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Nitrate reductase in detached embryos may serve as a marker 
of the preharvest tolerance of wheat seeds

Abstract: We have observed an easily determinable parameter indicative of genetic pre-harvest sprouting (PHS) 
tolerance – the presence of an endosperm factor, presumably ABA, capable of inhibiting nitrate reductase (NR) 
induction in the embryo in the presence of NO3. This finding has importance not only for the early rapid screening 
of PHS tolerant of cereal cultivars but may also be an important tool to determine the mechanism of NR inhibition 
either by genetic repression or by post-translational down regulation of NR activity. In this work we sought a simple 
relationship between ABA content and NR activity level that we assumed to be closely related to PHS susceptibility. 
Studied the relationship between ABA content, dry weight and ability to germinate in seeds of examined wheat varieties 
resistant to preharvest sprouting Lutescens 70, and unstable – Novosibirskaya 67. The data obtained are shown that the 
level of ABA   reaching its maximum  to  40-45 days . The maximum content of ABA for both varieties accounted for 40 
days after flowering, when the grains reach maximum wet weight in the future, as the ripening hormone levels quickly 
decreased with the decrease in fresh weight of grain . The level of ABA in embryos unstable to pre-harvest sprouting 
wheat Novosibirskaya 67 ranged from 20 to 40% below the level of the hormone in the grains resistant Lutescens 70 
wheat. The results showed a significant increase in the ability to germinate, since it is a phase 40-45 DAP. Reduction 
of endogenous ABA content in grains at the final stage of maturation, with a relatively high percentage of germination, 
can be explained by the need and ensuring to the start of the germination process of the seed. 
Key words: Pre-harvest sprouting (PHS), nitrate reductase (NR), abscisic acid (ABA), wheat seeds, PHS tolerant 
cultivar of wheat.

Introduction

Pre-harvest germination (PHS) is the widespread 
phenomenon resulting in inferiority of grain, to de-
crease in its consumer qualities and respectively the 
prices. The phenomenon of pre-harvest germination 
depends on many reasons and, first of all, from genet-
ic signs of wheat, from a phytohormone of abscisic 
acid (ABA) and the gibberellic acid (GA), germina-
tions regulating process dormancy of seeds, and also 
from climatic factors such as humidity, low tempera-
tures, during the period maturing grains, and from 
existence in the soil of enough of Mo for growth and 
viability of plants.  Precocious germination of wheat 
grain is a serious problem in wheat production. The 
phenomenon of germination of physiologically ma-
ture cereal grains in the ear or panicle, usually under 
wet conditions shortly before harvest, is termed as 
pre-harvest sprouting (PHS) or vivipary. PHS occurs 
in many cereal crops such as wheat, barley, maize, 
and rice in most region of the world. PHS not only 

causes reduction of grain yield, but also affects the 
quality of grains, resulting into significant econom-
ic losses. Therefore the physiological, genetic, and 
environmental basis of PHS susceptibility in wheat 
have been a subject of intensive research during the 
past three decades [1].

ABA, a plant growth regulator, plays a pivotal 
role in the establishment of primary dormancy. ABA 
in mature grain has been shown to prolong dormancy 
in wheat by blocking germination of both the whole 
caryopses and the embryos. ABA is not only confined 
to mature grain, and it has been shown by Derera [2], 
that ABA levels in rise grain increase during their 
development. Therefore, ABA acts prior to maturity 
to inhibit germination. The transient rise in ABA 
content at approximately mid-development coincides 
with the establishment of dormancy. However, it also 
coincides with several other major events in seed de-
velopment, such as dehydration, solidification of en-
dosperm, testa formation and seed abscission [3, 4]. 
A major step forward in seed dormancy research was 
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made with the introduction of ABA-deficient mu-
tants of Arabidopsis, maize, pea and tomato. Many 
of these mutants have in common lack of dormancy 
Gibberellic acid (GA) induces seed germination. GA 
increases activity of enzymes such as α-amylase, 
protease, hemicellulase and more. ABA blocks GA 
induced gene transcription and enzyme production, 
while at the same time it stimulates the production of 
specific proteins, such as  LEAs and  the accumula-
tion of anthocyanins and transcripts encoding storage 
proteins [4]. 

In wheat, barley, and sorghum cultivars that are 
susceptible to pre-harvest sprouting, there is a relative 
sensitivity of the embryo to ABA as compared to re-
sistant cultivars, generally in the absence of any sub-
stantial differences in ABA content, or a higher ABA 
content in the susceptible cultivars [5, 6]. Interesting-
ly, the expression pattern of the sorghum VP1 gene is 
different in two cultivars genotypes exhibiting differ-
ential resistance to preharvest sprouting at physiologi-
cal maturity. More specifically, in the embryos of the 
susceptible cultivar, transcripts encoding VP1 peak at 
a relatively early stage of grain development (20 days 
after pollination), whereas the peak in the resistant 
cultivar occurs at much later developmental stages, 
when seed maturation is almost complete [5]. Tanner 
showed that PHS in corn was linked with deficiency of 
molybdenum [6]. Premature germination in maize was 
eliminated by Mo applications to the soil or the leaves. 
Foliar application of Mo to wheat growing in sand led 
to increased seed dormancy [7, 8] and the concomitant 
increase of ABA content in newly produced seeds.

In higher plants, ABA is derived from an epoxy-
carotenoid precursor that is oxidatively cleaved to 
produce xanthoxin [9, 10]. Following the cleavage, 
xanthoxin is converted to ABA by a series of ring 
modifications to yield abscisic aldehyde, which is ox-
idized to ABA by AO (EC 1.2.3.14), a molybdenum-
containing enzyme [11, 12]. In addition to AO, plant 
MoCo-containing enzymes include nitrate reductase 
(NR; EC 1.7.1.1) and XDH (EC 1.17.1.4) [13]. XDH 
and AO have been characterized from various organ-
isms and shown to be homodimers of 150-kDa sub-
units that have a high similarity in their amino acid 
sequence and motifs, among which are the binding 
sites for two iron-sulfur centers and a MoCo binding 
region [14, 15, 16]. Whereas, NR requires a dioxo-
molybdenum, center XDH and AO contain mono-
oxoMoCo in which the second oxygen was replaced 
by a sulfur ligand.

It has been shown that mutations of genes in syn-
thesis of the carotenoid precursors of ABA resulted 
in the pre-harvest sprouting, which is consequence of 

ABA deficiency. The phenomenon is due to the lack 
of ABA in the young seeds and/or their insensitivity 
to the dormancy-inducing hormone [17].

Materials and methods

Experiments to determine the activities of Mo-
enzymes as early markers of PHS were carried out in 
PHS tolerant (Latescence 70) and sensitive (Novosi-
birskaya 67) wheat varieties during seed germination. 
Wheat seeds of these varieties were obtained from 
the N. Baraev Cereal Research Institute at Shortandy 
(Kazakhstan). Preparation of seed tissue extracts and 
the activities of molybdoenzymes, aldehyde oxidase 
(AO), xanthine dehydrogenase (XDH) and  nitrate 
reductase (NR) in the aleurone layers, endosperms 
and embryos were determined according to [18, 19]. 

NR activity was determined in vitro according to 
Savidov et al. [18] .The reaction medium contained 
50 mM Na-phosphate buffer (pH = 7.7), 5 mM KNO3 
and 10 μM FAD. The reaction was started by the ad-
dition of the enzyme (i.e., seed part extract). After 
10 min of incubation at 28oC, the reaction was termi-
nated by adding 50 μl of a mixture of 0.3 mM phen-
azinemethosulfate (PMS) and 1 M Zn acetate (1:1) 
to remove residual NADPH from the assay medium. 
This step was followed by the addition of 0.1 ml of 
a mixture of 0.02% (NED) and 1% (SA) (1:1) for 
nitrite determination. Reaction mixtures were centri-
fuged at 10000 rpm for 5 min, and their absorbance 
was read at 540 nm after 20 min.

AO activity was detected in 7.5% polyacryl-
amide gels after protein fractionation by native gel 
electrophoresis using indole-3-aldehyde as substrates 
for AO according to [19]. The samples, which con-
tained approximately 20-25 μg of soluble protein, 
were loaded onto wells and carry out electrophoresis 
at 4oC for 1.5-2 hours. Then, the gels were equili-
brated and washed in 100 mM sodium phosphate 
buffer (pH=7.5) by gentle shaking for 10 min, which 
was followed by incubation in a reaction mixture 
containing 0.1 mM PMS, 1 mM 3(4,5-dimethylthia-
zolyl-2)2,5-diphenyltetrazolium-bromide (MTT) and 
1 mM specific XDH/AO substrate. The activities of 
XDH and АО were estimated based on the amount of 
МТТ reduction that resulted in the development of 
specific formazan bands. The intensity of formazan 
bands was directly proportional to enzyme activity 
in the presence of excess substrate and tеtrаzоlium 
salt. Quantitative analyses were made by scanning 
the formazan bands in the gel with а computing laser 
densitometer (Molecular Dynamics) using the soft-
ware provided (Image Quant version 3.19.4).
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Results and their discussion

Mo-enzyme activities in the parts of dry wheat 
seeds. The activities of NR and AO were determined 
in different parts of dry dormant seeds – the embryo, 
endosperm and aleurone layer. The embryo and aleu-
rone layer extracts showed AO activity while these 
activities were not detected in the endosperm 

Dry seeds were incubated in distilled for 24 h, 
after which only the embryo showed no NR activ-
ity. NR activity developed in seed embryos only af-
ter incubation in the presence of KNO3 and its levels 
in embryos of both wheat varieties were nearly the 
same (not shown). Early results showed that NR-an-
tibodies did not cross-react with protein of extracts of 
wheat seed embryos, endosperm and aleurone layer 
[20].

Mo-enzymes in developing and mature seeds. 
The activities of NR, XDH and AO in developing 
seeds were determined at ten days intervals starting 
from 10th day after pollination (DPA) (Table 2). Wa-
ter content of the seed attained a peak at 30 DPA and 
then started declining to its lowest level a maturity. 
A linear increase in fresh as well as dry matter of 
the seed was observed between 10 and 30 DPA (not 
shown). XDH activity in the embryo and aleurone 
layer in maturing seeds of both varieties remained 
at a steady level. A slow increasing activity of AO 
reached a maximum at 40 DPA (Table 2). 

Figure 1 – The activity of AO in different parts  
of dormant seeds from the wheat cultivar Lutescens 70  
(Em – embryo, Al – aleurone layer, En – endosperm)

Table 1 – Activities of AO, XDH and NR in different seed parts of PHS-tolerant cultivar Lutescence 70

Seed parts AO1 XDH2 NR3

Embryo 75.7 ± 6.3 1.5 ± 0.2 0.0

Aleurone layer 55.3 ± 4.5 1.2 ± 0.3 0.0

Endosperm 0.0 0.0 0.0
1nmol phenantridone mg-1 protein min-1; 2μmol NADH mg-1 hour-1; 3μmol NO2- mg-1 hour-1

Low AO activity was detected in the embryo and 
aleurone layer of seeds until the age of 30 DPA. After 
this age the activity of the enzyme in the embryo in-
creased steeply reaching a maximum at 40 DPA, the 

enzyme activity in the aleurone layer increased slight-
ly. Thereafter, AO activity in the embryo fell signifi-
cantly at full maturity of the seeds, while AO activity 
in the aleurone layer remained at a steady level.

Table 2 – Changes in AO, XDH and NR activities in seed embryo during seed development and maturation

DPA 10 20 30 40 50 60 FM
AO 10.2±1.7 11.8±2.1 18.3±2.4 67.4±8.7 65.7±9.3 66.4±7.4 66.8±7.4 

XDH 16±0.2 1.6±0.2 1.7±0.3 1.8±0.2 1.9±0.3 1.9±0.2 1.9±0.2 
NR 0.0 0.0 0.0 0.3±0.02 2.3±0.1 4.7±0.5 5.1±0.7 

As can be seen from the Figure 2, the activity of AO 
is beginning to show up in the initial period of matura-
tion (25DAP), and in all parts of the seed. 35-40 days in 
the endosperm, and particularly in the germinal part of 

the activity of the enzyme increases about 10 times com-
pared with the early stages of ripening grains. In elec-
trophoretic spectrum first appear cathodic components 
(АО1) involved in the biosynthesis of ABA (30 DAP). 
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In subsequent phase of ripening the increase in 
the activity of AO is due to a cathodic activation of 
the enzyme and the appearance in the spectrum of the 
anode forms (АО1 and АО3). 

Approximately the 40th  DAP fresh weight of the 
grain reaches a maximum and then begins the stage 
of dehydration or drying and, at this time gradually 
decreases the level of the AO. It should be noted that 
АО1 throughout the ripening period is a major com-
ponent in the germ. 

Studied the relationship between ABA content, 
dry weight and ability to germinate in seeds of exam-
ined wheat varieties resistant to preharvest sprouting 
Lutescens 70, and unstable – Novosibirskaya 67. 

The data obtained are shown in Table 3, from 
which it follows that the level of ABA after reaching 
its maximum of 40-45 days began quickly to decline 
towards the end of ripening process (55 DAP). Tabu-
lar data show a marked increase in ability to germi-
nate, starting from the phase of 40-45 DAP.

Figure 2 – The activity of AO in different parts of developing and maturing seeds of the wheat cultivar Lutescens  
70 (Em – embryo, Al – aleurone layer, En – endosperm)

Table 3 – Dynamics of changes in ABA and the ability to germinate wheat seeds at different stages of maturation

DAP

Lutescens 70 Novosibirskaya 67
ABA

ng/mg of dried 
weight

% germination Dried weight,
%

ABA
ng/mg of dried 

weight
% germination Dried weight,

%

20 0.70 0.0 35 0.45 0.0 37
25 0.65 3-5 50 0.45 6-8 40
30 0.75 7-10 65 0.45 10-13 56
35 0.80 11-12 75 0.55 13-16 75
40 0.95 10-11 89 0.60 15-19 86
45 0.85 14-16 92 0.60 22-30 88
50 0.60 20 95 0.40 32-45 92
55 0.60 22-25 98 0.35 40-60 95

Complete 
germination 0.50 25 ٭100 0.30 55-65 95

dry weight of 50 seeds -%100٭

Such temporal coincidence, apparently, is not acci-
dental, given the fact that ABA is an important endoge-
nous regulator (inhibitor) of germination. May decrease 
endogenous ABA content in the grains at the final stage 
of ripening, with relatively high germination percentage 
can be explained by the need and ensuring to the start of 
the germination process of the seed. 

There was no NR activity detectable in vivo and 
in vitro in the embryo, endosperm and aleurone layer 
of developing seeds. In contrast, when seeds were re-
moved from the spikes that were at different stages of 
maturation and incubated in 50 mM KNO3 solution 
for 30 hours, NR activity was detected in embryos 
starting at 40 DAP (Table 2). 
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The maximum level of NR activity was observed 
in the embryo portion of mature seeds.

NR activity in germinating seeds of PHS-tol-
erant and sensitive wheat cultivars. The following 
experiments were carried out to study the activities 
of NR in pre-harvest sprouting tolerant and sensitive 
wheat varieties during their germination. The seeds 
were separated into aleurone layer, endosperm and 
embryo. These parts of dry seeds showed no detect-
able NR activity. Seeds were incubated in distilled 
water for 24-30 h, then separated and into their parts 

to determine NR activity in each of the tissues. NR 
activity appeared in seed embryo only after incubat-
ing them in the presence of KNO3 and its levels var-
ied among wheat varieties (Table 3). 

Seeds were incubated in nitrate and at appropri-
ate times embryos were removed from the seeds to 
estimate the enzyme activity. In the present set of ex-
periments embryos were first excised and then incu-
bated in nitrate. Study of NR induction in the excised 
embryos showed a significant level of the NR activity 
as early as 6 h of germination. 

Table 4 – NR activity of attached and detached seed embryos of PHS-tolerant Lutescence 70 and PHS-sensitive Novosibirskaya 67 
wheat varieties

Wheat 
varieties 

Type  of 
embryo 

Incubation time, h 
0 6 12 18 24 30

PHS-
tolerant 

Attached 0.0 0.0 0.0 0.0 0.0 0.0

Detached 0.0 2.7±0.2 4.3±0.7 3.2±0.5 2.5±0.4 1.8±0.2 

PHS-sensitive 
Attached 0.0 0.5±0.1 1.2±0.1 2.4±0.3 1.9±0.3 1.3±0.2 
Detached 0.0 3.2±0.4 3.2±0.4 4.8±0.6 4.2±0.5 3.6±0.6 

After this, the enzyme activity increased and 
showed a peak at 12 h of incubation followed by a 
decrease in the level of the enzyme activity which 
came to the minimum activity after 30 h of incubation 
(Table 4). It is interesting to note that the embryos 
of ungerminated wheat seeds of both varieties could 
not synthesize NR in the presence of 60 mM KNO3 
after 12 h induction. Since wheat seeds germinate in 
the absence of nitrate and without NR synthesis, seed 

germination is not depended on nitrate assimilation 
in the embryo.

Since in PHS-tolerant seeds the presence of the 
endosperm delayed NR induction, attempts were 
made to study effects of cross-combinations of PHS-
tolerant and PHS-sensitive endosperm extracts on the 
induction of NR in their detached embryos. 

Results of these experiments are shown in Ta-
ble  5.

Table 5 – Effects of cross-combinations of  fresh endosperm extracts  of  PHS-tolerant and sensitive on NR-induction in their detached 
embryos in after 12 h induction presence of 60 mM 

Combinations of endosperm extracts and detached embryos in KNO3 
NR activity in detached 

embryos 
Detached embryo of PHS-tolerant seed in 4.6 ± 0.9 
Endosperm of PHS-tolerant seed + its detached embryo 0.5 ± 0.1
Detached embryo of PHS-sensitive seed 5.5 ± 0.7 
Endosperm of PHS-sensitive seed + its detached embryo 2.9 ± 0.6 
Endosperm of PHS-tolerant seed + detached embryo of PHS-sensitive seed 1.9 ± 0.3 
Endosperm of PHS-sensitive seed + detached embryo of PHS- tolerant seed 0.8 ± 0.1 
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The endosperm of PHS-tolerant wheat seeds 
contains a factor inhibiting NR induction by nitrate 
in embryo, while this factor is not present in PHS-
sensitive cultivars. 

This inhibitory factor present in the endosperm 
gets gradually destroyed with time (not shown). 

Seed sensitivity of different wheat varieties to 
PHS depends on the levels of ABA in their endo-
sperm and embryo, i.e. PHS-tolerant wheat seeds 

contain higher concentrations of ABA [21]. On the 
basis of these facts we proposed that ABA regulates 
the activity or synthesis of NR in wheat embryo. De-
tached embryos of PHS-tolerant seeds were incubat-
ed for 12 h in the presence of different ABA concen-
trations plus 60 mM KNO3. 

Increasing concentrations of ABA increase the 
inhibition of NR activity in detached wheat embryo 
(Table 5).

Table 6 – Time course decrease of NR activity in PHS-tolerant embryo by increasing ABA concentrations (NR activity in nmoles of 
nitrite/embryo/h)

ABA concentrations Control 10 nM 100 nM 1.0 μM 
NR activity 4.8 ± 0.8 4.3 ±0.8 3.5 ± 0.3 1.3 ± 0.2 

Since ABA content in both seed types is nearly 
the same the endosperm of PHS-sensitive seeds may 
contain higher concentrations of ABA inactivating 
enzymes than the PHS-tolerant seeds, and this is one 
of reasons of PHS-sensitivity of wheat seeds. These 
observations are significant in view of the fact that 
NR is induced in wheat seed embryo linked to the 
seed tolerance to PHS. The inhibition of NR in de-
tached embryos following 4-6 h of imbibition by en-
dosperm extract may serve as an early marker of the 
tolerance of wheat seeds to PHS. 

In the embryos present in the intact seed there 
was no NR activity until 24 h of incubation. It ap-
pears that the presence of endosperm in the intact 
seed inhibited the induction of NR in the embryos 
during the (first 24 h) germination of the PHS-toler-
ant wheat seeds but not in the embryos of the PHS-
sensitive wheat seeds. Thus, only the endosperm of 
PHS-tolerant seed appeared to inhibit NR induction. 

Other enzymes of nitrate assimilation pathway, 
such as nitrite reductase, glutamine synthase and glu-
tamate dehydrogenase were also found to be present 
in in situ embryos during the initial stages of germi-
nation in wheat (not shown). Thus, it appears that 
among the key enzymes of nitrate assimilation only 
NR shows a long lag period in its development that 
seems to be exerted by the endosperm of PHS-sensi-
tive seeds for NR. 

The level of the inhibitory endosperm factor of 
PHS-sensitive wheat seeds appears to be lower in 
PHS-tolerant seeds. The inhibitory factor gradually 
disappears with seed aging, similarly to the fate of 
the dormancy controlling ABA, the level of which 
determines the PHS sensitivity of the seeds, suggest-
ing that ABA may regulate the synthesis of NR in 

wheat embryos and perhaps in other plant tissues 
[22]. These observations are significant in view of the 
fact that NR induction in wheat seed embryos cor-
relates with their level of PHS tolerance. Thus, the 
4-6 h inhibition by the endosperm extract of NR in 
detached embryos may serve as a marker of the PHS 
tolerance of wheat seeds, and may be used as an early 
parameter for fast genetic screening. 
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