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A b s t r a c t  
 

Crops vary considerably in their resistance to acidic soils, and many legumes, including pea 
(Pisum sativum L.), considered to be sensitive or moderately sensitive crops compared to cereals. 
The main factor determining the phytotoxicity of acidic soils is the increased concentration of mo-
bile aluminum ions in the soil solution. Accumulation of aluminum in root tissues interferes with cell 
division, initiation of growth of lateral roots and uptake of minerals and water by plants. Under labo-
ratory conditions the resistance of plants to aluminum is estimated by the degree of damage to the 
roots by aluminum using dyes (hematoxylin, eriochrome cyanine R) and the ability of roots to re-
store growth after toxic effect of this metal. This work dedicated to the development of rapid assess-
ment of aluminum tolerance especially for peas, which is as follows: the seeds were germinated in 
the growth chamber in the nutrient solution for 3 days (7000 lx illumination, temperature of 19 С at 
night and 21 С during the day, photoperiod 16 h), treated with a toxic concentration of aluminum 
chloride (3 mg Al/l) for 24 hours, incubated in fresh nutrient solution without aluminum for 2 days 
and stained with 0.1 % eriochrome cyanine R for 10 min. Zone of root tissue damage by aluminum 
painted in the color purple. Plant resistance to aluminum was determined by the length of the root 
re-growth area after exposure to the toxicant. Using 19 varieties of pea from the N.I. Vavilov Re-
search Institute of Plant Industry collection (VIR collection) it was shown that pea has high variabil-
ity in tolerance to aluminum. Varieties with a minimum (1.01.5 mm) length of the root re-growth 
(k-2759, k-3654 and k-3283) were characterized by intense purple color of the root, but varieties 
with a maximum (14.014.5 mm) length of the root re-growth (k-4376, k-9504 and k-7307) had a 
faint but detectable staining. The proposed method makes it possible to identify genotypes contrast-
ing in aluminum tolerance, is highly reproducible and can be used for screening and study of intra-
specific variability in this trait of pea plants at very early developing stage. 

 

Keywords: aluminum, hematoxylin, peas, soil acidification, acid tolerance, eriochrome 
cyanine R. 

 

Garden pea (Pisum sativum L.) is the main legume in the Russian Fed-
eration, and the area of its production made up about 1 million hectares last 
years. The vast area of production involves a variety of soil and climatic condi-
tions where unfavorable environmental factors are present, including high soil 
acidification. According to the Ministry of Agriculture of the Russian Federation 
data as of January 1, 2011, acidic soils make up 30.2 million ha or 35.6 % of the 
examined 84.6 million hectares of tillage [1]. Crops vary considerably in their re-
sistance to acidic soils, and many legumes (garden pea, lentils, and nut) are con-
sidered to be sensitive or moderately sensitive crops compared to cereals (rye, oats, 
triticale, rice, wheat, and barley) and corn [2-5]. Despite its sensitivity to toxic 
aluminum ions, pea plants, in some degree, can be resistant to soil acidity [3, 6]. 

It is known that the main factor determining the phytotoxicity of acidic 
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soils is the increased concentration of mobile aluminum ions in the soil solution 
[6-8]. Toxic concentrations of aluminum ions vary greatly for different plants 
species which largely determines their resistance to acidic soils [9]. As a result 
of aluminum ions toxic effect, damage and termination of cell division and elon-
gation of root tip cells occur [10-12]. Plant roots sensitivity to aluminum is cor-
related with the intensity of its penetration into cells positively and with the 
intensity of its withdrawal from the cells negatively [13]. Aluminum accumula-
tion in the cell membrane and root symplast affects adversely a number of 
processes that determine plant growth. In particular, cell division [14], mem-
brane pectin fermentation [15], and the synthesis of actin for root cell cytoskele-
ton formation are damaged [16]. Further, inhibition of the initiation and growth 
of lateral roots and root hairs and a breach of plant supply with minerals and 
water take place [12, 17]. 

The problem of acidic soils is solved based on two approaches, i.e., 
through soil liming (an expensive and not always effective method) and by crea-
tion of acid resistant plant varieties, helped by a significant intra-specific varia-
tion of the aluminum tolerability in crops and relatively simple schemes for 
screening and selection [5, 18]. The most frequently used laboratory methods for 
gene pool aluminum tolerability screening are based on various modifications of 
seed germination in aqueous culture in the presence of aluminum toxic concentra-
tions. These methods are simple to implement, do not require much time, have 
high capacity and make the diagnosis of genotype and individual plants possible in 
the early stages of ontogeny. This gives them advantages over the growing and 
field methods where a strong variability in pH and in aluminum content in the soil 
solution, and the influence of other uncontrollable factors are possible. 

In laboratory tests, plant resistance to aluminum is estimated using the 
hematoxylin [19-20] and eriochrome cyanine R [21] dyes from the extent of dam-
age to the roots of seedlings by aluminum. Hematoxylin forms black-blue colored 
complexes with aluminum. The color intensity depends on the aluminum content 
in plant tissues. Plants sensitive to aluminum cannot effectively eliminate it from 
cells and accumulate the toxicant in the symplast and cell membranes where it 
binds the dye. In stable samples, aluminum ions are either eliminated from tissues 
actively or bound in complexes that do not react with the dye, and probably do 
not have biological activity [20]. This approach has been successfully applied to 
assess the intra-specific aluminum tolerability variation in soybean [4], corn [4, 
19], wheat [21], and sorghum [4, 22]. However, this method has been mentioned 
[5, 23, 24] to have significant disadvantages which include subjective assessment of 
resistance using a point system; uneven hematoxylin washout from roots; in each 
experiment, the need to include genotypes that are the standards of root colora-
tion; no staining in most aluminum tolerable genotypes. 

Eriochrome cyanine R forms a purple colored complex with aluminum 
and is used to detect and determine aluminum concentrations in chemistry [25], 
chromatography [26], medicine [27], cytology [28], and ecology [29]. To study the 
effect of aluminum on plants, including assessment of intra-specific plant alumi-
num tolerability, this dye was first used in the comparison of aluminum content 
in different wheat varieties [21] and then in rye and triticale [2]. The results of 
our previous studies have shown that eriochrome cyanine R can be successfully 
used in intra-specific aluminum tolerability screening in other cereal crops, 
namely in goat grass [30], triticale [31], oats [31] and corn [32]. Therefore, it 
seems appropriate to use eriochrome cyanine R to study intra-specific variation 
of resistance to aluminum in peas. 

The average yield of peas in the Russian Federation is relatively low and 
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amounts to 14-18 t/ha [33, 34]. Since the most of pea crops are in the territory 
occupied by acidic soils, aluminum toxicity certainly makes a negative contribu-
tion to the reduction of pea productivity. Therefore, modern varieties, along with 
the features of high yield, resistance to pathogens, processability, etc., should 
be given aluminum tolerability [35]. The first step in these studies should be 
the search for the form resistant to aluminum in acid environment within the 
pea gene pool. 

Our purpose was to develop a method of rapid assessment of aluminum 
tolerance in collection samples of peas using the eriochrome cyanine R dye. 

Technique. The study included 19 specimens of pea (Pisum sativum L.) 
from the collection of Plant Genetic Resources of the N.I. Vavilov Research In-
stitute of Plant Industry (VIR). Experiments were performed in a climate 
chamber with illumination of 7,000 lux, temperature of 19 С (night) and 
21 С (daytime) and a 16-hour photoperiod. Seeds (25 pcs of each sample) 
were laid out in special cuvettes with cells and mesh bottom, cuvettes were 
placed in 6-liter containers on the surface of nutrient solution and covered 
with transparent plastic film. Nutrient solution contained CaCl2 0.4 mM; 
KNO3 0.65 mM; MgCl2 0.25 mM; (NH4)2SO4 0.01 mM; NH4NO3 .04 mM; 
рН 4.2 [2]. After 3-day germination, unfruitful seeds were discarded and the 
sprouts were washed with running water. Then, cuvettes with sprouts were 
placed in fresh nutrient solution with 6-aqueous aluminum chloride 
(AlCl3š6Н2O) added and incubated for 24 hours. Based on preliminary experi-
ments with peas and the descriptions of legume aluminum resistance from spe-
cial literature [23, 24], we used the concentrations of 2, 3 and 5 mg Al/l that 
had a toxic effect on plants and significantly inhibited root growth under the 
conditions used. Thereafter, cuvettes were placed in fresh nutrient solution with-
out aluminum and incubated for 48 hours. Within the specified period, repair 
processes took place in roots (restoration of cell mitotic activity) and the roots 
re-grew. Sprouts were washed with running water and the roots were stained 
by dipping cuvettes into 0.2 % hematoxylin solution for 15 min [2] or 0.1 % 
eriochrome cyanine R solution for 10 min [5]. The excessive dye was washed 
out with running water, and the roots were dried with filter paper. The root 
tissue zone damaged with aluminum was stained black-and-blue by hematoxylin 
or purple by eriochrome cyanine R. Plant resistance to aluminum was deter-
mined by the root tip re-growth length. Two independent experiments were per-
formed for each sample. 

Statistical processing was performed by analysis of variance using the 
STATISTICA v. 7.0 (StatSoft Inc., USА). 

Results. The studied samples differed in origin and intended use (see Table). 

Garden pea samples (Pisum sativum L.) studied (collection of Plant Genetic Re-
sources, N.I. Vavilov Institute — VIR collection) 

VIR reference number Name Origin 
Intended  
use 

k-1776 Local  Kazakhstan Grain crop  
k-2008 Local Egypt Feed crop  
k-2759 No name Ethiopia  Feed crop  
k-3283 Local Arkhangelsk Region Feed crop  
k-3654 No name China Feed crop  
k-4376 G-11 Kyrgyzstan Grain crop  
k-4379 Local peas Kyrgyzstan Feed crop  
k-5054 White peas China Grain crop  
k-5749 Pinsky local Belarus Feed crop  
k-7044 Local No.26 Libya Grain crop  
k-7157 Local Kenia Grain crop  
k-7307 Kyyr Estonia Grain crop  
k-8858 Flamingo Kirov Region Grain crop  
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Table (continued) 

k-9075 Ld 203-94 Oryol Region Grain crop  
k-9110 Kharvus-2 Ukraine Grain and mowing crop  
k-9252 Аz-93-1955  Oryol Region Grain crop  
k-9254 Аz-95-614  Oryol Region Grain crop  
k-9281 Triumph Oryol Region Grain crop  
k-9504 Korelichsky Belarus Feed crop  

 

At the first stage, ef-
fects of different aluminum co-
ncentrations on pea were stud-
ied, and the choice of dye was 
done. With all the tested alu-
minum concentrations, signifi-
cant intersample differences in 
the pea root re-growth length 
were observed when stained 
with eriochrome cyanine R 
(Fig. 1). The maximum inter-
sample differences (k-9075 and 
k-9252) at the concentrations 
of 2 and 3 mg Al/l were 5- and 
6-fold, respectively. At the con-
centration of 5 mg Al/l, the 
maximum difference between 

samples (k-9010 and k-9252) was 8-fold, but the differences between four sam-
ples were insignificant (probably due to the high degree of root growth inhibition 
by aluminum). However, the differences between the k-9252 and k-9254 samples 
became statistically significant at this concentration. Based on these results, a 
concentration of 3 mg Al/l was chosen as a working (differentiating) concentra-
tion for further experiments, as the intersample differences were mostly clearly 
manifested at this concentration. 

Root sprout staining with haematoxylin after the exposure to different 
concentrations of aluminum chloride in nutrient solution had no pronounced dif-
ferences depending on pea samples. Ranking according to the damaged tissue 
staining intensity in some samples was difficult, despite the fact that the length of 
the root re-growth zone was generally greater in the samples with lower hematoxy-
lin staining intensity (data not shown). This is probably due to the pea species 
characteristics, as in other plant species hematoxylin was successfully used to dif-
ferentiate varieties by aluminum resistance by assessing the root staining intensity, 
and this figure was correlated with aluminum resistance growth rates [4, 19, 20, 
22, 36]. Root treatment with eriochrome cyanine R revealed high variability of pea 
samples in staining intensity, and the root re-growth zone was visually distinguish-
able. The facts described confirmed the effectiveness of this dye for the study of 
intra-specific aluminum tolerability variation which had previously been demon-
strated in cereals [2, 18, 30-32]. 

At the second study stage, we screened 14 pea samples treated with alu-
minum at a concentration of 3 mg/l and at root staining with eriochrome cya-
nine R. The results showed high variability in root re-growth in peas following 
the toxic effects of aluminum, since sprout re-growing root length varied maxi-
mum 14-fold (samples k-2759 and k-7307) (Fig. 2). Samples k-3654 and k-3283 
were also considered the least stable, and samples k-4376 and k-9504 were the 
most resistant ones. An aluminum tolerable pea varieties Flamingo (k-8858) cre-
ated in the Kirov region in the area of acidic soils with mobile aluminum high 

 

Fig. 1. Effect of various aluminum concentrations on root 
growth in garden pea (Pisum sativum L.) k-9075, k-9110, 
k-9281, k-9254, and k-9252 samples (VIR collection) based 
on the results of eriochrome cyanine R staining. Vertical 
segments mark standard errors. Different Latin characters 
indicate significant differences between the variants 
(Fisher LSD, Р  0.05) 
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content [24] used as the standard of aluminum tolerability was included in the 
studied samples. Our data showed this variety to have high aluminum tolerability 
but to be inferior to samples k-4376, k-9504, and k-7307 in the above character-
istic. Since the number of studied pea samples is small, we cannot yet identify 
any relationship between the specimen characteristics (origin, intended use, phe-
notype) and the aluminum tolerability. But it is obvious that the samples of 
similar geographical origin may appear both aluminum tolerant and sensitive to 
aluminum, e.g. samples k-4376 and k-4379 from Kyrgyzstan. 

 

 

Fig. 2. Comparison of the effect of alumi-
num (3 mg/l) on root re-growth in the rapid 
assessment based on eriochrome cyanine R 
staining in garden pea (Pisum sativum L.) 
samples: 1 — k-2759, 2 — k-3654, 3 — k-3283, 
4 — k-5054, 5 — k-4379, 6 — k-5749, 7 — k-
7157, 8 — k-2008, 9 — k-7044, 10 — k-
8858, 11 — k-1776, 12 — k-4376, 13 — k-
9504, 14 — k-7307 (VIR collection). Vertical 
segments mark standard errors. Different Latin 
characters indicate significant differences be-
tween the variants (Fisher LSD, Р  0.05). 

 

 
       1                          2                         3           4                         5                      6 

Fig. 3. Garden pea (Pisum sativum L.) seedlings in express test of Al-tolerance (3 mg Al/l) by 
staining roots with eriochrome cyanine R: 1 — k-2759, 2 — k-3654, 3 — k-3283 (Al-sensitive); 
4 — k-4376, 5 — k-9504, 6 — k-7307 (Al-tolerant) (VIR collection). 

 

Significant intersample differences were observed in the intensity of root 
staining with eriochrome cyanine R. Samples with the minimum length of root 
re-growth (k-2759, k-3654, and k-3283) were characterized by intense purple 
color of the portion of the root treated with aluminum, and the samples with 
the maximum root re-growth length (k-4376, k-9504, and k-7307) had weak 
but detectable staining (Fig. 3). The intensity of eriochrome cyanine R staining 
characterizes the concentration of mobile (toxic) aluminum forms, and this 
figure is correlated with aluminum tolerability. If after aluminum treatment 
concentration of its active forms is low, root cell mitotic activity is restored, 
the root re-grows, and an achromatic re-growth zone appears next to the 
stained area [5]. The intensity of eriochrome cyanine R staining may be an ad-
ditional indicator of the aluminum tolerance associated with the toxicant con-
centration in root tissue. Under the studied conditions, the root re-growth 
length characterizes the intensity of root tissue regeneration after the toxicant 
exposure. Screening using this indicator may be useful to identify the geno-
types of the plants that can form an active root system when the seeds get into 
the soil with high aluminum concentration. 

Thus, the proposed method is highly capable and reproducible which 
makes it possible to consider it a reliable way to assess pea potential alumi-
num tolerability at the earliest developing stages. However, under natural soil 
conditions, aluminum ion concentration is generally lower compared with the 
one of hydroponic cultures used for screening, and the root exposure to alu-
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minum is long and continuous. Therefore, we propose the developed method 
for a rapid assessment of aluminum tolerability to screen a wide range of 
genotypes followed by further study of contrasting forms with longer hydro-
ponic growing (including the analysis of aluminum content in roots and 
sprouts) and under soil conditions. 
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