Cadmium and chromium effects on seed germination and
root elongation in lettuce, spinach and Swiss chard
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ABSTRACT

The La Ramada district and the Bogota River are the principal
water resources used for horticultural crop production on the
Bogota Plateau, which contain channel pollutant materials,
including heavy metals due to domestic and industrial activities
on the Plateau. These materials have effects on crop production
in this zone. The present research, under laboratory conditions,
aimed to evaluate the effect of three concentrations (25, 35 and
50 uM L") of cadmium (Cd) and chromium (Cr) on imbibi-
tion, seed germination and root elongation in lettuce (Lactuca
sativa var. Batavia), Swiss chard (Beta vulgaris var. cicla “‘White
Ribbed’), and spinach (Spinacia oleracea Hib. 424), three spe-
cies widely cultivated on the Plateau. The three species used
for evaluation showed a differential susceptibility response to
Cd and Cr. In lettuce, fresh weight increase (imbibition) was
lower with all Cd concentrations at the last day of observation
and at 25 uM L™ of Cd in Swiss chard. Cadmium reduced seed
germination by up to 46%, 97% and 8% in Swiss chard, lettuce
and spinach, respectively. Also, root elongation decreased in
Cd treatments by up to 57%, 89% and 56%, for Swiss chard,
lettuce and spinach, respectively. Chromium, which showed
fewer negative effects, decreased germination by up to 29% in
Swiss chard, 6% in lettuce and 34% in spinach, as compared
to the control.

Key words: heavy metals, water contamination, imbibition,
protrusion.

La produccién horticola en la Sabana de Bogota tiene como
principales fuentes hidricas al distrito de riego La Ramada y al
rio Bogota, el cual lleva en su cauce materiales contaminantes
como metales pesados, provenientes de las diferentes activi-
dades industriales y domésticas de la Sabana. Estos contami-
nantes afectan la produccién de cultivos en esta zona. En el
presente estudio, bajo condiciones de laboratorio, se evalud el
efecto del cadmio (Cd) y cromo (Cr) en tres concentraciones (25,
35y50 uM L), sobre la imbibicion, germinacion y elongacién
radical de lechuga (Lactuca sativa var. Batavia), acelga (Beta
vulgarisvar. cicla ‘White Ribbed’) y espinaca (Spinacia oleracea
hibrida 424), tres especies que son ampliamente cultivadas en
la zona. Se encontrd una susceptibilidad diferente a los dos
compuestos metalicos en cada especie. Enlechuga, en el tltimo
dia dela observacion, las tres soluciones de Cd disminuyeron el
aumento del peso fresco de las semillas (imbibicién), mientras
este ocurrid en acelga solamente a 25 uM L' de Cd. Cadmio
afect6 la germinacion en 46%, 97% y 8% en acelga, lechuga y
espinaca, respectivamente; también, este metal redujo la elon-
gacion radical hasta un 57%, 89% y 56% en las tres especies,
respectivamente. El Cr no mostro efectos tan negativos, pero
redujo la germinacion de acelga (29%), lechuga (6%) y espinaca
(34%), comparado al control.

Palabras clave: metales pesados, contaminacién de agua,
imbibicidn, protrusion.

Introduction

Lettuce (Lactuca sativa, Asteraceae), Swiss chard (Beta
vulgaris, var. cicla, Amarantaceae), and spinach (Spinacia
oleracea, Amarantaceae) have 78%, 95%, and 81%, respec-
tively, of their domestic production in the department
of Cundinamarca (Ministry of Agriculture and Rural
Development, 2009). On the Bogota Plateau, horticultural
production is one of the many economic activities that
take place in the region, and is carried out in small- and
medium-scale farms, which supply the local market as
well as providing a significant amount of production for
international markets (Miranda et al., 2008).
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It is estimated that the La Ramada irrigation district,
located in the middle basin of the Bogota River, provides
about 6.6% of the total water demand for irrigation of
the Plateau while 93.4% comes from derivations on the
banks of the river (SIAC, 2002). The Bogota River, along
its course, drains the water of 6,000 km*, where about 8
million inhabitants live. In this basin, about 26% of the
country’s economic activity is generated. The industrial
type wastewater discharges release grease, oil and heavy
metals such as cadmium (Cd), chromium (Cr), copper
(Cu), lead (Pb), nickel (Ni) and other hazardous wastes
(Conpes, 2004) into the river water. The sources of the Cd
contaminants are predominantly restricted to industries
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of textiles, packaging materials, chemicals, fertilizers,
paints, cements, machinery, electronics and automotive
(Ideam and Dama, 2003). Traditional and continuous use
of Bogota river water as a source of irrigation for crops is
considered a source of contamination of soil and plants
(Gonzalez and Mejia, 1995).

Heavy metals are defined as elements having a density
greater than 5 gcm”, such as copper, nickel, iron, zinc, man-
ganese, molybdenum which are considered essential, and
cobalt as beneficial to plants (Marschner, 2012); for their
growth, senescence and energy processes. However, when
the concentration of heavy metals exceeds the specified
threshold, the levels lead to the malfunction of enzymes,
oxidative stress, replacement of essential nutrients and
other toxic effects on plants. Within the group of heavy
metals, Cd is particularly toxic to the majority of plants and
animals even at low concentrations (Shukla et al., 2007).

It has been shown that the effect of trace metals on imbi-
bition, germination and root length may be linked to the
ability of compounds to penetrate the seed coat and af-
fect physiological processes associated with germination,
growth and development (Seregin and Kozhevnikova,
2005). According to Kranner and Colville (2011), germi-
nation is affected in two ways by metals; the first is due to
its toxicity and the second by the effect on water uptake
during imbibition.

The objective of this study was to determine the effect of
the heavy metals Cd and Cr on the germination of seeds of
lettuce, Swiss chard and spinach in regards to imbibition,
germination percentage and radical elongation, in order to
have a reference of early stage adaptability to the conditions
of irrigation with contaminated water.

Materials and methods

Seeds of lettuce Lactuca sativa var. Batavia, Swiss chard
Beta vulgaris var. cicla ‘White Ribbed” and spinach Spina-
cia oleracea hybrid 424 were obtained from Impulsemillas
(Bogota).

Treatments and variables

Treatments consisted of imbibition of 50 seeds of each
species in 2 mL of the solutions presented in Tab. 1.

All seeds were treated with solutions of Cd and Cr and a
control (distilled water) for a period of 12 d for lettuce and
Swiss chard, and in the case of spinach, 15 d. Seeds were
placed in Petri dishes of 7 cm in diameter. Germination

TABLE 1. Utilized solutions for the different cadmium and chromium
treatments.

Cadmium (mg L) Chromium (mg L")

Concentration

CdCl,H,0 CrCly6H,0
High 50 UM 136.30 187.75
Medium 35uM 95.41 131.28
Low 25 uM 68.15 93.77
Control 0uM 0 0

took place on a filter paper disc No. 3 in a growth chamber
(Versatile environmental test chamber, Sanyo, San Diego,
CA). Temperatures in the chamber were, for lettuce and
spinach, 20°C and for spinach, 15°C, while relative humid-
ity was 70%.

Heavy metal solutions were replaced every third day to
keep the concentration of the solutions constant and,
also, to provide appropriate moisture for imbibition and
germination of the seeds.

The imbibition curve of the seeds was determined for
each treatment through registration of seed fresh mass at
intervals of 24 h for 3 d for lettuce and 5 d for Swiss chard
and spinach.

The protrusion (visible emergence of the radicle through the
seed coat) and germination (radicle size > 5 mm length) of
the seeds were measured daily for the first 7 d, thereafter,
they were recorded at 9, 12 and 15 d. The germinated seeds
were removed from the Petri dishes, leaving only the seeds
that were still in the process of germination.

The mean and variation of germination time of a population
of seeds are useful parameters to determine the response
of the population to environmental influences. For this
reason, we calculated the percentage of protrusion (PP) and
percentage of final germination (PG), the mean protrusion
time (MPT) and mean germination time (MGT) and the
mean velocity of protrusion (MVP) and mean velocity of
germination (MVG), in accordance with Ranal and Santana
(2006) and Anjum and Bajwa (2005), as follows:

k k .
MGT =3 i niti/2i=1nl 4]
MVG=3 . m/t 2)
Where:

ni = number of protruding or germinated seeds at the i

data collection

ti = time (days) of the i"* data collection

k = time (days) of test duration of protrusion or
germination
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The percentage of protrusion (PP) and the percentage of
germination (PG) were taken as the sum of protruding or
germinated seeds over the number of seeds per Petri dish
as a percentage (equations 3 and 4), as according to Akinci
and Akinci (2010):

PP =Y (P/T)* 100 3
PG =2, (G/T) * 100 4)
Where:

P = total number of protruding seeds
G = total number of germinated seeds

T = total number of seeds per Petri dish.

Experimental design

We used a completely randomized design with four replica-
tes, applying the SAS statistical analysis software; an Anova
was carried out and the treatment means were evaluated by
the Tukey test (P<0.05) to determine differences between
treatments for each of the variables assessed.

Results

Lettuce

In both heavy metal solutions, the fresh weight (imbibition)
of lettuce seeds increased with time of observation (Fig. 1).
At the third day of the treatments, all Cd solutions decrea-
sed seed fresh weight significantly (P<0.05), as compared to
the control, while with Cr, only 25 uM L™ tended to reduce
imbibition of the seeds.

Concerning the effect of the two metals on lettuce protru-
sion percentage (PP), the results showed no significant
difference between the control and the treatments; the
maximum difference was at the highest dose of Cr with a
reduction of 5.5%, as compared to the control. The largest
effect of Cd was evident at the highest concentration ap-
plied, with a decrease of 4.5%.

There was a slight tendency for the application of Cd and
Cr to increase the number of protruding seeds per day
and decrease protrusion time, but these variables did not
show significant differences. The peak of mean velocity
of protrusion (at 23.91 protruding seeds/day) was caused
by the treatment of the highest Cd concentration, while
the control treatment resulted in the lowest MVP (22.93).
Moreover, the lowest MPT was seen with the medium
concentration of Cd, with an average value of 2.16, and the
highest MPT was obtained with the low Cd concentration.
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FIGURE 1. Effect of Cd (A) and Cr (B) solutions of 0, 25, 35 and 50 uM
L' concentrations on the increase in fresh weight of lettuce seeds.
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FIGURE 2. Effect of solutions of 0, 25, 35 and 50 uM L™ of Cd and Cr
on the percentage of germination (PG) of lettuce seeds. Means with
different letters indicate significant differences according to Tukey’s test
(P=<0.05).

The results of germination percentage (PG) in lettuce (Fig.
2) showed significant differences (P<0.05) between the
treatments and the control at all levels of Cd, which caused
areduction of 64%, 82.5% and 92.5% for the concentrations
of 25,35 and 50 uM L™, respectively. The maximum effect
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FIGURE 3. Effect of solutions of 0, 25, 35 and 50 uM L of Cd and Cr on (A) mean velocity of germination (MVG) and (B) mean germination time
(MGT) of lettuce seeds. Means with different letters indicate significant differences according to Tukey'’s test (P<0.05).
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FIGURE 4. Effect of three concentrations of Cd and Cr on the root elon-
gation of lettuce. Means with different letters indicate significant diffe-
rences (P<0.001).

of Cr caused a decrease in the PG of only 5.5% with the
medium concentration.

Cadmium significantly reduced MVG by up to between 9.3
and 11.1 seeds/day (P<0.05) (Fig. 3a), while the Cr increased
MVG by between 1 and 2 seeds/day. The MGT increased
with the application of Cr for 3 d whereas MGT with Cd
was lower than in the control until 1 d, showing a statistical
difference for all concentrations applied (Fig. 3b).

The root elongation of lettuce was affected differently by
each metal. All Cd treatments interfered visibly and sig-
nificantly (P<0.0001) with root elongation at the highest
concentration (50 mM L™). At 12 d of the experiment, the
growth restriction was up to 2.7 cm, as compared to the
control. Chromium did not cause adverse effects on this
variable and even the concentration of 35 uM L™ showed a
stimulatory effect, which was significant when compared
to the control. The effect of the two metals was constant

and the differences were shown throughout the experi-
ment (Fig. 4).

Swiss chard

The Swiss chard seed imbibition showed statistically sig-
nificant differences in the 5™ and last days of the test. The
difference was recorded between the lowest concentrations
of Cd vs. Cr (Fig. 5), with a difference between them of
0.894 g in seed weight.

The maximum value of PP reached by Swiss chard seeds
was 74% in the control, Cd caused the decline of this vari-
able by 18%, 24% and 20% with the low, medium and high
concentrations, respectively. Chromium caused a reduction
of this variable by 1%, 10% and 18% with the low, medium
and high concentrations, respectively (Fig. 6). A significant
difference from the control was observed only in the case
of the treatment with 35 uM Cd L™.

The MVP and MPT of Swiss chard seeds were altered most
by the application of 35 mM L™ of Cd (7.1 seeds/day and 5
d, respectively), while the most severe effect of Cr on these
variables was caused by the concentration of 50 uM L,
which resulted in a MVP value of 8.1 seeds/day and 4.7 d
for MPT.

The PG of Swiss chard seeds coincided with the behavior
of PP, MVP and MGT, with the most severe effect of Cd
at the dose of 35 uM L™ (43, 5%), and for Cr at the highest
dose, with a PG of 50%; despite the variation caused, neither
treatment was significant.

The maximum root length of Swiss chard was achieved by
the low concentration of Cr with a value of 3.7 cm, which
was 0.05 cm above the control (Fig. 7). The treatment of
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FIGURE 5. Effect of solutions of 0, 25, 35 and 50 uM L™ of Cd (A) and Cr (B) on the increase in weight of Swiss chard seeds.
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FIGURE 6. Effect of solutions of 0, 25, 35 and 50 uM L' of Cd and Cr
on the percentage of protrusion (PP) of Swiss chard seeds. Means with
different letters indicate significant differences according to Tukey’s test
(P=<0.05).

50 uM L " reached a maximum value of 1.5 cm, causing a
2.1 cm reduction with respect to the control and the treat-
ment of low Cr concentration. The treatments showed a
highly significant difference (P<0.0001) which occurred
from day 6 to 12.

Spinach

The spinach seed imbibition, using solutions of Cd and
Cr, had no significant effect on the increase in seed weight
(Fig. 8), nor was a differential effect from the metals or
the different concentrations found. The protrusion of the
spinach seeds revealed no significant difference between
the treatments; however, the Cd application of 25 uM L™
decreased PP by up to 19%. On the other hand, the effect
of Cr on the inhibition of PP was greatest at 35 mM L™,
reducing this variable by 4% and being less harmful when
compared to Cd at the same concentration.
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FIGURE 7. Effect of three concentrations of Cd and Cr on the root elon-
gation of Swiss chard. Means with different letters indicate significant
differences (P<0.001).

The MVP and MPT of spinach were affected similarly by
Cd and Cr. The Low Cd concentration (25 uM L) had the
greatest effect on the two variables, decreasing by 3.1 the
number of protruding seeds each day and delaying the
protrusion by 1.8 d. The other treatments showed a similar
behavior to each other, but none of the effects were statisti-
cally significant.

The maximum PG observed in spinach was 88.5%, achieved
by the treatment of 25 uM L™ of Cr, which despite being
2.5% higher than the control seeds, was not statistically
significant nor was the treatment of 25 mM L™ of Cd which
reduced the PG of spinach by 22%. The MGT and MVG
of spinach showed a similar behavior to that described
for protrusion of these variables, where the greatest effect
was generated by the Cd treatment at a concentration of
25 uM L,
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FIGURE 8. Effect of solutions of 0, 25, 35 and 50 uM L of Cd (A) and Cr (B) on the increase in weight of spinach seeds.
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FIGURE 9. Effect of three concentrations of Cd and Cr on the elongation
of spinach roots. Means with different letters indicate significant diffe-
rence (P<0.005).

The root elongation of spinach was affected greatest at
concentrations of 35 and 50 uM L of Cd, with a growth
reduction of 1.7 cm. Chromium also caused the reduction
of spinach roots by 1.2 cm in comparison with the control,
but significant differences only were recorded with the
treatment of 25 mM L.

The graphic record of the experiment (Fig. 10) shows the
symptomatology of the treatments. In general, we can
appreciate the crinkling caused by treatments of Cd and
their intensity in inhibiting elongation. In the case of Cr
necrosis, it is evident in some tissues of the radicle and also,
a positive effect can be seen at low concentrations.

Discussion

The toxic effects of Cd had a greater impact than those
of Cr. During germination, the lettuce showed a greater

sensitivity to this heavy metal toxicity than Swiss chard and
spinach. The results obtained in this investigation confirm
the protective function of the living endosperm tissues that
completely enclose the embryo (Sung et al., 2008; Kranner
and Colville, 2011; Li et al., 2005), as it was observed that
although the Swiss chard and spinach seeds were exposed
to metal concentrations of up to 50 uM L™, the germination
percentages reached 46% and 85%, respectively. However,
the subsequent process (root growth) was seriously affected
and these effects were positively correlated with the con-
centration of the metal, which was observed more clearly
in Cd treatments than with Cr.

Effects of Cd and Cr on seed imbibition

The water intake by the seeds was different between the
species due to the distinct seed morphology of the species
considered in this study and the protection that the seed
coat gives against stressors, wherein, different degrees of
permeability for different trace elements exist (Li et al.,
2005). In this study, significant differences were observed
between the treatments in the case of lettuce and Swiss
chard, while spinach showed no significant difference,
contrary to the increased sensitivity of seeds to stress after
imbibition observed by Li et al. (2005).

The effect of Cd on the water intake of lettuce seed was
significant on the 3" day; all treatments of Cd caused an
increased reduction of seed weight as compared to the
control; these results may be due to the interference of Cd
in water uptake by seeds, which has also been demonstrated
in sorghum and pea seeds (Siddiqui et al., 2009). There ex-
ists evidence that cadmium permeates the cytosol through
calcium channels in the plasmalemma resulting in changes
of the cell-water relationship (Perfus-Barbeoch et al., 2002;
Milone et al., 2003).
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In our study, the Cd concentration effects on seed imbibi-
tion did not differ from each other. These results are con-
trary to Li et al. (2005) who used concentrations between
0.2 and 10 mM, finding a correlation between the concen-
tration of the metal and its effect on water uptake by seeds.

The absence of Cr treatment effects on seed imbibition
may be due to several factors, such as lower toxicity of
Chromium in the Cr’* state as compared to Cr®" (Scoc-
cianti et al., 2006). According to our results, it is not pos-
sible to state that the observed inhibition of PG is due to
a deficient water uptake, since some treatments showed a
certain inhibition in this variable but others did not. These
results have to be further validated in future studies. Also,
Mihoub et al. (2004) found no reduction in water uptake
by Pisum sativum seeds; however, these authors observed
that Cd interferes with the transport and the mobility of
reserve nutrients present in the seeds.

Effects of Cd and Cr on protrusion

The metals tested caused no significant effects on the pro-
trusion of lettuce and spinach seeds. Heavy metals inhibit
cell division but not necessarily protrusion, which is carried
out by this process and therefore might not be affected (Li
et al., 2005). Furthermore, the permeability of seed coats
can restrict the entry of heavy metals to the cells to avoid
affecting the metabolism of the seed (Kozhevnikova and
Seregin, 2005).

Effects of Cd and Cr on germination

Germination was one of the variables most affected by the
application of Cd and Cr, in general, different concentra-
tions showed distinct behaviors, which may be associated
with differences in the permeability of the species seed coat.

The seeds appear to be designed to closely monitor envi-
ronmental conditions; germination inhibition appears to
be the first defense mechanism that a seed exhibits when
environmental conditions are adverse (Li et al., 2005). The
effect of metals on the previously explained protrusion have
obvious implications for germination, there were seeds
that showed successful protrusion but did not reach the
stipulated radicle length (=5 mm) to be considered germi-
nated, behavior that has been reported by Li et al. (2005) in
Arabidopsis thaliana. This result may be due to toxic effects
of metals that come into direct contact with the tissues of
the developing seedling once protrusion occurs because
prior to this, embryo tissues are not in direct contact with
the metal due to the existing protection offered by the seed
coat, which can prevent the concentration from entering
the seed and, more specifically, the tissues of the embryo,
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and thereby reaching a level high enough to cause toxicity
and affect PP (Kranner and Colville, 2011; Seregin and
Kozhevnikova, 2005).

Cadmium decreased germination of all three species, but
its effect was only significant in lettuce seeds. In general,
accumulation of heavy metals differs between species;
Ramos et al. (2002) demonstrated that the accumulation
of heavy metals not only differs between species but also
between the plant organs of the same species, with greater
accumulation in tissues of roots than in other tissues.

Shaukat et al. (1999) reported Cd toxicity in the seeds of two
species. Cadmium toxicity in the seed may be associated
with its interaction with calmodulin, causing inhibition
of the transport of reserve substances in the seed and/or
interference with the hormonal status of the seed during
germination (Raouhi et al., 2010).

Chromium affected germination of Swiss chard seeds to a
greater degree. Rout et al. (2000) obtained similar results
with 200 uM Cr, which reduced the PG of the weed spe-
cies Echinochloa colona by 25%. Moreover, the spinach
and Swiss chard PG were not as severely affected, which
is consistent with results obtained by Akinci and Akinci
(2010) who found no significant differences in the PG of
Cucumis melo when applying a Cr concentration of 24 uM.
The above mentioned observations suggest a difference
in the level of susceptibility to Cr of the assessed species.

Effects of Cd and Cr on root elongation

We found that in addition to the effects that the two me-
tals could cause on PG, the seeds that reached the state
of germination were then subjected to stress caused by
continuous exposure to applied metal salts, showing visi-
ble signs of darkening of the plumule and radicle and the
stunting of the latter with all treatments of Cd and the
higher concentrations of Cr.

The root elongation of the lettuce decreased significantly
(P<0.0001) in all treatments and samplings of Cd with
respect to the control, showing a relationship between the
metal concentration and degree of growth inhibition. Root
elongation was the variable most affected by the applica-
tion of Cd in lettuce and Swiss chard. The results in the
three species studied showed a similar behavior for root
elongation, as seen in previous studies, for example Bowiea
volubilis had an inhibited root size when treated with Cd
at concentrations of 3 uM L™ (Street et al., 2007), and the
inhibition of wheat elongation appeared only at concentra-
tions as low as 4.4 uM L™ (Liu et al., 2008).
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FIGURE 10. Effect of different concentrations of Cd and Cr on the root elongation of: A and B): lettuce seedlings, C and D): Swiss chard seedlings,
and E and F): spinach seedlings. A-D): 12-d treatments, E-F): 15-d treatments. Line — 1 cm. (Photos: Bautista, 0.K.).
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In lettuce, chromium, instead of inhibiting root growth,
tended to stimulate it at 35 uM. Also, Jun et al. (2009),
found that, in six species of legumes, root elongation of
seedlings presented a higher sensitivity to Cr than that of
germination. Lintschinger et al. (1997) reported that Cr
can stimulate plant growth, which can be confirmed in
our study for the case of lettuce (35 ptM) and Swiss chard
(25 uM) but not for spinach, which had a root growth that
was reduced by Cr applications. Previous studies support
this difference in behavior between species, e.g. Scoccianti
et al. (2006) found that the application of CrCl, in concen-
trations from 0.1 to 10 mM L™ reduced the root growth
of celery seedlings (Apium graveolens), while Pennisetum
americanum and Parkisonia aculeate roots treated with
160 uM L™ of Cr were not affected by this metal (Shaukat
et al., 1999). Barceld et al. (1993) clearly demonstrated the
beneficial influence of Cr on the chloroplast ultrastructure
in Fe-deficient plants.

Conclusions

The obtained results show that the processes of germina-
tion and root elongation are affected differently in lettuce,
Swiss chard and spinach; Cd being more toxic than Cr in
the three species tested.

The germination of lettuce was more severely affected than
the other two and the level of inhibition of germination
percentage was related to the concentration of Cd.

Root elongation was the variable most affected by the heavy
metals applied, with lettuce being more susceptible to Cd
than Swiss chard and spinach. The latter two responded
similarly to the application of Cd. Spinach root elongation
was more susceptible to Cr that those of Swiss chard and
lettuce.

The results of this study, under laboratory conditions, sug-
gest that germination processes will be severely affected
when heavy metal-contaminated water is used.
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