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Abstract
Little is known about soybean (Glycine max [L.] Merr.) growth and yield responses to cadmium contamination of agricul-
tural soil. Three levels of cadmium ecological screening values (2  CdCl2 ESV, 4  CdCl2 ESV and 6  CdCl2 ESV) were used 
to contaminate trial soils before sowing viable seeds from ten soybean accessions. The plants were monitored for growth, 
physiological characteristics and seed yield. Results showed significant growth impairment in G. max that was proportional 
to soil  CdCl2 contamination levels. There was 30% yield reduction at  CdCl2 2 ESV and < 50% yield reductions at 6  CdCl2 
ESV. Accession TGm-941 had the highest yield in the control but showed a 40% yield reduction upon exposure to cadmium 
contamination. Morphologically, the shapes and outer appearance of some harvested soybean seeds were distorted, which 
is likely due to elevated cadmium levels in the soil. The mechanisms attributable to these changes are not known and require 
further investigation. Soybean is capable of tolerating low levels of cadmium contamination by maintaining growth and 
limited yield reduction but higher levels of contamination significantly reduced plant growth and yield.
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Introduction

Food legumes are important sources of dietary protein for 
the increasing global human population. However, a grow-
ing threat to plant as a source of protein is environmental 
contamination from heavy metal, which hampers sustainable 
agricultural practices including growth characteristics, seed 
yield and genetic variation (Xie et al. 2016). For instance, 
toxic heavy metal like cadmium (Cd) compete with essential 
minerals present in legumes like soybean (Glycine max (L.) 
Merr.) and when consumed bind with cellular components 
thereby altering normal metabolic and systemic functions 
(Thielecke and Nugent 2018).

Soil is central to food security and defines the direction 
of the terrestrial food chain (Toth et al. 2016). Soil con-
tamination by toxic heavy metal mostly result from human 
activities and sources (Farid et al. 2015; Osawaru et al. 
2013a, b; Shi and Ma 2017). The ecology and structure of 
heavy metal contaminated soil result in reduced soil fertility 
and productivity. Zwolak et al. (2019) reported that heavy 
metal threatens human health because the mineral contents 
of edible plants and plant products that human rely on are 
influenced by the amount and interaction of trace elements in 
the soil including heavy metals. Heavy metal accumulation 
in crops, which result from the uptake of metals in the soil-
crop system, can be used to assess the potential health risk 
associated with heavy metal pollution (Hu et al. 2017). The 
bioavailability and accumulation of Cd in economic crops 
have been confirmed and is attributed to soil acidity, excess 
nitrogen fertilizers, the genetic variation of the crops, atmos-
pheric deposition and pollution (Yang et al. 2016; Chen et al. 
2018). Therefore, soil Cd pollution poses a serious threat 
to soil quality and food security as well as to human health 
(Ogwu 2019; Ikhajiagbe and Ogwu 2020). Elevated doses 
of Cd (above 3 μg/L) can result from uncontrolled mining 
and emissions from combustion engines. In addition, Cd-
fertilizers are carcinogenic to humans (Kubier et al. 2019). 
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Spontaneous degradation of Cd is limited because of the 
long half-life (~ 13–1100 years) as well as the physicochemi-
cal properties of the soil (Šichorová et al. 2004). Although 
Cd is a non-essential element, it is very toxic and mobile and 
can replace calcium in minerals due to their similar ionic 
radius, charge and chemical behaviour, which has potentially 
devastating effects on soil biota through decreasing soil bio-
logical activity as well as plant metabolism even at a low 
concentration (Sanità and Gabbrielli 1999). According to 
Kabata-Pendias and Pendias (2001), Cd is 2–20 times more 
toxic compared to other heavy metals. Apart from geogenic 
sources of Cd, soil contamination of Cd also results from 
anthropogenic activities, such as the by-products of smelting 
and refining of metals (Dudka and Adriano 1997).

The International Institute for Tropical Agriculture and 
other research institutes are promoting the cultivation of 
high yielding and stress-resistant soybean cultivars (Ugbabe 
et al. 2017). However, soybean has been reported (Das et al. 
1997) to bioaccumulate Cd in edible plant tissues, resulting 
in food safety concerns. Cadmium tolerance in the plant is 
linked to the ability of the plant to regulate entry, intracel-
lular transport, detoxification, exclusion, compartmentali-
zation, precipitation and chelation of cadmium compounds 
(Zou et al. 2018; Hernandez-Baranda et al. 2019). Soybean 
growth, development, yield, nodulation and nitrogen-fixing 
ability is likely to be affected by Cd contamination of soil. 
This study assesses the performance of soybean genotypes 
under varying Cd toxicity levels in order to document the 
effects of Cd stress on the morphological characteristics, 
growth and seed yield of soybean. We adopted various lev-
els of Cd contamination for the study based on established 
phytotoxicity benchmarks of Efroymson et al. (1997). The 
results will determine the effects of environmental contami-
nation by Cd on the growth and seed yield of soybean.

Materials and methods

Seed and soil collection

Viable G. max seeds of ten genotypes used in the study were 
collected from the Genetic Resource Centre of the Inter-
national Institute for Tropical Agriculture, Ibadan, Nigeria 
(Supplementary Table 1). Topsoil was collected from the 
Botanic Garden, University of Benin, Nigeria. The prevail-
ing environmental conditions of the area and the physico-
chemical and microbial characteristics of the soil have been 
reported by Osawaru et  al. (2014), Ogwu and Osawaru 
(2015), Ogwu et al. (2016) and Chime et al. (2017). The 
soil was sundried (22–25 °C) to a constant weight, finely 
crushed and then sieved through a 2-mm stainless steel sieve 
and transferred into experimental bags at 20 kg per bag. A 
sample of the pre-treated soil was analyzed for the presence 

of N, P, K, Cd, Fe and organic carbon according to Bray 
and Kurtz (1945a, b), SSSA (1971) and Nasir et al. (2015).

Soil contamination with Cd, experimental design 
and sowing of seeds

The chloride form of Cd (cadmium chloride,  CdCl2), was 
used for the study. The phytotoxicity benchmark or ecologi-
cal screening value (ESV) for Cd is 4 mg/kg of soil (Efroym-
son et al. 1997). The test accessions were exposed to three 
different levels (2 ESV, 4 ESV and 6 ESV) of Cd contami-
nation based on the ESV. This implies that for 2 ESV the 
mass of Cd required for contamination was 8 mg and 24 mg 
for 6 ESV. Since the molecular mass of  CdCl2 is 183.32 g, 
and Cd is 112.41u, for every 1 mg of  CdCl2 weighed, a 
factor of 1.631 is required to get 1 mg of Cd. Therefore, 
for the 2 ESV application, 8 mg × 1 × 1.631 = 13.04 mg 
of  CdCl2 was required per kilogram of soil. For 4ESV, 
16 mg × 1 × 1.631 mg = 26.09 mg of  CdCl2 was required. 
About 39.14 mg of  CdCl2 was required per kilogram of soil 
for the 6 ESV application. Following the methods of Okoye 
et al. (2019),  CdCl2 solutions were prepared and applied 
to each soil treatment until the soil reached it water hold-
ing capacity at 187.2 ml/kg of soil for each treatment of 
20 kg of soil, which required roughly about 3.74 L of water. 
Therefore, to obtain, each bag was polluted with  CdCl2 in 
solutions as presented below (Supplementary Table 2). The 
experiment was divided into four groups containing the ten 
soybean accessions with five replicates in a completely rand-
omized block design. The first group consisted of the control 
group, which was not contaminated with Cd. The second 
was contaminated with Cd at twice the ecological screening 
value of Cd (2 ESV or, 8 mg/kg) in agrarian soils (Efroym-
son et al. 1997). The third and fourth groups were soils 
contaminated with Cd at 4 ESV and 6 ESV, respectively. 
The ESV of Cd was 4 mg/kg (Efroymson et al. 1997). The 
trial soils were allowed to attenuate for three weeks, after 
which soybean seeds were planted according to Ohanmu 
and Ikhajiagbe (2018).

Data collection and statistical analysis

The plants of each accession in each treatment group were 
observed for morphological and physiological responses 
until maturity. Plant height, number of leaves per plant, 
leaf area, dry weight of the plant, number of primary root 
branches, number of nodules per plant (measured as nodules 
with a minimum diameter of 5 mm) were recorded. Yield 
components were measured as the number of pods per plant 
and total weight of harvested seed per plant. Seed charac-
teristics were determined according to Adewale and Duet 
(2011) and includes seed shape, seed brilliance, testa texture 
and basal colour. To understand the biochemical impacts 
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of the treatment on the soybean accessions, nitrogen con-
centration of leaves were measured according to methods 
described in Al-Mutawa and El-Katony (2001) while total 
chlorophyll, tocopherol, lycopene, carotenoids were deter-
mined according to the methods described by Ruch et al. 
(1989). Soybean accession were ranked according to best 
growth response (αTGm). Percentage reductions in plant 
seed yield and plant dry weight of metal-exposed plants 
compared to the control was determined for each accession. 
These percentage reductions were then ranked (R) from the 
least reduction to the worst. The mean rank (Ṝ) was then 
calculated.

where R1, R2 and R3 were the ranks for individual plant 
accession exposed to Cd at 2 ESV, 4 ESV and 6 ESV, 
respectively.

A one-way analysis of variance and t-test was performed 
using  SPSS® version 21 for Windows PC. Level of signifi-
cance was used as P < 0.05 for each trait evaluated.

Results

The physicochemical condition of the soil before treatment 
indicated that the soil was slightly acidic (pH 6.08) (Sup-
plementary Table 3). After 12 weeks, there was 28.41% 
increase in plant height in TGm-941 at 6 ESV (Table 1). 
Other than TGm-935 and TGm-941, which had significant 
increases in the number of leaves per plant upon increased 
exposure to Cd, general reductions in plant leaves were 

(1)

(2)

between 14.63 and 40.82%, respectively (Table 2). Reduc-
tions in leaf area at 12 weeks after sowing was a common 
observation among the various accessions exposed to Cd 
(5.85–53.33% reduction) (Table 3) and the dry weight of 
soybean accessions significantly decreased with increased 
exposure to Cd (Table 4). Accession TGm-934 was the most 
affected with a 79.48% reduction in whole plant dry weight.

The capacity of any plant species to subsist under stressful 
environmental condition is also a measure of its antioxidant 
capacity. To determine antioxidant response to Cd soil lev-
els, tocopherol levels were determined in the leaves. There 
was a general reduction in leaf tocopherol content due to Cd 
exposure (Fig. 1). However, increased leaf tocopherol activ-
ity was reported in TGm-932 upon exposure to Cd, from 
0.228 U/g FW in the control to 2.243 and 2.212 U/g FW 
in plants exposed to Cd at 4 ESV and 6 ESV, respectively. 
Total lycopene contents in leaves of the test plants showed 
differential responses among the accession (Fig. 2). Plants 
had enhanced its carotenoid activity during the study as the 
control ranged from 1083.2–3825.6 U/g FW whereas Cd-
exposed plants ranged between 3113.4 and 6182.4 U/g FW 
(Fig. 3). Chlorophyll content showed differential response 
in the test plants. Increases in chlorophyll content was 
observed in TGm-932, 934, and 941 in Cd-exposed plants 
at 6 ESV (Fig. 4). Generally, plant exposure to Cd exhibit 
impaired nodulation capacity after 12 weeks causing about 
40% reduction in root nodules (Fig. 5). Contrary to root nod-
ules, plant exposure to Cd enhanced root development in 
most of the accessions (Table 5). The foliar concentration of 
nitrate-nitrogen and nitrogen showed varied patterns in all 
the soybean accessions assessed due to soil contamination 
with cadmium (Fig. 6). Total foliar nitrate-nitrogen content 
in the control ranged from 661.3 to 926.3 ppm (Fig. 6a). 
Marked increment in foliar nitrate-nitrogen content was 

Table 1  Plant height of soybean 
after 12 weeks of sowing in soil 
contaminated by cadmium

Means with similar upper case superscripts on the same row do not differ (p > 0.05), whereas means with 
similar lower case alphabets on the same column do not differ from each other (p > 0.05). %Δ6ESV percent-
age change in plant parameter at highest Cd concentration (− reduction, + increase)

Accessions Plant height (cm) p-value %Δ6ESV

CTR 2 ESV 4 ESV 6 ESV

TGm-540 75.3A/a 42.2B/b 47.6B/c 51.2B/ab 0.013 − 32.01
TGm-932 63.1A/ab 54.9AB/b 49.3B/c 42.1B/b 0.041 − 33.28
TGm-933 55.6A/bc 46.7A/b 48.1A/c 53.5A/ab 0.623 − 3.78
TGm-934 69.7A/ab 57.2A/b 67.3A/ 62.3A/a 0.472 − 10.62
TGm-935 58.3A/b 57.2AB/b 53.1AB/bc 49.7B/ab 0.183 − 14.75
TGm-941 53.5B/bc 59.9B/b 73.5A/a 68.7AB/a 0.038 28.41
TGm-942 47.9A/c 47.5A/b 44.8A/c 42.2A/b 0.816 − 11.90
TGm-943 72.9A/a 61.3AB/ab 67.1AB/ab 59.7B/ab 0.288 − 18.11
TGm-944 79.9A/a 79.5A/a 53.8B/bc 52.3B/ab 0.015 − 34.54
TGm-945 73.3A/a 63.7AB/a 67.3AB/ab 53.7B/ab 0.103 − 26.74
p-value < 0.011 0.181 0.016 0.391
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also reported in TGm-942 from 661.3 ppm to 2001.4 ppm. 
Similar to nitrate nitrogen, total foliar nitrogen concentra-
tions increased in the Cd-exposed plants (0.41–0.83%) as 
compared to control plants (0.16–0.57%) (Fig. 6b).

There was a significant reduction in the number of pods 
due to Cd exposure as the number of pods per plant in the 
control for each accession was 17–24 pods per plant but 
12–19 at 2ESV, 11–19 at 4ESV and 9–16 pods per plant 
at 6ESV (Fig.  7a–d). Significant yield reductions were 
observed due to Cd exposure (p < 0.05) (Table 6). Results 
showed minimal changes in seed characteristics including 
seed shape, seed brilliance, testa texture and basal colour 
(Table 7a–d). Seed shape of the majority of the accessions 
were oblong both for the control and when exposed to 

Cd. However, in TGm-933, 934 and 945, seed shape was 
rhomboid. 

An attempt was made to indicate plant accessions that 
were least affected by the Cd polluted soil compared to 
respective controls (Table 8). Accessions TGm-933 and 
TGm-943 can be considered for breeding and cultivation 
due to their better performance in Cd polluted soil com-
pared to the other accessions evaluated in the study. How-
ever, owing to poor response in the Cd contaminated soil, 
TGn-932, TGm-934, and TGm-942 were not good candi-
date for growth and yield performance in a Cd polluted soil. 
Table 9 shows the bivariate correlation between selected 
growth parameters and either foliar nitrate or foliar nitro-
gen contents, respectively. There was a significant positive 

Table 2  The number of leaves 
produced by soybean grown on 
soil contaminated by cadmium

Means with similar upper case superscript on the same row are not significant different (p > 0.05), whereas 
means with similar lower case alphabets on the  same column are not significantly different from each 
other (p > 0.05). %Δ6ESV percentage change in plant parameter at highest Cd concentration (− reduc-
tion, + increase)

Accessions No. of leaves per plant p-value %Δ6ESV

CTR 2 ESV 4 ESV 6 ESV

TGm-540 59A/ab 41B/ab 39B/bc 42B/bc 0.042 − 28.81
TGm-932 64A/ab 57B/a 41C/bc 41C/bc < 0.001 − 35.94
TGm-933 49A/bc 31B/b 33AB/c 29B/c 0.391 − 40.82
TGm-934 77A/a 53B/a 60B/a 61B/a 0.009 − 20.78
TGm-935 39B/c 29B/b 41AB/bc 52A/ab 0.007 33.33
TGm-941 37AB/c 50A/a 29B/c 44AB/b 0.13 18.92
TGm-942 36A/c 27A/b 33A/c 27A/c 0.592 − 25.00
TGm-943 41A/c 39A/b 42A/bc 35A/c 0.429 − 14.63
TGm-944 52A/bc 41AB/a 51A/ab 31B/c 0.193 − 40.38
TGm-945 44AB/bc 37B/b 52A/ab 43AB/b 0.281 − 2.27
p-value < 0.001 0.238 0.017 0.027

Table 3  The leaf area of 
soybean accessions due to soil 
contamination by cadmium

Means  with similar  upper case superscripts on  the same row are not significantly  different (p > 0.05), 
whereas means with similar lower case alphabets on the same column are not significantly different from 
each other (p > 0.05). %Δ6ESV percentage change in plant parameter at highest Cd concentration (− reduc-
tion, + increase)

Accessions Leaf area  (cm2) p-value %Δ6ESV

CTR 2 ESV 4 ESV 6 ESV

TGm-540 23.1A/b 21.3A/b 25.3A/ab 26.4A/bc 0.651 14.29
TGm-932 35.3A/ab 25.2AB/ab 21.7B/b 22.7B/bc 0.087 − 35.69
TGm-933 31.7A/ab 28.7A/ab 31.3A/a 29.3A/ab 0.395 − 7.57
TGm-934 37.2A/a 31.2A/ab 20.9B/b 23.2B/bc 0.003 − 37.63
TGm-935 37.5A/a 26.9AB/a 23.8B/ab 17.5C/c < 0.001 − 53.33
TGm-941 33.5A/a 35.5A/a 39.6A/a 35.4A/a 0.482 5.67
TGm-942 41.8A/a 33.2AB/a 31.7BC/a 23.1C/bc 0.013 − 44.74
TGm-943 33.5A/ab 35.7A/a 30.2A/ab 37.5A/a 0.499 11.94
TGm-944 31.5A/ab 31.9A/ab 33.7A/a 29.6A/ab 0.381 − 6.03
TGm-945 34.2A/ab 31.3A/ab 29.1A/ab 32.2A/ab 0.232 − 5.85
p-value 0.069 0.137 0.095 0.002
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Table 4  Dry weight of soybean 
accessions after 12 weeks 
with increasing soil cadmium 
concentration

Means with similar upper case superscripts on the  same row are not significantly different (p > 0.05), 
whereas means with similar lower case alphabets on the same column are not significantly different from 
each other (p > 0.05). %Δ6ESV percentage change in plant parameter at highest Cd concentration (− reduc-
tion, + increase)

Accessions Plant dry wt. (g) p-value %Δ6ESV

CTR 2 ESV 4 ESV 6 ESV

TGm-540 2.89A/a 0.75A/c 0.72A/b 1.01A/b < 0.001 − 65.05
TGm-932 3.29A/ab 2.37B/b 0.81C/b 1.81C/ab < 0.001 − 44.98
TGm-933 0.59A/c 0.78A/c 0.49A/b 0.56A/b 0.629 − 5.08
TGm-934 4.24A/a 2.33B/b 0.51C/b 0.87C/b < 0.001 − 79.48
TGm-935 1.77A/bc 1.35A/bc 1.31A/b 1.61A/ab 0.489 − 9.04
TGm-941 3.12B/ab 4.94A/a 3.15B/a 2.71B/a 0.037 − 13.14
TGm-942 3.16A/ab 1.62B/bc 1.61B/ab 1.32B/ab 0.004 − 58.23
TGm-943 1.99AB/bc 2.51A/b 1.54B/b 1.58B/ab 0.138 − 20.60
TGm-944 2.46A/b 2.38A/b 2.27A/a 1.94A/ab 0.572 − 21.14
TGm-945 2.36A/b 1.61AB/bc 1.09B/b 1.11B/b < 0.001 − 52.97
p-value < 0.001 < 0.001 < 0.001 0.015
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Fig. 1  Total foliar tocopherol concentration of the various soybean 
accessions after exposure to different cadmium contamination levels
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Fig. 2  Total foliar lycopene concentration of the various soybean 
accessions after exposure to different cadmium contamination levels
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Fig. 3  Foliar carotenoid concentration of the various soybean acces-
sions after exposure to different cadmium contamination levels
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correction between seed yield and total foliar nitrogen 
(R = 0.700, p = 0.024) in plants without metal exposure. 
No bivariate correlation between the growth parameters 
and either total or nitrate-nitrogen existed when plants were 
exposed to Cd at higher ESV.

Discussion

The effects of three levels of soil contamination by Cd on 
the growth, development and  yield of ten soybean acces-
sions was investigated. Our findings were in conformity with 
de Souza Silva et al. (2014) that Cd toxicity is character-
ized by growth impairments, reduction in plant growth and 
poor yield. Higher Cd concentrations in the soil had more 
inhibitory effects on the growth, development and seed yield 
characteristics of the soybean accession evaluated. These 
effects could be linked to the mobility of Cd in the soil–plant 
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Fig. 5  Effects of different cadmium contamination levels on nodule 
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Table 5  Root length of different 
soybean accessions at 12 weeks 
after planting

Means with similar  upper case superscripts on the  same row  are not significantly different (p > 0.05), 
whereas means with similar lower case alphabets on the same column are not significantly different from 
each other (p > 0.05). %Δ6ESV percentage change in plant parameter at highest Cd concentration (− reduc-
tion, + increase)

Accessions Root length (cm) p-value %Δ6ESV

CTR 2ESV 4ESV 6ESV

TGm-540 9.7A/a 8.6A/b 13.5A/ab 11.8A/b 0.421 21.65
TGm-932 8.2B/a 11.2B/ab 10.6B/b 18.4A/a < 0.001 124.39
TGm-933 8.5B/a 11.3B/ab 17.4A/a 13.1AB/ab 0.015 54.12
TGm-934 9.2A/a 8.5A/b 11.0A/b 10.5A/bb 0.481 14.13
TGm-935 11.5B/a 15.5A/a 15.1A/ab 12.5B/ab 0.002 8.70
TGm-941 13.5A/a 11.2A/ab 11.5A/b 12.2A/ab 0.517 − 9.63
TGm-942 10.1B/a 11.5B/ab 17.2A/a 14.5AB/ab 0.093 43.56
TGm-943 11.5A/a 15.3A/a 13.5A/ab 12.6A/ab 0.318 9.57
TGm-944 11.2A/a 14.6A/a 12.1A/ab 10.2A/b 0.662 − 8.93
TGm-945 9.6A/a 12.4A/ab 11.2A/b 14.5A/ab 0.292 51.04
p-value 0.418 0.013 0.118 0.136

(a) Foliar nitrate-nitrogen (b) Total foliar nitrogen
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Fig. 6  Foliar concentration of (a) nitrate-nitrogen and (b) total nitrogen in cadmium-exposed plants at 12 weeks after sowing
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system. The cadmium contamination affected soybean plant 
height causing a significant reduction, which agrees with 
previous reports (Epelde et al. 2010; Per et al. 2016), which 
linked the effects to reduced cell growth and division, pho-
tosynthesis, translocation and transpiration. The reduction 
of Cd solubility and bioavailability is vital to mitigate some 
of the effects on plant growth, development and yield (Qi 
et al. 2018).

Plant roots are vulnerable to soil contamination by heavy 
metals. Soybean roots are the first plant tissue to interact 
with soil Cd where it gains entry into the plant and begin 
inhibitory interactions targeting vital physiological and 
metabolic processes (Zou et al. 2018). We observed that 
Cd had a stimulatory effect on soybean root growth, which 
was similar to the observation of Zou et al. (2018) in Salix 
species. However, this effect may be linked to the concentra-
tion of cadmium in the soil and rate of Cd transformation 

Fig. 7  Number of pods per plant 
in soybean accessions in the (a) 
control as well as after exposure 
to cadmium at different ecologi-
cal screening values (b, c and d)

(a) Control plants (b) Plants exposed at 2ESV

(c) Plants exposed at 4ESV (d) Plants exposed at 6ESV
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Table 6  Plant yield as measured 
by dry weight (g) of seeds per 
plant at harvest

Mean with similar  upper case superscripts on the same row are not significantly different (p > 0.05), 
whereas means with similar lower case alphabets on the same column are not significantly different from 
each other (p > 0.05). %Δ6ESV percentage change in plant parameter at highest Cd concentration (− reduc-
tion, + increase)

Seed wt. per plant (g) p-value %Δ6ESV

CTR 2ESV 4ESV 6ESV

TGm-540 124.54A/b 99.31B/a 90.24B/a 59.32C/bc < 0.001 − 52.37
TGm-932 114.24A/b 79.82B/ab 65.26BC/b 41.9C/bc < 0.001 − 63.32
TGm-933 75.23A/c 64.64A/b 61.35A/b 36.04B/c 0.062 − 52.09
TGm-934 165.03A/a 103.53B/a 98.53B/a 51.53C/bc < 0.001 − 68.78
TGm-935 104.22A/bc 65.35B/b 59.46B/b 53.01B/bc 0.028 − 49.14
TGm-941 181.45A/a 108.37B/a 95.71B/a 90.31B/a 0.013 − 50.23
TGm-942 121.53A/b 86.95B/ab 57.59C/b 61.46BC/bc 0.047 − 49.43
TGm-943 98.47A/bc 81.47A/ab 48.19B/b 60.47AB/bc 0.103 − 38.59
TGm-944 124.54A/b 72.69B/b 46.99C/b 66.66BC/ab < 0.001 − 46.48
TGm-945 111.49A/b 109.42A/a 65.26B/b 51.48B/bc < 0.001 − 53.83
p-value < 0.001 0.093 0.318 0.293
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Table 7  Presentation of the most prominent seed characteristics measured for (a) seed shape (b) seed brilliance (c) testa texture and (d) basal 
colour

(a) Seed shape
(1: oblong, 2: rhomboid)

CTR 2ESV 4ESV 6ESV

TGm-540 1 1 1 1
TGm-932 1 1 1 1
TGm-933 2 1 1 1
TGm-934 2 2 1 1
TGm-935 1 1 1 1
TGm-941 1 1 1 1
TGm-942 1 1 1 1
TGm-943 1 1 1 1
TGm-944 1 1 1 1
TGm-945 2 1 1 1

(b) Seed brilliance
(1: Shiny, 2: Medium, 3: Matt)

CTR 2ESV 4ESV 6ESV

TGm-540 3 3 2 2
TGm-932 1 1 2 1
TGm-933 3 3 2 2
TGm-934 3 2 2 3
TGm-935 3 2 3 3
TGm-941 3 1 1 1
TGm-942 1 2 3 2
TGm-943 2 1 1 2
TGm-944 2 3 1 3
TGm-945 2 1 1 3

(c) Seed testa texture
(1: smooth, 2: rough, 3: wrinkled (folds on testa)

CTR 2ESV 4ESV 6ESV

TGm-540 3 2 1 3
TGm-932 1 1 1 1
TGm-933 3 1 3 2
TGm-934 3 3 1 1
TGm-935 1 2 3 1
TGm-941 3 1 1 1
TGm-942 3 3 3 3
TGm-943 3 2 3 1
TGm-944 3 3 1 1
TGm-945 2 1 1 1

(d) Seed basal colour
(1: cream, 2: grey, 3: light brown, 4: reddish brown, 
5: dark brown)

CTR 2ESV 4ESV 6ESV

TGm-540 3 3 3 3
TGm-932 5 5 5 5
TGm-933 5 3 3 2
TGm-934 5 5 3 3
TGm-935 3 5 3 5
TGm-941 3 3 3 5
TGm-942 5 5 5 5
TGm-943 4 5 5 4
TGm-944 3 3 5 1
TGm-945 5 5 5 5
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and mobilization in the plant tissues that are affected by the 
concentration. Moreover, Cd effects on soybean roots could 
be attributed to the excessive production of monolignols 
forming lignin, which causes the hardening of root cell wall 
and restricts root growth (Finger-Teixeira et al. 2010). Our 
findings on root development contradict those reported by 
Konotop et al. (2012) where cadmium treatment resulted 
in stunted root growth and blackening of the apexes sig-
nalling metal-induced oxidation of phenol compounds and 

increased level of lipid peroxidation. However, they noted 
that the effect could be remedied by nitrogen fertilization. 
The study of Shi and Ma (2017) highlighted the capac-
ity of Cd contamination to affect soil microbial activities 
thereby influencing the nodulating capacity of leguminous 
crops like soybean. This observation was confirmed in our 
study through reduced nodulation. Therefore, even though 
cadmium contamination results in adverse effects on plant 
growth, and soil microbial activities, it encourages the 

Table 8  Selection of best and worst responsive plant accessions upon exposure to cadmium for at least 12 weeks using plant dry weight and seed 
yield

a Values in parentheses are corresponding ranks; R—mean rank; accessions with least mean selected as most tolerant
b Key:  +  +  + Most likely selected when considering plant performance in Cd polluted soil;  +  + Likely selected when considering plant perfor-
mance in Cd polluted soil;  + Intermediate; − Not likely considered when considering plant performance in Cd polluted soil

Accessions Percentage change (%) (− reduction, + increase)a Ṝ 
(B)

Ṝ 
(A + B)

Remarkb

Plant dry wt. at 12 weeks (A) Seed yield (B)

2ESV 4ESV 6ESV 2ESV 4ESV 6ESV

TGm-540 − 74 (10) − 75.1 (8) − 65.1 (9) − 20 (4) − 28 (2) − 52.4 (7) 4 7 + 
TGm-932 − 28 (6) − 75.4 (9) − 45 (6) − 30 (6) − 43 (5) − 63.3 (9) 7 7 −
TGm-933 32.2 (2) − 16.9 (3) − 5.1 (1) − 14 (2) − 19 (1) − 52.1 (6) 3 3 + + +
TGm-934 − 45 (8) − 88.1 (10) − 79.5 (10) − 37 (7) − 40 (3) − 68.8 10) 7 8 −
TGm-935 − 23.7 (5) − 26.1 (5) − 9 (2) − 37 (7) − 43 (5) − 49.1 (3) 5 5 +
TGm-941 58.3 (1) 1.1 (1) − 13.1 (3) − 40 (9) − 47 (7) − 50.2 (5) 7 4 +
TGm-942 − 48.7 (9) − 49.1 (6) − 58.2 (8) − 29 (10) − 53 (9) − 49.4 (4) 8 8 −
TGm-943 26.1 (3) − 22.6 (4) − 20.6 (4) − 17 (3) − 51 (8) − 38.6 (1) 4 4 + +
TGm-944 − 3.3 (4) − 7.7 (2) − 21.1 (5) − 42 (5) − 62 (10) − 46.5 (2) 6 5 +
TGm-945 − 31.8 (7) − 53.8 (7) − 53 (7) − 1.9 (1) − 42 (4) − 53.8 (8) 4 6 +

Table 9  Correlation between 
selected growth parameters 
and foliar nitrate and/or foliar 
nitrogen contents

Significant correlation are indicated in bold and asterisks

Pearson’s correla-
tion coefficient (R)

Control 2ESV 4ESV 6ESV

R p-value R p-value R p-value R p-value

Nitrate nitrogen
 Br 0.063 0.863 − 0.317 0.372 − 0.091 0.803 − 0.497 0.144
 PlHt 0.082 0.822 − 0.218 0.545 0.333 0.347 − 0.129 0.722
 RtNo 0.083 0.819 0.371 0.292 0.179 0.621 − 0.266 0.457
 LfAr − 0.22 0.541 − 0.182 0.0614 0.593 0.071 − 0.452 0.19
 Nod − 0.533 0.113 − 0.371 0.292 − 0.003 0.992 − 0.194 − 0.591
 Yield 0.33 0.352 − 0.191 0.574 − 0.433 0.211 − 0.591 0.072

Total nitrogen
 Br 0.012 0.974 − 0.028 0.939 − 0.36 0.307 0.239 0.507
 PlHt − 0.013 0.971 1.000** < 0.001 − 0.084 0.817 0.473 0.168
 RtNo − 0.075 0.837 0.079 0.828 0.266 0.458 0.585 0.076
 LfAr 0.019 0.96 − 0.193 0.594 0.024 0.947 − 0.08 0.826
 Nod 0.093 0.797 0.632* 0.050 0.063 0.862 0.14 0.7
 Yield 0.700 0.024 0.254 0.479 0.357 0.311 0.537 0.109
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evolution of Cd tolerance, which develops over time (Xie 
et al. 2016).

The effects of Cd contamination on the number of leaves 
have implications for plant survival as this is the major pho-
tosynthetic apparatus of the plant. Moreover, the reduction in 
dry weight could be due to cadmium effects on water absorp-
tion and translocation capacity. Other workers (Grifferty and 
Barrington 2000; Adegoke and Owoyokun 2009; Konotop 
et al. 2012) have reported that high cadmium concentration 
has a negative influence on physiological activities of plants 
associated with water translocation which could impact plant 
growth, dry matter accumulation, photosynthesis and yield, 
whereas the reduction in dry mass due to Cd might be attrib-
uted to reduced lipids, protein and carbohydrates in soybean 
(Malan and Farrant 1998).

We recorded significant yield reduction especially at the 
highest concentration used in this study. Thakur (2014) also 
reported a significant decrease in soybean yield, specifi-
cally in the number of pods per plant, total seeds per plant 
and seed weight due to different levels of Cd in the soil. 
Miura et al. (2016) suggested that liming can be used to 
mitigate the effects of Cd toxicity on soybean yield. How-
ever, liming has no effects on the bioaccumulation of Cd 
by soybean seeds, causing safety concerns associated with 
eating soybean cultivated on Cd contaminated soils. Results 
from the study suggest that TGm-933 and TGm-943 were 
the most tolerant among the soybean accessions due to its 
plant performance in Cd polluted soil. Therefore, we recom-
mend TGm-933 and TGm-943 for cultivation and genetic 
improvement for tolerance to Cd. The varietal difference in 
the uptake, distribution and accumulation of Cd by soybean 
could be exploited to produce improved Cd-tolerant cultivars 
(Arao et al. 2003). The mechanism of Cd toxicity in soybean 
is linked to cellular Cd homeostasis, phytochelatin-based 
sequestration and compartmentalization, oxidative stress, 
increasing the affinity for sulfhydryl groups in peptides, lipid 
peroxidation, and promoting the inhibition of enzyme activi-
ties leading to protein denaturation (Benavides et al. 2005; 
Garg and Bhandari 2013). Nonetheless, Bagheri et al. (2014) 
acknowledged that little is known regarding the coordina-
tion of cellular sequestration of Cd that ultimately results 
in reduced growth, development and yield in soybean. To 
elucidate this effect will likely require the identification of 
Cd ligands present in the cytosol and vascular tissues of 
soybean (Hasan et al. 2009).

The harvested soybean seeds in this study were distorted 
and irregularly shaped due to elevated cadmium levels in the 
soil. This might be attributed to changes in the interphase 
stage of cells causing the micronuclei to produce irregularly 
shaped nuclei and nuclei with decomposed nuclear mate-
rial under the heavy metal stress (Wierzbicka 1994). Cad-
mium stress is known to induce membrane damage, impair 
food reserve mobilization, nutrient loss, and increased lipid 

peroxidation in seeds as well as reduced seed viability, 
embryo growth and distribution of biomass (Sfaxi-Bousbih 
et al. 2010; Sethy and Ghosh 2013).

Conclusion

In conclusion, we presented evidence that cadmium toxic-
ity affects soybean morphological growth and reduced seed 
yield. However, soybean in uncontaminated soil differed 
in their growth and yield characteristics. The capacities of 
selected soybean accessions to maintain yield levels under 
further elevated Cd conditions suggest possible Cd tolerance 
for those accessions. Rice yields were reduced by over 50% 
in the susceptible crop accessions, depending on the severity 
of toxicity. Therefore, differences in plant growth and yield 
responses to Cd toxicity may be genetic.

Supplementary Information The online version contains supplemen-
tary material available at https ://doi.org/10.1007/s4253 5-021-00189 -y.

Acknowledgements The authors are grateful to the International Insti-
tute for Tropical Agriculture, Ibadan, Nigeria and Department of Plant 
Biology and Biotechnology, University of Benin, Nigeria for providing 
us with the soybean seeds used in the study and space in the botanical 
garden for the experiment, respectively.

Author contributions BI conceived of the study. BI, MO, and NL exe-
cuted the study. BI and MO analysed and interpreted the experimental 
data. BI and NL wrote the initial manuscript draft. All the authors 
edited, reviewed and approved the final manuscript.

Funding Not applicable.

Availability of data and materials Not applicable.

Compliance with ethical standards 

Conflict of interests There are no competing interests.

Ethical approval Not applicable.

Consent to publish Not applicable.

References

Adegoke JA, Owoyokun TO, Amore IO (2009) Open land dumping: 
an analysis of heavy metals concentration of an old lead-battery 
dumpsite. Pac J Sci Technol 10(2):592–595

Adewale DB, Dumet DJ (2011) Descriptors for African yam bean, 
Sphenostylis stenocarpa (Hochst ex. A. Rich.) Harms. IITA Res 
News 1–12

Al-Mutawa MM, El-Katony TM (2001) Salt tolerance of two wheat 
genotypes in response to the form of nitrogen. Agronomie 
21:259–266

https://doi.org/10.1007/s42535-021-00189-y


117Vegetos (2021) 34:107–118 

1 3

Arao T, Ae N, Sugiyama M, Takahashi M (2003) Genotypic differ-
ence in cadmium update and distribution in soybean. Plant Soil 
251:247–253

Bagheri R, Bashir H, Ahmad J, Baig A, Qureshi MI (2014) Effects of 
cadmium stress on plants. In: Environmental sustainability: con-
cepts, principles, evidences and innovations. pp. 271–277

Benavides MP, Gallego SM, Tomaro ML (2005) Cadmium toxicity in 
plants. Braz J Plant Physiol 17(1):131–136

Bray RH, Kurtz LT (1945a) Soil chemical analysis. Soil Sci 59:39–45
Bray RH, Kurtz LT (1945b) Determination of total organic and avail-

able form of phosphorus in soils. Soil Sci 59:45–49
Chen H, Tang Z, Wang P, Zhao F-J (2018) Geographical variations 

of cadmium and arsenic concentrations and arsenic speciation in 
Chinese rice. Environ Pollut 238:482–490

Chime AO, Aiwansoba RO, Eze CJ, Osawaru ME, Ogwu MC (2017) 
Phenotypic characterization of tomato Solanum lycopersicum 
L. cultivars from Southern Nigeria using morphology. Malaya J 
Biosci 4(1):30–38

Das PS, Samantaray S, Rout GR (1997) Studies on cadmium toxicity 
in plant: a review. Environ Pollut 98:29–36

de Souza Silva ML, Vitti GC, Trevizam AR (2014) Heavy metal tox-
icity in rice and soybean plants cultivated in contaminated soil. 
Revista Ceres 61(2):248–254

Dudka S, Adriano DC (1997) Environmental impacts of metal ore min-
ing and processing: a review. J Environ Qual 26:590–602

Efroymson RA, Will ME, Suter GW (1997) Toxicological benchmarks 
for screening contaminants of potential concern for effects on soil 
and litter invertebrates and heterotrophic process: 1997 Revision. 
Oak Ridge National Laboratory, Oak Ridge, TN. ES/ER/TM-126/
R2

Epelde L, Becerril JM, Barrutia O, Gonzalez-Oreja JA, Garbisu C 
(2010) Interactions between plant and rhizosphere microbial com-
munities in a metalliferous soil. Environ Pollut 158:1576–1583. 
https ://doi.org/10.1016/j.envpo l.2009.12.013

Farid G, Sarwar N, Saifullah AA, Ghafoor A (2015) Heavy metals (Cd, 
Ni and Pb) contamination of soils, plants and waters in Madina 
town of Faisalabad Metropolitan and preparation of Gis based 
maps. Adv Crop Sci Tech 4:199. https ://doi.org/10.4172/2329-
8863.10001 99

Finger-Teixeira A, Ferrarese ML, Soares AR, da Silva D, Ferrarese-
Filho O (2010) Cadmium-induced lignification restricts soybean 
root growth. Ecotoxicol Environ Saf 73(8):1959–1964. https ://doi.
org/10.1016/j.ecoen v.2010.08.021

Garg N, Bhandari P (2013) Cadmium toxicity in crop plants and its 
alleviation by arbuscular mycorrhizal (AM) fungi: an overview. 
Plant Biosystems 1–13

Grifferty A, Barrington S (2000) Zinc uptake by young wheat plants 
under two transpiration regimes. J Environ Qual 29:443–446

Hasan SA, Fariduddin Q, Ali B, Hayat S, Ahmad A (2009) Cadmium: 
toxicity and tolerance in plants. J Environ Biol 30(2):165–174

Hernandez-Baranda Y, Rodriguez-Hernandez P, Pena-Icart M, Marino-
Hernandez Y, Cartaya-Rubio O (2019) Toxicity of cadmium in 
plants and strategies to reduce its effects. Case study: the tomato. 
Cultivos Tropicales 40(3):e10

Hu B, Jia X, Hu J, Xu D, Xia F, Li Y (2017) Assessment of heavy 
metal pollution and health risks in the soil-plant-human system 
in the Yangtze river delta, China. Int J Environ Res Public Health 
14:1042. https ://doi.org/10.3390/ijerp h1409 1042

Ikhajiagbe B, Ogwu MC (2020) Hazard quotient, microbial diversity 
and plant composition of spent crude oil polluted-soil. Beni-Suef 
Univ J Basic Appl Sci 9:26. https ://doi.org/10.1186/s4308 8-020-
00052 -0

Kabata-Pendias A, Pendias AH (2001) Trace elements in soils and 
plants. CRC Press, Boca Raton, FL, p 261

Konotop Y, Mezsaros P, Matušíková I, Batsmanova L, Taran N (2012) 
Application of nitrogen nutrition for improving tolerance of soy-
bean seedlings to cadmium. Environ Exp Biol 10:139–144

Kubier A, Wilkin RT, Pichler T (2019) Cadmium in soils and ground-
water: a review. Appl Geochem 108(2019):104388

Malan HL, Farrant JM (1998) Effects of the metal pollutants cadmium 
and nickel on soybean seed development. Seed Sci Res 8:445–453

Miura K, Togami K, Yoshizumi K, Kudo K, Aoki K, Matsuo K, 
Yashiro M (2016) Effect of liming using a partial mixing tech-
nique on reductions in the seed cadmium levels for soybeans (Gly-
cine max (L.) Merr.) under field conditions. Soil Sci Plant Nutr 
62(2):201–211. https ://doi.org/10.1080/00380 768.2016.11525 62

Nasir R, Khan M, Masab M, Rehman HU, Rauf NU, Shahab S, Ameer 
N, Sajed M, Ullah M, Fafeeq M, Shaheen Z (2015) Accumulation 
of heavy metals (Ni, Cu, Cd, Cr, Pb, Zn, Fe) in the soil, water and 
plants and analysis of physico-chemical parameters of soil and 
water Collected from Tanda Dam Kohat. J Pharm Sci and Res 
7(3):89–97

Ogwu MC (2019) Towards sustainable development in Africa: the 
challenge of urbanization and climate change adaptation. In: 
Cobbinah PB, Addaney M (eds) The geography of climate 
change adaptation in Urban Africa, Springer Nature, Switzer-
land. pp. 29–55. https ://doi.org/10.1007/978-3-030-04873 -0_2

Ogwu MC, Osawaru ME (2015) Soil characteristics, microbial com-
position of plot, leaf count and sprout studies of cocoyam (Colo-
casia [Schott] and Xanthosoma [Schott], Araceae) collected in 
Edo State, Southern Nigeria. Sci Technol Arts Res J 4(1):34–44. 
https ://doi.org/10.4314/star.v4i1.5

Ogwu MC, Osawaru ME, Obayuwana KO (2016) Diversity and 
abundance of tree species in the University of Benin, Benin 
City, Nigeria. Appl Trop Agric 21(3):46–54

Ohanmu EO, Ikhajiagbe B (2018) Enzymatic and non-enzymatic 
response of Sphenostylis stenocarpa to cadmium stress. Asian 
J Appl Sci 11:125–134. https ://doi.org/10.3923/ajaps .2018

Okoye PC, Anoliefo GO, Ikhajiagbe B, Ohanmu EO, Igiebor FA, 
Aliu E (2019) Cadmium toxicity in African yam bean (Sphe-
nostylis stenocarpa) (Hochst. ex A. Rich.) Harms genotypes. 
Acta Agric Slovenica 114(2):205–220. https ://doi.org/10.14720 
/aas.2019.114.2.6

Osawaru ME, Ogwu MC, Chime AO (2013) Assessment of growth 
performance of two Okra species (Abelmoschus esculentus [L.] 
Moench and Abelmoschus caillei [A. Chev.] Stevels) exposed to 
crude oil contaminated soil, Nigerian. J Biotechnol 26:11–20

Osawaru ME, Ogwu MC, Braimah L (2013a) Growth response of 
two cultivated Okra species (Abelmoschus caillei (A. Chev.) 
Stevels and Abelmoschus esculentus (Linn.) Moench) in crude 
oil contaminated soil, Nigerian. J Basic Appl Sci 21(3):215–226

Osawaru ME, Ogwu MC, Chime AO, Ebosa AB (2014) Weed flora 
of University of Benin in terms of diversity and richness using 
two ecological models. Sci Afr 13(2):102–120

Per TS, Khan S, Asgher M, Bano B, Khan NA (2016) Photosyn-
thetic and growth responses of two mustard cultivars differing 
in phytocystatin activity under cadmium stress. Photosynthetica 
54:491–501. https ://doi.org/10.1007/s1109 9-016-0205-y

Qi F, Lamb D, Naidu R, Bolan NS, Yan Y, Ok YS, Rahman MM, 
Choppala G (2018) Cadmium solubility and bioavailability in 
soils amended with acidic and neutral biochar. Sci Total Envi-
ron 2018(610–611):1457–1466. https ://doi.org/10.1016/j.scito 
tenv.2017.08.228

Ruch RJ, Cheng SJ, Klaunig JE (1989) Prevention of cytotoxic-
ity and inhibition of intercellular communication by antioxi-
dant catechins isolated from Chinese green tea. Carcinogen 
10:1003–1008

Sanita T, Gabrielli LR (1999) Response to cadmium in higher plants. 
Environ Exp Bot 41:105–130

https://doi.org/10.1016/j.envpol.2009.12.013
https://doi.org/10.4172/2329-8863.1000199
https://doi.org/10.4172/2329-8863.1000199
https://doi.org/10.1016/j.ecoenv.2010.08.021
https://doi.org/10.1016/j.ecoenv.2010.08.021
https://doi.org/10.3390/ijerph14091042
https://doi.org/10.1186/s43088-020-00052-0
https://doi.org/10.1186/s43088-020-00052-0
https://doi.org/10.1080/00380768.2016.1152562
https://doi.org/10.1007/978-3-030-04873-0_2
https://doi.org/10.4314/star.v4i1.5
https://doi.org/10.3923/ajaps.2018
https://doi.org/10.14720/aas.2019.114.2.6
https://doi.org/10.14720/aas.2019.114.2.6
https://doi.org/10.1007/s11099-016-0205-y
https://doi.org/10.1016/j.scitotenv.2017.08.228
https://doi.org/10.1016/j.scitotenv.2017.08.228


118 Vegetos (2021) 34:107–118

1 3

Sethy SK, Ghosh S (2013) Effect of heavy metals on germina-
tion of seeds. J Nat Sci Biol Med 4(2):272–275. https ://doi.
org/10.4103/0976-9668.11696 4

Sfaxi-Bousbih A, Chaoui AE, Ferjani E (2010) Cadmium impairs min-
eral and carbohydrate mobilization during the germination of bean 
seeds. Ecotoxicol Environ Saf 73:1123–1129

Shi W, Ma X (2017) Effects of heavy metal Cd pollution on microbial 
activities in soil. Ann Agric Environ Med 24(4):722–725. https ://
doi.org/10.26444 /aaem/80920 

Šichorová K, Tlustoš P, Száková J, Kořínek K, Balík J (2004) Horizon-
tal and vertical variability of heavy metals in the soil of a polluted 
area. Plant Soil Environ 50(12):525–534

SSSA (1971) Instrumental methods for analysis of soil and plant tis-
sue. Soil Science Society of America, Corporated, Wisconsin, 
USA, pp. 27–32

Thakur AK (2014) Cadmium toxicity and crop yield in soybeans. 1st 
Himachal Pradesh Science Congress on Role of Science & Tech-
nology in Sustainable Development, At Petrhof, Shimla, India

Thielecke F, Nugent AP (2018) Contaminants in grains—a major risk 
for whole grain safety. Nutrients 10:1213. https ://doi.org/10.3390/
nu100 91213 

Toth G, Hermann T, Da Silva MR, Montanarella L (2016) Heavy metal 
in agricultural soils of the European Union with implications for 
food safety. Environ Int 88:299–309

Ugbabe OO, Abdoulaye T, Kamara AY, Mbavai J, Oyinbo O (2017) 
Profitability and technical efficiency of soybean production in 
northern Nigeria. Tropicultura 35(3):203–214

Wierzbicka M (1994) Resumption of mitotic activity in Allium cepa root 
tips during treatment with lead salts. Environ Exp Bot 34:173–180

Xie Y, Fan J, Zhu W, Amombo E, Lou Y, Chen L, Fu J (2016) Effect 
of heavy metals pollution on soil microbial diversity and bermu-
dagrass genetic variation. Front Plant Sci 7(2016):755p. https ://
doi.org/10.3389/fpls.2016.00755 

Yang Y, Xiong J, Chen R, Fu G, Chen T, Tao L (2016) Ecessive 
nitrate enhances cadmium (Cd) uptake by up-regulating the 
expression of OsIRT1 in rice (Oryza sativa). Environ Exp Bot 
122:141–149

Zou J, Wang G, Ji J, Wang J, Ouyang J, Li B (2018) Cadmium’s effect 
on the organization of microtubular cytoskeleton in root tips cells 
of Salix matsudana Koidz. Pol J Environ Stud 27(2):939–945

Zwolak A, Sarzyńska M, Szpyrka E, Starwarczyk K (2019) Sources 
of soil pollution by heavy metals and their accumulation in veg-
etables: a review. Water Air Soil Pollut 230:164. https ://doi.
org/10.1007/s1127 0-019-4221-y

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.4103/0976-9668.116964
https://doi.org/10.4103/0976-9668.116964
https://doi.org/10.26444/aaem/80920
https://doi.org/10.26444/aaem/80920
https://doi.org/10.3390/nu10091213
https://doi.org/10.3390/nu10091213
https://doi.org/10.3389/fpls.2016.00755
https://doi.org/10.3389/fpls.2016.00755
https://doi.org/10.1007/s11270-019-4221-y
https://doi.org/10.1007/s11270-019-4221-y

	Growth and yield responses of soybean (Glycine max [L.] Merr.) accessions after exposure to cadmium
	Abstract
	Introduction
	Materials and methods
	Seed and soil collection
	Soil contamination with Cd, experimental design and sowing of seeds
	Data collection and statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements 
	References




