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Abstract

The response of fifty-nine recombinant inbred lines (RILs) of rye (F9) to stress caused by low nitrogen and potassium deficiencies in a 
medium for mature embryo cultures is described in the present study. We demonstrated that the recombinant inbred lines responded in 
different ways to nutrient stress. On average they developed longer coleoptyles, shorter roots and less numerous roots in the medium with 
high N and K content in comparison with the deficient medium. Also other responses were observed, which included RILs developing 
significantly shorter roots in the low-nitrogen-potassium treatment when compared to the high-nitrogen-potassium treatment. The lines 
were clustered depending on their individual response to stress with the use of Ward’s agglomerative method. The dendrogram shows 
four main groups (a-d) with RILs with similar response to caused stress. Susceptible lines were identified in groups ‘a’-‘b’, while tolerant 
lines clustered in groups ‘c’-‘d’. Cytological analyses of the elongation zone of the seminal roots of seedlings subjected to caused stress were 
carried out with the use of an inverted microscope. The analysis showed fluorescence of dichlorofluorescein (DCF) in the epidermal zone 
of the seminal roots, which proves the presence of reactive oxygen species (ROS). The appearance of ROS in the seminal roots could have 
resulted from the activation of the mechanisms for sensing and responding to induced stress.
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Introduction

Rye (Secale cereale L.) is a cereal species grown in many 
countries of Central, Eastern and Northern Europe. This 
crop presents a wide range of tolerance to edaphic stresses, 
and like other cereals, it has a characteristic of enhancing 
its efficiency of nutrient acquisition to overcome the stress 
of nutrient deficiency or root competition (Geiger and 
Miedaner, 2009; Rzepka-Plevneš et al., 1997). According 
to Lynch (2007) and Jia et al. (2008), plant flexibility in 
biomass allocation, root morphology and root distribu-
tion pattern have been found to be an important adaptive 
mechanism to extract nutrients. It has been shown that a 
high root:shoot ratio and a specific root length are associ-
ated with plants growing in infertile soils (Górny, 1993; 
Yang et al., 2004).

Identification of the genotypes tolerant to different 
abiotic stresses with the application of cheap and effective 
selection methods may facilitate the selection of geno-
types useful in breeding programs for low-input agricul-
ture (Oracka and Łapiński, 2006; Rzepka-Plevneš et al., 
1999).

In vitro cultures as well as other laboratory methods 
(e.g. hydroponics, aeroponics or pots) facilitate studying 

the genetic potential of response of individual genotypes of 
rye to induced stress (Rzepka-Plevneš et al., 1997; Rzepka-
Plevneš and Kurek, 1997; Rzepka-Plevneš, 1999), as well 
as the potential for high-frequency regeneration and in-
duction of somaclonal variability in mature and immature 
embryo cultures (Rybczyński and Zimny, 1985; Rakoczy-
Trojanowska and Malepszy, 1995). In embryo culture, 
either the plant develops directly from embryos (Rzepka-
Plevneš et al., 1997; Rzepka-Plevneš and Kurek, 1997, 
Rzepka-Plevneš, 1999) or firstly callus is stimulated and 
then shoots and roots are produced (indirect organogen-
esisl; Bürün and Poyrazoğlu, 2002; Rakoczy-Trojanowska 
and Malepszy, 1995). The in vitro selection technique has 
been used to improve drought tolerance (Gawande et al., 
2006; Rzepka-Plevneš et al., 2009), salt tolerance (Yadav 
et al., 2004), or tolerance to nutrient deprivation in rye 
(Rzepka-Plevneš et al., 1997; Rzepka-Plevneš and Kurek, 
1997; Rzepka-Plevneš, 1999).

Rzepka-Plevneš et al. (1997), Rzepka-Plevneš and Ku-
rek (1997), Rzepka-Plevneš (1999) used cultures of ma-
ture embryos to describe the range of variability in differ-
ent rye genotypes in response to stress caused by nitrogen 
and potassium deficiencies in a medium, thereby indicat-
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bryos were placed in each glass tube (9 × 3.5 cm) contain-
ing 30 ml of the medium. Tubes, closed with aluminium 
foil and parafilm, were placed for 10 days in a phytotron 
at 25ºC under cool white light with 16-hour photope-
riod (36 μmol·m-2·s-1) and 75% RH. The treatments were 
composed of MS (Murashige and Skoog, 1962) medium. 
Modified MS medium was used as a control medium and 
was denoted as high-nitrogen-potassium (HNK). It con-
tained 6.00 mM N and 2.00 mM K. The test medium, 
denoted as low-nitrogen-potassium (LNK), was MS me-
dium with reduced content of N and K-respectively 0.33 
mM N and 0.33 mM K (Rzepka-Plevneš, 1999). The pH 
of the nutrient mediums was adjusted to 5.7. A completely 
randomized design was used with replications. Each RIL 
was represented by 60-80 embryos (15-20 glass tubes), 
and 30-40 embryos (8-10 glass tubes) were placed in each 
of the mediums-HNK and LNK, respectively.

Seedlings’ traits
The seedlings were harvested after 11 days when they 

had one (or two) visible leaves. They were taken from the 
agar medium and biometric measurements, such as: CL-
coleoptyle length (cm), the longest root length-LRL (cm), 
and root number-RN, were carried out. The experiment 
was carried out in batches. Eight to ten RILs in every batch 
in terms of the mentioned parameters were characterized. 
Apart from normally developed seedlings, also poorly ger-
minating or non-germinated embryos were observed. In 
the case of contamination the experiment for individual 
RIL was repeated.

Reactive oxygen species (ROS) visualization and 
localization
Reactive oxygen species (ROS) visualization and local-

ization was carried out according to Shin and Schachtman 
(2004) protocol. The seedlings after eleven-day growth 
in the HNK and LNK treatments were taken out of the 
media, washed in distilled water and transferred to Corn-
ing tubes (50 ml), to which the liquid HNK and LNK 
mediums were added. DCFH-DA (2ʹ,7ʹ-dichlorofluores-
cein diacetate) undergoes deacetylation by intracellular 
esterase to polar non-fluorescent compound DCFH (2’7’ 
dichlorofluorescein), and then is fast oxidized into highly 
fluorescent compound DCF (2’7’ dichlorofluorescein) as 
a result of cell activation. In the presence of H2O2, iron 
ions and peroxidase, DCF emits a fluorescent signal (Aex-

citation = 498 nm, Aemission = 522 nm) with green and green-
yellow colour. Corning tubes were transferred back to a 
phytotron for 30 h. After that time the seedlings were tak-
en out, the seminal roots were washed and placed in a set 
of newly-prepared tubes containing fresh solutions of the 
HNK and LNK mediums. From 3 to 4 seedlings among 
the RILs considered as tolerant and susceptible to nutrient 
deficiencies in a medium were analysed. Then the follow-
ing substances were added to the Corning tubes: 30 ml of 
the HNK medium + 50 µM of CM-H2DCFDA solution 

ing the possibility of effective selection of genotypes that 
differ in the responses to caused stress on the basis of root 
morphology. It has been demonstrated that the nitrogen-
potassium interaction exists at different plant organization 
levels. In this respect, K improves the use and utilization 
of N and storage of carbohydrates in roots, thus improv-
ing NUE (Nutrient-Use Efficiency) (Postma and Lynch, 
2011). This interaction is a subject of interest of many 
studies. N and K deficiencies stimulate the activity of anti-
oxidative enzymes, which suggests a role of this stress in re-
active oxygen species (ROS) formation. Shin et al. (2005) 
stated that induced ROS generation under the conditions 
of nitrogen-potassium deprivation plays a role in trigger-
ing gene expression. It has been demonstrated that un-
like susceptible genotypes, genotypes tolerant to nutrient 
stress are able to take up and accumulate macronutrients 
more effectively ( Jian et al., 2008).

Therefore it was the aim of the present study to get se-
lected recombinant inbred lines of rye, described in earlier 
studies as tolerant and susceptible to N and K deficiencies 
in a medium, into the state of nutrient stress to determine 
their ability to accumulate selected macroelements in plant 
dry matter, and to reveal the presence of reactive oxygen 
species in different preparations of seminal roots with the 
use of an inverted microscope.

Material and methods

Plant material
Plant material included fifty-nine recombinant inbred 

lines (RILs) (F9) of rye (Secale cereale L.) considered as 
tolerant or susceptible to N and K deficiencies in a cul-
ture medium. They were derived from the F2 population, 
obtained by selfing F1 plants obtained as results of cross-
ing two inbred lines 153/79-1 and Ot1-3 with different 
response to nutrient stress assessed in a mature embryos 
culture (Rzepka-Plevneš et al., 1997; Rzepka-Plevneš and 
Kurek, 1997; Rzepka-Plevneš, 1999). The lines were se-
lected for the research on the basis of previous results of 
morphological, physiological and biochemical analyses of 
eleven-day-old seedlings of the population of 138 RILs 
(F7) (unpublished results).

Plant mature embryos
Plant mature embryos culture conditions were estab-

lished according to Rzepka-Plevneš et al. (1997), Rzepka-
Plevneš and Kurek (1997), Rzepka-Plevneš (1999). Rye 
seeds were surface-sterilized by soaking in 1% solution of 
H2SO4 for 15 min and washed three times with distilled 
water for 10 min. Then they were soaked in 7% solution of 
NaOCl for 15 min and washed three times with distilled 
water for 10 min. Then the seeds were kept in sterile water 
for 24 h. The mature embryos were prepared with a prepa-
ration needle from endosperm and sterilized for 10 min in 
10% solution of NaOCl, washed three times in sterile wa-
ter and transferred into proper medium. Four mature em-
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diluted in dimethyl sulfoxide (DMSO) to the concentra-
tion of 0.0025%; 30 ml of the LNK medium + 50 µM of 
CM-H2DCFDA solution, and as the positive control-the 
HNK + 50 µM of CM-H2DCFDA solution + 30 µl of 
H2O2. After 30 minutes the seedling roots were washed 
with medium solutions not containing CM-H2DCFDA 
and observations were made. The elongation zone of the 
seminal roots of the seedlings growing in the HNK and 
LNK mediums were subjected to cytological analysis. The 
pictures were taken with the use of a inverted microscope-
Nikon (ECLIPSE TE 2000-S) in the laboratory of Divi-
sion of Hydrobiology; Ichthyology and Biotechnology of 
Breeding-West Pomeranian University of Technology in 
Szczecin (Poland).

The total content of macroelements
The total content of macroelements (N, P, K, Ca, Mg) 

was assessed according to methods described by Kamińska 
et al. (1972) and was presented in percentage of seedling’s 
dry matter. The plant material included pooled samples of 
seedlings of the examined rye recombinant inbred lines 
considered as tolerant and susceptible to nutrient defi-
ciencies in medium. They were collected separately from 
the HNK and LNK mediums, respectively after biometric 
measurements.

Results of biometric measurements
Results of biometric measurements were statistically 

analysed with the use of Student’s t-test and two-way 
analysis of variance. Changes in CL, LRL and RN of the 
seedlings of each analysed RIL were expressed as the value 
of difference between means of traits assessed under the 
HNK and LNK treatments. This response was also pre-
sented as percentage of the control (HNK), and the traits 
studied were used as main variables for the clustering of 
RILs as tolerant and susceptible to nutrient deficiency us-
ing Ward’s agglomerative method with the use of Statistica 
9 software package (StatSoft Poland).

Results

The recombinant inbred lines of rye significantly dif-
fered in terms of response to nitrogen and potassium de-
ficiencies in the medium (Tab. 1). In the HNK treatment 
they developed coleoptyles on average of the length of 
7.04 cm, while in the LNK the coleoptyles were 6.33-cm-
long. Mean LRL was 4.15 cm in the HNK treatment, and 
4.65 cm in the LNK treatment. In the HNK and LNK 
treatments the seedlings of RILs developed on average 
3.47 and 3.77 roots, respectively (Tab. 2).

A highly significant influence of both genotype, treat-
ment and interaction on the morphological traits of the 
seedlings was observed (Tab. 1).

The responses of individual RILs among fifty-nine lines 
subjected to caused stress were statistically significantly 
different. Some recombinant inbred lines developed more 

and longer roots in the HNK in comparison with the 
LNK treatments, or the other way round-shorter and less 
numerous roots in the HNK medium when compared to 
the LNK.

The analyzed lines were clustered and characterized ac-
cording to their response to nutrient stress (Figs. 1, 2).

Four separate groups were distinguished on the den-
drogram (‘a’-‘d’) (Fig. 1). In group ‘a’-13 lines were found, 
in group ‘b’-14, ‘c’-9, and in ‘d’-23 lines. The RILs from 
each group differed in mean coleoptyle length, root length 
and root number and their characteristics were presented 
in fig. 2. 

It was found that the analysed seedlings of recombinant 
inbred lines developed on average shorter coleoptyles in 
the LNK medium in comparison with the HNK-from 
84% (group ‘a’) to 98.3% (group ‘c’) (Fig. 2A). In group 
‘a’ the seedlings developed the shortest LRL (70% of the 

Tab. 1. Two-way variance analysis of the traits of RILs’ 
seedlings grown in the HNK and LNK treatments

Trait N-K 
level

RILs Analysis of 
variance

Min Max Mean s NK RIL (NK × 
RIL)

CL 
(cm)

HNK 4.24 10.48 7.04 1.31 ** ** **
LNK 3.48 10.05 6.33 1.37

LRL 
(cm)

HNK 1.61 8.35 4.15 1.40 ** ** **
LNK 1.72 7.29 4.61 1.69

RN
HNK 2.38 5.09 3.47 0.62 ** ** **
LNK 1.76 6.16 3.77 0.88

ns-Not significant; *P < 0.05, **P < 0.01 significant differences between RILs

Tab. 2. Two-way analysis of variance for total content of 
macronutrients in percentage of dry matter of the leaves of the 
seedlings grown in the HNK and LNK treatments

Group of RILs 
TOL SUSC

N HNK 4.20 4.47 0.73**
LNK 4.13 2.93 ns

2.07** 1.54**
P HNK 0.96 0.83 ns

LNK 0.87 0.75 ns
ns ns

K HNK 2.93 2.81 ns
LNK 2.30 1.26 1.04**

0.63** 1.55**
Ca HNK 0.13 0.13 ns

LNK 0.16 0.21 ns
ns ns

Mg HNK 0.12 0.12 ns
LNK 0.12 0.13 ns

ns ns
TOL-tolerant; SUSC-susceptible; ns-not significant; *P<0.05, **P<0.01 
significant differences between RILs
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Fig. 1. Clustering of RILs (F9) of rye. The vertical lines indicate the cut-offs used to form the 
groups (a-d) according to the presented scree-plot

Fig. 2. The RILs’ response to induced stress presented as percentage of the control (the HNK) and additionally as the value of 
difference (d_) between means of each trait and for each group of RILs (‘a’-‘d’) grown in the HNK n comparison with the LNK 
treatments, as presented in Fig. 1. Groups ‘a’+‘b’ and ‘c’+‘d’ were presented as results of simulation of the morphological variability 
of RILs combined from groups ‘a’-‘b’ and ‘c’-‘d’, respectively. A. CL-coleoptyle length, B. LRL-the longest root length, C. RN-root 
number
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‘b’-107.6% of the control, in ‘c’-127.6%, while in group ‘d’-
115.5% (Fig. 2C).

Positive correlations were found for morphological 
traits of RILs between CL and LRL (r = 0.64, p<0.01; r 
= 0.49, p<0.05), CL and RN (r = 0.43; r = 0.43, p<0.05) 

control), in group ‘b’-the trait value amounted to 98.6% 
of the control, in groups ‘c’ and ‘d’-171 and 143.8%, re-
spectively (Fig. 2B). Similarly as in the case of LRL, the 
RILs clustered in group ‘a’ developed the smallest number 
of seminal roots (on average 82% of the control), in group 
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Fig. 1. Confocal images of the seminal roots of the selected RILs of rye described as tolerant and susceptible to nutrient stress caused 
by N and K deficiencies, grown in different treatments (HNK and LNK) under in vitro conditions. Scale bars = 50 µm.
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ciencies is also typical. However, it is a very complicated 
cellular mechanism responding to changes in the availabil-
ity of macronutrients (including nitrogen and potassium) 
in the root environment and in the ability to uptake and 
accumulate these elements (Chun et al., 2005; Łapiński, 
2006; Oracka and Ruffel et al., 2011).

Under the conditions of N and K deficiencies, typical 
responses of rye seedlings were observed, i.e. shorter cole-
optyles, of the same length or longer and more numerous 
seminal roots in comparison with the seedlings growing 
in the HNK medium. Similar results were presented by 
Rzepka-Plevneš et al. (1997), Rzepka-Plevneš and Ku-
rek (1997), Rzepka-Plevneš (1999), Rzepka-Plevneš and 
Kulpa (1999) for mature embryos of rye of open-pollinat-
ed cultivars, breeding strains or selected populations, ex-
amined in in vitro cultures, in comparison with the range 
of variability of CL, LRL or RN. Górny (1993), Górny 
and Szołkowska (1996) observed similar responses of bar-
ley and oats to N and P deficiencies in hydroponics, and 
Mi et al. (2005) in maize. According to Chun et al. (2005) 
and Guo et al. (2005), shorter and less numerous roots of 
the seedlings of the selected RILs of rye in the LNK me-
dium when compared to the HNK medium may depend 
on genotype and result from plant sensing of the level of 
available nitrogen forms as extremely low.

Høgh-Jensen and Pedersen (2003) found that low K 
levels may affect the root morphology in different spe-
cies: barley, rye, perennial ryegrass or lucerne. However, 
crops modify their root hair length in response to low K, 
and thereby maintain the uptake from sparingly soluble K 
sources ( Jia et al., 2008).

In the root elongation zone of Arabidopsis, Shin et al. 
(2005) showed that ROS increase and their localization 
differs according to the specific nutrient of which roots are 
deprived. ROS also play a role in the regulation of gene 
expression in response to the deficiency of several macro-
nutrients, including potassium, nitrogen and phosphorus 
and other edaphic stresses (Esfandiari et al., 2011).

The ROS accumulation in potassium- and nitrogen-
deprived roots was localized more intensely in the epi-
dermis than in the cortex, while in the situation of root 
deprivation of phosphorus they were accumulated more 
intensely in the cortical zone (Shin et al., 2005). Accord-
ing to Shin et al. (2005), changes in ROS concentrations 
may suggest that root hair cells are important for response 
to nitrogen and potassium deprivation and the operation 
of the mechanisms sensing the state of deficiency of both 
N and K. 

Fluorescence of DCF (dichlorofluorescein) obtained 
for the selected RILs of rye with the use of an confocal mi-
croscope was localized as described for Arabidopsis by Shin 
et al. (2005) in the epidermal zone of eleven-day-old rye 
roots. This fact may indicate that the test used for the eval-
uation of the response of RILs of rye to nutrient stress was 
able to express their genetic differences (Rzepka-Plevneš et 
al., 1997; Rzepka-Plevneš and and Kurek, 1997).

and between LRL and RN (r = 0.53, p<0.05; r = 0.65, 
p<0.01) in the HNK and LNK treatments, respectively.

The conducted research revealed that more total N 
in the HNK medium was noted in the pooled sample of 
tolerant lines in comparison with susceptible lines (Tab. 
2). The difference was highly significant. Both groups of 
seedlings accumulated significantly less nitrogen in the 
dry matter of coleoptyles in the LNK medium when com-
pared to the HNK medium, and the group of susceptible 
lines accumulated less nitrogen in comparison with the 
tolerant group. The content of P, Mg and Ca in the dry 
matter of coleoptyles of the both groups of RILs did not 
differ significantly between the groups as well between the 
treatments. Significantly less K was found for both groups 
in the dry matter of coleoptyles of the seedlings grown in 
the LNK treatment in comparison with the HNK, and in 
the LNK treatment significantly more K was accumulated 
by the coleoptyles of the tolerant lines (Tab. 2).

ROS visualization
Selected cytological preparations of the elongation 

zone of seminal roots (Photo 1 A-D) and apical meristems 
(Photo 1E-F) were analysed. More intense fluorescence of 
dichlorofluorescein (DCF) was observed in the epidermal 
zone of seminal roots in comparison with the cortex/en-
dodermis zone (Photo 1A). The control over-fluorescence 
of dichlorofluorescein (DCF) was observed in the whole 
preparation after adding 30 µl of H2O2 to the liquid me-
dium (Photo 1B). In the tolerant lines, lower fluorescence 
of dichlorofluorescein was noted in the elongation zone of 
seminal roots in the LNK medium when compared to the 
HNK treatment (Photo 1C), while in the susceptible lines 
fluorescence in the LNK treatment was more intense in 
comparison with the HNK (Photo 1D).

It should be emphasized that the conclusions were 
drawn only from 2-3 seedlings of different RILs random-
ly selected among the group of tolerant and susceptible 
plants, respectively, while the intensity of fluorescence of 
dichlorofluorescein (DCF) in the roots growing in the 
HNK or LNK medium was visually assessed, not referred 
to specific units. The morphology of the apical meristem 
of a rye seedling was presented in Photo 1E-F.

Discussion

The results of the present study confirm a wide range of 
variability in response of rye recombinant inbred lines to 
nutrient deficiencies. The physiological mechanism of the 
growth of plant seedlings in HNK is well known and con-
ditioned among other things by the operation of different 
mechanisms for sensing and signalling of the presence and 
uptaking of NO3

- ions by roots (Zhang and Forde, 1998) 
as well as due to the feedback mechanisms decreasing the 
expression of nitrate transporter reductase (NRT2) genes 
in a way regulating the influx of NO3

- ions into a plant 
(Leyal et al., 1999). The plant response to nutrient defi-
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plant response to nutrient stress and selection of desired 
genotypes.
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