently dozens of methods 
for measuring seed vigour that can be generally divided 
into direct and indirect methods (Hampton and Tekrony, 
1995). The direct method is to simulate various field con-
ditions in the laboratory and to measure the seedling 
growth rate and seedling robustness, such as the low 
temperature test, the brick grit test and the accelerated 
ageing test (Hampton and Tekrony, 1995). The direct 
methods are often time- and labour-consuming, with low 
efficiency. Indirect methods measure the physiological 
and biochemical parameters related to seed vigour in the 
laboratory, such as leachate conductivity (ISTA, 2014) 
and oxygen consumption during imbibition (Bello and 
Bradford, 2016), to evaluate the level of seed vigour.
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Ca2+ is an important secondary messenger in plants, 
responding to various biotic and abiotic stimuli including 
pathogens, cold, heat, salt and drought stresses (Sanders 
et al., 1999). Calcium is stored in plants in organelles 
such as the vacuole, endoplasmic reticulum, mitochon-
dria and chloroplasts, as well as in the apoplastic cell 
wall bound to the pectin (Stael et al., 2012). When plants 
are stimulated by environmental stress, Ca2+ flux occurs, 
with Ca2+ moving from the calcium stores to the cyto-
plasm, which causes the concentration of cytosolic-free 
Ca2+ to increase rapidly. The Ca2+ then binds to Ca2+ 
sensors, such as calmodulin, CaM-like proteins, calci-
um-dependent protein kinases and calcineurin B-like 
proteins, to transmit the stimulus signals (Bickerton and 
Pittman, 2012).

To the best of our knowledge, however, there has 
been no report on the relationship between the Ca2+ 
flux rate and seed vigour, although some studies have 
shown that Ca2+ plays important roles in promoting 
seed germination and increasing stress resistance of 
seedling. Singh et al. (2017) found that the early axis 
growth of germinating Vigna radiata seeds was under 
the control of auxin and cytosolic Ca2+. Recently, 
Verma et al. (2019) further showed that the apoplastic 
calcium store is the main source of Ca2+ needed during 
germination and the initial stage of seedling establish-
ment in V. radiata. In addition, the calmodulin-like 
protein CML39 is involved in Arabidopsis seed germi-
nation (Midhat et al., 2018). Seed priming with CaCl

2
 

solution significantly reduced the chilling damage 
(Farooq et al., 2008). The addition of exogenous CaCl

2
 

reduced the effect of salt stress on seed germination in 
Phragmites karka and Festuca ovina (Salahshoor and 
Kazemi, 2016; Zehra et al., 2012). Glutamate Receptor 
AtGLR3.4, which mediates Ca2+ influx, is involved 
in the regulation of seed germination in Arabidopsis 
under salt stress (Cheng et al., 2018). In addition, exog-
enous glutamate treatment increased the resistance 
in maize seedlings to heat stress via glutamate-recep-
tor-mediated Ca2+ signalling (Li et al., 2019).

Non-invasive micro-test technique (NMT) is a tool for 
studying the physiological functions in living cells or 
tissues. This technology uses selective electrodes and 
detects the three-dimensional flux rate of molecules 
or ions across the membrane of living organisms while 
ensuring the integrity of tested samples, at a testing con-
dition similar to the actual physiological environment 
(McLamore and Porterfield, 2011). It has been widely 
applied in the field of plant physiology, including seed 
physiology. Xin et al. (2013) detected seed viability of 
soybean, wheat and oilseed rape using oxygen influx 
by NMT. Li et al. (2014) measured the flux rate of O

2
 

and H
2
O

2
 in the non-coated seeds of Caragana korsh-

inskii and proposed that the O
2
 influx rate can be used 

for the evaluation of seed vigour. Using NMT, we estab-
lished the correlation between the flux rate of Ca2+ into 
embryo and the vigour of maize seeds. We found that 
the flux rate of Ca2+ into embryo can be used to evaluate 
the seed vigour of maize.

2. Materials and methods

Plant materials

The seeds of four maize materials, hybrid XY335 and its 
female parent PH6WC, and hybrid ZD958 and its female 
parent Z58, bought from the market, were used in this 
study. The hybrids XY335 and ZD958 have been the larg-
est cultivars in China over the past decade.

Ageing and priming treatments

Seeds were first placed in a net bag and were evenly laid 
out in an artificial ageing chamber at 45 °C and 90% rel-
ative humidity (RH), for 96 h for ageing treatment, and 
then the seeds were air-dried. Some of the aged seeds 
were then placed between sheets of Whatman No. 1 fil-
ter paper soaked with deionised water at 25 °C for 10 h. 
Then, water on the seed surface was removed, and the 
seeds were air-dried again, as ‘ageing + priming’ treated 
seeds. Seeds without any treatment were used as control 
(CK). The seeds were then sealed in bags for further use.

Determination of vigour index

In accordance with international standards for seed test-
ing, a standard germination test was conducted. Sand 
with 0.05–0.8 mm diameter was used to prepare the sand 
bed for the seed germination test. The water content of 
the sand bed was 60% of its saturated water content. In 
each of the three replicates, 50 seeds were placed in a 
growth chamber at 25 °C, with a 16 h light/8 h dark pho-
toperiod. The number of normal seedlings to emerge was 
recorded daily from the third day to the seventh day. On 
the seventh day, seedlings were taken out of the germina-
tion box and washed, and then residual seed tissue was 
removed. The roots and shoots of the seedlings were sep-
arated, dried and weighed. The germination index (GI), 
plant dry weight vigour index (PDWVI), shoot dry weight 
vigour index (SDWVI) and root dry weight vigour index 
(RDWVI) were calculated using the following equations:

∑=

= ×VI
GI Gt Dt

GI S
( / ),

,
 

where Gt is the number of germinating seeds on day t, 
Dt is the number of germination days and S is plant dry 
weight (for PDWVI, g), shoot dry weight (for SDWVI, g) 
or root dry weight (for RDWVI, g).
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Determination of Ca2+ flux rate

Maize seeds were placed between sheets of Whatman 
No. 1 filter paper soaked with de-ionised water, and im-
bibed at 25 °C for 24 h. Then, the intact seed or embryo 
(obtained by carefully removing the endosperm and the 
pericarp and testa with a scalpel) was fixed in a Petri dish 
as shown in Figure 1.

Ca2+ flux rate was determined according to Jing et al. 
(2019) with minor modification. A glass microelectrode 
was filled with filling solution (100 mM CaCl

2
) from 

the back end to produce a liquid column of about 10 
mm. Then the filling solution was pressed to the tip of 
the electrode by using air pressure. And then Ca2+ liq-
uid ion exchange agent (LIX) (XY-SJ-Ca, Younger USA, 
Amherst, MA, USA) was inhaled at the tip, with a length 
of about 40–50 μm. The Ag/AgCl wire is inserted from 
the back end of the electrode to bring it into contact with 
the electrolyte solution. Only electrodes with Nernstian 
slopes between 24 and 26 mV/decade were used. Then, 
Ca2+ measuring buffer, containing KCl (0.1 mM), CaCl

2
 

(0.1 mM), MgCl
2
 (0.1 mM), NaCl (0.5 mM), Na

2
SO

4
 (0.2 

mM) and MES (0.3 mM), was added into the petri dish, 
and stabilised for 5–10 min. After that, the petri dish was 
placed on the platform of the NMT system (NMT100-
SIM-YG, YoungerUSA, LLC, Amherst, MA, USA). And 
then, the microelectrode was gradually brought closer 
to the sample through the adjustment of the computer 
movement module, until the distance between the elec-
trode tip and the sample was maintained at 2–5 μm. Each 
sample was continuously measured for 10 min, with at 
least 10 biological replicates.

Ca2+ fluxes were calculated by Fick’s law of diffusion:

J
0
 = -[D × (dC/dX)], 

where J
0
 represents the net Ca2+ flux (μmol cm-2 s-1), 

D is the self-diffusion coefficient for Ca2+ (cm2 s-1), dC 
is the difference value of Ca2+ concentrations between 
the two positions and dX is the distance between the 
two positions (10 μm in our expriment).

Figure 1. The positions (indicated by arrows) on the (A, B) entire maize seeds and (C, D) the embryos used for non-invasive 
micro-test technique detection under (A, C) normal visual field and (B, D) the microscope visual field.
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Statistical analysis

Each measurement was taken from at least 10 individual 
seeds. The results are herein expressed as means ± SD. 
Data were tested for significance using one-way ANOVA 
with the IBM SPSS Statistics 19.0 software (SPSS, Chi-
cago, IL, USA).

3. Results

Embryo of maize seed is the ideal material for 
determining the Ca2+ flux rate using NMT

NMT is a highly sensitive technology, so the position of 
the seed used for detection affects the results (Xin et al., 
2013). Xin et al. (2013) found that the site of centre of the 
wheat seed embryo during imbibition showed the highest 

O
2
 influx, suggesting that the embryo as the living tissue, 

showed the most active respiration and metabolism during 
seed imbibition. In the present study, we first tested the in-
tact seeds imbibed for 24 h (Figure 1 A and B) and found 
that the direction of Ca2+ flow was influx, and that the flux 
rate was unstable (Figure 2). In the mature maize seeds, 
embryo is the living tissue, and the covering tissues, the 
starchy endosperm and the compact pericarp and testa 
are dead (Domínguez and Cejudo, 2014), this is likely to 
affect Ca2+ influx. Therefore, we used the intact embryo 
for NMT detection (Figure 1 C and D). The results showed 
that the direction of Ca2+ flow in intact embryo was the 
same as in the entire maize seeds, and that compared with 
those of the entire maize seeds, data stability was better 
and the value larger (Figure 2). As a result, the intact em-
bryo isolated from maize seeds imbibed for 24 h was fur-
ther used for NMT detection in the present study.

The flux rate of Ca2+ into embryo exhibited a significantly 
positive linear correlation with maize seed vigour

Using intact embryo as materials, we measured the Ca2+ 
influx rate of hybrid maize XY335 and ZD958 and their 
female parents PH6WC and Z58 using NMT. Results are 
shown in Figure 3. Different maize varieties exhibited 
clear differences in the Ca2+ influx rate. Among them, 
XY335 and ZD958 showed a higher Ca2+ influx rate, fol-
lowed by PH6WC. Z58 exhibited the lowest Ca2+ influx 
rate among the four maize varieties (Figure 3).

To determine the correlation between the flux rate of 
Ca2+ into embryo of different maize varieties and the seed 
vigour, we determined PDWVI, SDWVI and RDWVI, 
and the average Ca2+ influx rate in 10 min (Figure 4).

For the average Ca2+ influx rate among the four variet-
ies, XY335 and ZD958 had the highest values without 
significant difference between them. PH6WC had a 

Figure 3. The dynamics of the flux rate of Ca2+ into one embryo of the four different maize varieties (XY335, PH6WC, ZD958 and 
Z58) for 600 s. The testing solution without seeds was used as BLANK.

Figure 2. The difference in the Ca2+ influx rate between the 
entire seed and embryo used as materials. Data represent the 
means ± SD of 12 biological replicates.
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significantly lower (P < 0.05) Ca2+ influx rate than XY335 
and ZD958, while Z58 showed the lowest value; the dif-
ference between Z58 and PH6WC was significant (P < 
0.05, Figure 4A). On comparing PDWVI, SDWVI and 
RDWVI, we found that the differences in SDWVI of the 
four maize varieties showed the closest correlation with 
the differences in the average Ca2+ influx rate (Figure 4). 
SDWVI of XY335 and ZD958 showed the highest values 
with no significant difference between them. PH6WC had 
a significantly lower value than XY335 and ZD958. Z58 
had the lowest SDWVI value, significantly different from 
that of PH6WC (Figure 4C).

To further test the correlation between the flux rate of 
Ca2+ into the embryo and SDWVI of the maize seeds, we 
performed a 96-h artificial ageing treatment at 45 °C and 
RH 90% on XY335 and ZD958, followed by a priming 
treatment. Then, the Ca2+ flux rate into the embryo and 
the SDWVI of the maize seeds were measured. Results 
showed that the control (CK) had the highest values of 
Ca2+ influx rate and SDWVI, followed by the seeds from 
the ‘ageing + priming’ treatment (SP), with the seeds from 
the ageing treatment (SA) being the lowest (Figure 5).

Correlation analysis was performed using SPSS on 12 
groups of data concerning the embryo Ca2+ flux rate and 
SDWVI. The Ca2+ flux rate into the embryo was set as the 
independent variable, and SDWVI was set as the depen-
dent variable. Results showed that the embryo Ca2+ flux 
rate exhibited a highly significant, positive correlation 
with SDWVI (P < 0.0001). Moreover, SDWVI and the 
embryo Ca2+ flux rate fit the linear regression equation: 
Y = 0.0007227 X+ 0.1155 (R2 = 0.8452; Y: SDWVI, X: flux 
rate of Ca2+ into embryo; Figure 6).

4. Discussion

Seed vigour is an important trait for evaluating seed qual-
ity and is more sensitive than the seed germination rate 
(Finch-Savage and Bassel, 2016). A rapid and accurate 
evaluation of seed vigour is crucial for agricultural prac-
tice. In this study, we used NMT to investigate the cor-
relation between the Ca2+ influx rate into the embryo and 
the maize seed vigour. We found that the embryo Ca2+ 
influx rate exhibited a linear relationship with SDWVI 
of maize seeds. Therefore, the flux rate of Ca2+ into the 
embryo can be used to evaluate the seed vigour of maize.

Figure 4. The average flux rate of Ca2+ into embryo (A) and the plant dry weight vigour index (B), shoot dry weight vigour index 
(C) and root dry weight vigour index (D) of the four different maize varieties (XY335, PH6WC, ZD958 and Z58). Data represent 
the means ± SD of 10 biological replicates (A) or four biological replicates (B–D). An ANOVA test followed by a rank test was 
performed. Different letters are used to indicate means that are significantly different (P < 0.05).
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Ca2+ is an important intracellular secondary messenger. 
Studies have shown that Ca2+ plays important roles in 
seed germination. In rice seeds, Ca2+ is involved in the 
synthesis of α-amylase induced by gibberellins (Kaneko 
et al., 2002). Ca2+ activates a protease in germinating 

V. radiata seeds (Khan et al., 2010) and regulates early 
axis growth during seed germination in V. radiata (Singh  
et al., 2017). The calmodulin-like protein, CML39, is 
involved in seed germination in Arabidopsis. Cml39 
mutants exhibit a more rapid germination and decreased 
sensitivity to ABA or GA (Midhat et al., 2018). This 
raised the question of whether the Ca2+ involved in seed 
germination from cytosolic or apoplastic calcium stor-
age. Singh et al. (2017) and Verma et al. (2019) reported 
that the Ca2+ required for the early stage of seed ger-
mination was from apoplastic calcium storage. This is 
consistent with the results in this study, where we found 
that Ca2+ exhibited influx into intact embryo. Seeds with 
high vigour germinate faster and exhibit stronger stress 
resistance. Previous studies have shown that Ca2+ indeed 
is involved in plant stress responses. The addition of 
exogenous CaCl

2
 reduced the effect of salt stress on seed 

germination in P. karka and F. ovina (Salahshoor and 
Kazemi, 2016; Zehra et al., 2012). The glutamate recep-
tor AtGLR3.4 that mediates Ca2+ influx is involved in 
the regulation of seed germination in Arabidopsis under 

Figure 5. Seed vigour and the flux rate of Ca2+ into the embryo in different treatments. (A) Ca2+ influx rate of XY335 under 
different treatments; (B) Shoot dry weight vigour index (SDWVI) in XY335 under different treatments; (C) Ca2+ influx rate of 
ZD958 under different treatments; (D) SDWVI in ZD958 under different treatments. CK, no treatment applied; SA, artificial ageing 
treatment; SP, artificial ‘ageing + priming’ treatment. Data represent the means ± SD of 10 biological replicates (A, C) or four 
biological replicates (B, D). An ANOVA test followed by a rank test was performed. Different letters are used to indicate means 
that are significantly different (P < 0.05).

Figure 6. Shoot dry weight vigour index of maize seeds ex-
hibited a significant, positive linear relationship with Ca2+ flux 
rate into the embryo.
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salt stress (Cheng et al., 2018). Also, exogenous gluta-
mate treatment can increase the heat stress resistance in 
young maize seedlings via glutamate-receptor-mediated 
Ca2+ signalling (Li et al., 2019).

Root:shoot ratio biomass partitioning is a very import-
ant mechanism for plants to cope with the availability 
of resources in the environment (Bloom, 1985; Bonifas 
and Lindquist, 2006). Plants distribute more nutrients 
into shoots to compete for more light in a nutrient-rich 
environment, whereas in a nutrient-poor environment, 
more nutrients were distributed into the roots (Tilman, 
1985). As reported, after 7-day germination under 
favourable environment conditions, about two-thirds 
of nutrients remain in maize seeds (Li et al., 2018). So, 
maize seeds can supply adequate nutrition for germi-
nation. Accordingly, it is logical that during maize seed 
germination, nutrients might be preferentially distrib-
uted to the shoots. And, shoot biomass of the seedlings 
can indicate the nutrient supply ability of seeds, that is, 
the seed vigour level. In the present study, our results 
were consistent with this inference, the differences in 
SDWVI showing closer correlation with the differ-
ences in the average Ca2+ influx rate than PDWVI and 
RDWVI (Figure 4).

NMT is an ultrasensitive technology with high spatial 
and temporal resolution (McLamore and Porterfield, 
2011). Thus, an appropriate selection of the materials 
and positions for detection is critical for obtaining sta-
ble and reliable data. In this study, we first used the 
entire maize seeds for detection and found that the 
Ca2+ flux rate obtained had low stability and low val-
ues. Next, we used the intact maize embryo as materi-
als, and the Ca2+ flux rate detected showed significantly 
increased stability and higher values. In maize seeds, 
the embryo is living tissue, but the endosperm and the 
compact pericarp and testa are dead tissues (Larkins, 
2017). Only the living tissue responds to stimulation 
from the external environment; and the influence of 
the dead tissues may be why the Ca2+ flux rate mea-
sured in the intact seeds showed such low stability. 
When Li et al. (2014) measured the flux rate of O

2
 and 

H
2
O

2
 in C. korshinskii seeds using NMT, non-coated 

seeds were used as materials, similar to the method 
used in this study.

5. Conclusion

In the present study, with maize seeds with different 
vigour levels of four genotypes as materials, we found 
that there was a significant, positive linear correla-
tion between the SDWVI and Ca2+ flux rate into the 
embryo. The results demonstrated that the Ca2+ in-
flux rate can be used to evaluate the vigour levels of 
maize seeds. Because the roles of Ca2+ in promoting 

seed germination and increasing stress resistance of 
seedling are common in different plant species (see in-
troduction and discussion sections), Ca2+ influx rate is 
expected to be valuable in testing the seed vigour levels 
of various plant species.
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