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Abstract—The cadmium (Cd), being a widespread soils pollutant and one of the most toxic heavy metals in
the environment, adversely affects sustainable crop production and food safety. Pot experiment was con-
ducted to quantify and simulate the response of purslane (Porfulaca oleracea L.) plants to Cd toxicity. The
purslane germinated seeds were cultivated in twelve Cd concentrations (from 0 to 300 mg/kg of Cd in soil) for
six weeks and then some growth characteristics, photosynthesis pigments, and chlorophyll a fluorescence
parameters were measured. The influence of Cd gradients in the soil on all growth parameters, photosynthesis
pigments and chlorophyll a fluorescence parameters (except F,, and carotenoid content) were described by a
segmented model. Furthermore, F,, and carotenoid contents were fitted to a linear model. The growth char-
acteristics, chlorophyll content, photosynthetic pigments and some parameters of chlorophyll a fluorescence
such as F,, F,/F,,, Y(II) and ETR decreased when Cd concentration increased. In contrast, F;,, Y(NPQ) and
Y(NO) increased and F,, was not significantly affected. In general, most variations in the studied parameters
were recorded with low concentrations of cadmium, which ranged from 0 to 125 mg/kg. Also, the growth
characteristics (especially stem, leaf, and shoot dry weights) were more sensitive to Cd contamination than
other parameters. Moreover, among chlorophyll fluorescence parameters, Y(NPQ) was the most sensitive to
Cd concentration gradients in the soil that can be due to disturbances of antennae complex of PSII.
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INTRODUCTION

In recent years, agroecosystems particularly in
developing countries have been contaminated with
heavy metals due to various human and natural activ-
ities [1]. Some of these metals such as zinc, copper,
manganese, nickel, and cobalt are micronutrients and
are essential for healthy plant growth, while others
such as cadmium, lead, and mercury have unknown
biological function and are toxic to plants [1]. How-
ever, plants take them up rapidly when present in the
growing medium [2]. The cadmium is a widespread

! The article is published in the original.

Abbreviations: ETR—electron transport rate; /y—minimum flu-
orescence of dark sample; F,,—maximum fluorescence of dark
sample; F,—variable fluorescence; F,/F,,—maximum photo-

chemical quantum yield of PSII; F(')—minimum fluorescence of

illuminated sample; F, —maximum fluorescence of illuminated
sample; Fi—steady state fluorescence; Y(II)—effective photo-
chemical quantum yield of PSII; Y(NPQ)—quantum yield of

regulated energy dissipation; Y(NO)—quantum yield of non-reg-
ulated energy dissipation.
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pollutant of soils and one of the most toxic heavy met-
als in the environment. It does not only adversely
affect sustainable crop production and food safety [3],
but also threatens agricultural land quality [4]. It is
well known that Cd is relatively mobile in soil and
plants and can be highly toxic even at low concentra-
tions [4].

In plants, Cd causes damage to the photosynthetic
apparatus, decrease Rubisco activity in the Calvin
cycle, reduce carbohydrate assimilation [5, 6], damage
photosystems I and II [5—8], and thus reduces the
maximum photochemical efficiency of PSII or F,/F,,
[6] and increases non-photochemical quenching [5].
In addition, Cd decreases the levels of total chloro-
phyll (Chl) and carotenoid [6, 8—10], inhibits the
activities of antioxidative enzymes of plants [11] and
induces oxidative stress in cells [11]. Moreover, the
negative effects of Cd on water and nutrient uptake
have also been reported [6].

The light energy absorbed by leafis used in the pho-
tochemistry process to drive photosynthesis, dissi-
pated as heat or chlorophyll fluorescence from PSII.
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These three processes are in competition for excitation
energy [12]. Hence, through measuring the yield of
Chl fluorescence, information about changes in the
efficiency of photochemistry and heat dissipation can
be obtained [13]. The responses of fluorescence
parameters to Cd concentration were investigated in
Oryza sativa [14], Solanum lycopersicum [15], Lactuca
sativa 6], and Elsholtzia argyi [7].

The purslane (Portulaca oleracea), as an ornamen-
tal plant, is an annual C, succulent plant of the Portu-
lacaceae family. It is one of the eight most common
plants in the world [16], having many medicinal val-
ues, and is an important vegetable crop in southern
Europe and Asia [17]. The shoot of purslane is a rich
source of -3 fatty acids, a-tocopherols, ascorbic
acid, B-carotene, and glutathione, and large amounts
of potassium and magnesium [18]. In previous study
[19] the purslane plant was introduced as a heavy
metal tolerant and accumulator plant; therefore, it is
recommended as a candidate for use in phytoremedi-
ation programs. However, prior to this study, there was
no report on the extent of cadmium tolerance, as well
as quantifying the response of growth and fluorescence
parameters in purslane plants to Cd concentration
gradients in the soil.

MATERIALS AND METHODS

Plant materials. The seeds of P. oleracea L. were
surface sterilized in 1% NaClO for 15 min, then rinsed
six times with distilled water and germinated on wet
filter paper in Petri dishes for 24 h at 28 + 1°C. The fif-
teen germinated purslane seeds were cultivated in each
pot and placed in a greenhouse during spring and sum-
mer under natural illumination (June-August, Sari,
Iran: 36°39" N and 53°4'" E) with 28/20 + 2°C
(day/night) temperature and with relative humidity of
55—65%. The pots were watered daily to maintain
about 70—80% of the field water holding capacity dur-
ing the whole test period. The plants were harvested six
weeks after planting and height, stem diameter, leaf
number and area (Digimizer software, v. 4.1.1.0, Med-
Calc Software, Belgium) were measured. The dry
weight of samples was determined after oven drying at
72°C for 24 h.

Soil preparation. The soil used in this experiment
was collected from the research field of Sari Agricul-
tural Sciences and Natural Resources University, Sari,
Iran, and mixed with sand (2 : 1, v/v). The soil samples
were air-dried, sieved to pass 2 mm and then some
physical and chemical properties were measured. The
main properties of the soil are as follows: 29.1% sand;
38.6% silt; 32.3% clay (clay loam); 0.21% N;
9.8 mg/kg P; 251 mg/kg K; pH 7.4; EC—1.06 dS/m;
35% SP; total Cd—1.08 mg/kg. CdCl, - 2.5H,0 was
added to soil to reach Cd concentration gradients
ranging from 0 to 300 mg/kg. Then soils were placed
into plastic pots and incubated at 24°C for 4 weeks,
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allowing the metal to distribute into various fractions.
Each treatment was replicated three times.

Measurements of photosynthetic pigments and
chlorophyll contents. Photosynthetic pigments levels
including Chl a and b as well as carotenoid were mea-
sured using the method described by Lichtenthaler
and Buschmann [20]. Leaves fresh tissue (1.0 cm?) was
extracted by incubation in methanol at room temper-
ature for 24 h in the dark, and measured at 665.2
(Aggs.2)> 652.4 (Ags2.4), and 470 (A4;0) nm, using a spec-
trophotometer (Spekkol 1300; Analytik Jena, Ger-
many). The contents of chlorophyll @ (Chl a), chloro-
phyll b (Chl b) and carotenoid were calculated using
the equations 1 to 3, respectively:

Chla (ug/mL) = 16.72 Ages» — 9.16 Agsr4, (1)

Chl b (ug/mL) = 34.09 Ags, 4 — 15.28 Aggs5,  (2)
Carotenoid(pug/mL) = (1000A,,,
—1.63Chla — 104.96Chl ) /221.

The chlorophyll content (SPAD value) was deter-
mined in the youngest fully expanded leaf, using a
portable chlorophyll meter (SPAD-502, Minolta,
Japan).

Measurements of chlorophyll a fluorescence. The
Chl fluorescence was measured with a portable fluo-
rometer (PAM-2500, Walz, Germany) according to
Genty et al. [21]. The leaf samples were dark-adapted
for 30 min using leaf-clip holder (2030-B, Walz). The
minimum fluorescence intensity (£,) and maximum
fluorescence intensity (F,) were measured in dark-
adapted leaves. The variable fluorescence (F,) and
maximum photochemical quantum yield of PSII
(F,/F,) were calculated as shown in equations (4)
and (5), respectively [22]. Moreover, the light-adapted
measurements in actinic light provided minimum
(Fy), maximum (F,,), and steady state fluorescence
(F). The fluorescence parameters were determined in
both light- and dark-adapted leaves. Effective photo-
chemical quantum yield of PSII [Y(II)], quantum
yield of regulated energy dissipation [Y(NPQ)] and
quantum yield of non-regulated energy dissipation
[Y(NO)] were calculated using Equations 6 to 8,
respectively [23]. Electron transport rate (ETR) was
estimated using the method of Genty et al. [21] (equa-
tion 9).

3)

F,=Fy—F, 4
E/Fy= (Fy— F)/F, &)
YD = (Fy, — F)/Fr, (6)

Y(NPQ) = (F/ Fy,) — (F/Fy), (7
Y (NO) = F/Fy, ®)
ETR = Y(II) x PFDa x 0.5. )

Statistical analysis. The experiment was arranged
in completely randomized design with three repli-
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Fig. 1. The response of plant height (a), stem diameter (b), leaf number (c), and leaf area (d) to Cd concentration gradients in the
soil using the segmented model (eq. 10). Values are mean of three replicates and bars indicate =SE (n = 3).

cates. The statistical analysis was performed using the
SAS v. 9.1 [24] and graphs were drawn using Excel
software. A segmented model (equation 10) was used
to quantify the response of purslane plants growth,
physiological (except carotenoid) attributes and chlo-
rophyll fluorescence (except F,,) parameters to
Cd concentration gradients [25]:

y=bx+a, if x<x,,
y=(bxy+ a) + by(x—xp), if x>x,

(10)

where y—the predicted value for given characteristics,
a—the constant value in zero concentration of Cd,
x—the cadmium concentration in the soil, x,—the
turning point between two phases, b, and b,—the slop
of plant parameter variation (decrease or increase) in
phases 1 and 2, respectively. The carotenoid and F,,
were fitted to a linear regression model (equation 11):

y=bx+a. (11)

RESULTS AND DISCUSSION
Growth Parameters

As shown in Figs. 1a and 1d, a segmented model
was fitted to describe the purslane growth characteris-
tics at different Cd concentrations. Plant height, stem
diameter, leaf number, and leaf area decreased linearly,
when cadmium concentration increased. These
growth parameters decreased by 80, 75, 85, and 98%,
respectively, in 300 mg/kg of Cd in the soil as com-
pared to the control (0 mg/kg of Cd).
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In order to detect the relationship between stem,
leaf, and shoot dry weights with Cd concentration gra-
dients, the segmented model was fitted to each data
(Fig. 2 and table). The stem, leaf and shoot dry weights
decreased rapidly and linearly when cadmium con-
centration increased to 40.22 mg/kg of soil, and then
slightly decreased up to 300 mg/kg of Cd in the soil.

The toxic and inhibitory effects of Cd on plant
growth have been widely studied in different plant spe-
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Fig. 2. The response of stem (7), leaf (2), and shoot (3) dry
weight to Cd concentration gradients in the soil using the
segmented model (eq. 10). Values are mean of three repli-
cates and bars indicate =SE (n = 3). See table for more
details.
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Fig. 3. The response of purslane plants growth to Cd concentrations (mg/kg) in the soil 6 weeks after sowing.

cies [5—9, 26]. Also, these results are consistent with
the results of previous studies, for example Naz et al.
[26] in purslane (P. oleracea), Shahabivand et al. [9] in
wheat (Triticum aestivum) and Xue et al. [8] in soybean
(Glycine max L.) who reported a reduction in root
and shoot weights, plant height and stem diameter,
when Cd concentrations increased in the soil. In the
present study, the highest inhibitory effect of Cd con-
centration gradients was recorded for shoot dry
weight (Figs. 1 and 2). Similarly, Chen et al. [27]
observed that Cd contamination up to 24 mg/kg in the
soil caused a significant decline in the shoot dry weight
of packchoi (Brassica campestris ssp.) and mustard
(Brassica juncea Czernajew) plants. Also, the reduc-
tion of shoot dry weight in lettuce [6] and soybean [8]
was 73 and 29%, respectively, when the plants were
exposed to 50 pM and 100 uM (approximately equiv-
alentto 5.62 mg/L and 11.24 mg/L) of Cd in the grow-

Fitted models for stem, leaf, and shoot dry weight response
to Cd concentration gradients in the soil

y = —0.0064x + 0.258, if x < 33.29
y =—0.0002x + 0.049, if x > 33.29
R>=0.984, p <0.0001, CV = 16.12

Stem dry weight

Leaf dry weight y=—0.0041x + 0.220, if x <40.33
y=-0.0002x + 0.053, if x > 40.33
R?>=10.988, p <0.0001, CV=10.81
Shoot dry weight |y = —0.0094x + 0.469, if x <40.22

y=—0.0003x + 0.089, if x > 40.22
R*=10.987,p<0.0001, CV=12.81
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ing culture solution. However, in the present study, the
reduction of shoot dry weight was significant when Cd
concentration increased to 50—300 mg/kg in the soil
(Figs. 2 and 3).

Photosynthetic Pigments

Figure 4 shows the relationship between the SPAD
value and photosynthetic pigments (Chl a, Chl b and
carotenoid) and Cd concentrations in the soil. The
influence of Cd on SPAD values (R?> = 0.97), Chl a
(R?=0.95), and Chl b (R* = 0.95) were described by a
segmented model. As Cd concentration increased, the
SPAD value, and Chl a, Chl b contents significantly
decreased (Figs. 4a—4c). The carotenoid content
decreased linearly (R? = 0.73) with increasing Cd levels
in the soil (Fig. 4d). Shahabivand et al. [9] similarly
found a decreasing trend in the SPAD value in 7. aesti-
vum leaves, when Cd concentration increased in the
soil. Also, using 0.9 mM of Cd in the soil (approxi-
mately equivalent to 101 mg/kg) they found that chlo-
rophyll content markedly decreased by 96%. In the
present study, however, the maximum reduction of
SPAD value was 17%, recorded when purslane plants
were exposed to 300 mg/kg of Cd in the soil.

The Chl b content was more sensitive than Chl a to
Cd concentration gradients in the soil. When
300 mg/kg of Cd was added to the soil, the Chl a and
Chl b contents decreased by 35 and 41%, respectively
(Fig. 4). Oliveira et al. [28] also reported for soybean
plants the reduction of Chl a and Chl b content by
91 and 89%, respectively, when the Cd concentration
increased from 0 to 3.2 mg/L in nutrient solution.
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Fig. 4. The response of SPAD value (a), chlorophyll a (b), chlorophyll 4 (¢) and carotenoid (d contents) to Cd concentration in
soil, using the segmented (eq. 10) and liner (eq. 11) models. Values are mean of three replicates and bars indicate +SE (n = 3).

Similarly, Celeste Dias et al. [6] found that the expo-
sure of lettuce plants to 10 and 50 uM (approximately
equivalent to 1.12 and 5.62 mg/L) of Cd in culture
solution, significantly decreased the content of Chl a
(32.5 and 72.5%, respectively) and Chl » (21 and
37.5%, respectively), as compared to the control
plants. Similar results were observed in soybean [8].
When plants were exposed to 10 and 50 uM of Cd, the
carotenoids content significantly increased by 43.5 and
26%, respectively, as compared to the control plants.

Chlorophyll a Fluorescence Parameters

As shown in Fig. 5, the response of minimum fluo-
rescence (F;), variable fluorescence (F,) and maxi-
mum photochemical quantum yield of PSII (F,/F,,) to
Cd levels in the soil was described using a segmented
model (Figs. 5a, 5c, and 5d), while the maximum flu-
orescence (F) data were fitted using a linear model
(Fig. 5b). The parameters of F;, F, and F,/F,, were sig-
nificantly affected by Cd concentration gradients.
Increasing Cd levels in the soil caused a linear increase
in £, while both F, and F,/F,, decreased in low con-
centrations of Cd (about 0—100 mg/kg). This reducing
trend stopped at higher levels of Cd in the soil at the
range of 100 to 300 mg/kg (Figs. 5a, 5c, and 5d). How-
ever, increase in Cd levels in the soil had no significant
effect on the F,, (Fig. 5b). The parameters F; and F,,
are the levels of fluorescence at which Q, is maximally
oxidized (PSII centers open) and reduced (PSII cen-
ters closed), respectively. The F, parameter shows the
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ability of PSII to perform photochemistry (Q4 reduc-
tion) and F,/F,, is the maximum efficiency at which
light absorbed by PSII is used for reduction of Q,. This
parameter is used as a sensitive indicator of plant pho-
tosynthetic performance [12, 29]. Thus, a reduction of
this parameter indicates the photoinhibitory or photo-
oxidative effects of stress factors on PSII [7, 29]. In the
present study, increase in F, and decrease in F, and
F,/F,, due to increased Cd level in the soil, are in
agreement with previous reports by Li et al. [7] in
E. argyi, Shahabivand et al. [9] in wheat, and Celeste
Dias et al. [6] in lettuce.

In order to detect the relationship between effective
photochemical quantum yield of PSII Y(II), quantum
yield of regulated energy dissipation Y(NPQ), and
quantum Yyield of non-regulated energy dissipation
Y(NO) with Cd concentration gradients, a sesgmented
model was fitted separately to each data. The fitted
models are presented in Fig. 5. As Cd level increased
from 0 to 300 mg/kg, Y(II) significantly decreased
from 0.73 to 0.59 (20%), while Y(NPQ) and Y(INO)
increased up to 54 and 48%, respectively (Figs. Se—5g
and Fig. 6). As shown in Figs. 5e—5g, the most varia-
tion in Y(IT), Y(NPQ), and Y(NO) was observed in the
lower concentrations of Cd in the soil (in 0 to 75 mg/kg
of Cd). Since, Y(II) is the yield of photochemistry and
directly related to the CO, assimilation rate [30],
decreased Y(II) in this study indicated that CO, assim-
ilation was inhibited by increase in Cd concentration.
The parameter Y(NPQ) is the yield for dissipation by

No. 1 2016
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Fig. 5. The response of minimum (£}) (a) and maximum (F},,) (b) fluorescence intensity, variable fluorescence (£,) (c), maximum
photochemical quantum yield of PSII (F,/F},,) (d), effective photochemical quantum yield of PSII (Y(II)) (e), quantum yield of
regulated energy dissipation (Y(NPQ)) (f), quantum yield of non-regulated energy dissipation (Y(NO)) (g), and electron trans-
port rate (ETR) (h) to Cd concentrations in the soil using the segmented (eq. 10) and linear (eq. 11) models. Values are mean of

three replicates and bars indicate £SE (n = 3).

down-regulation and Y(NO) is the yield of other non-
photochemical losses and reflects non-light induced
quenching processes [30]. Y(II), Y(NPQ), and Y(NO)
are complementary and the sum of them is equal to 1
[13, 30].

Electron transport rate (ETR) significantly
decreased following a segmented model when the Cd
concentration in the soil increased up to 300 mg/kg
(Fig. 5h). According to Maxwell and Johnson [29],
under laboratory conditions, ETR highly correlated

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 63 No.1 2016



QUANTIFY THE RESPONSE OF PURSLANE PLANT GROWTH

0.2 F

Chlorophyll fluorescence yield, rel. units

83

100

150

200 250 300

Cd concentration, mg/kg

Fig. 6. Complementary changes of effective photochemical quantum yield of PSII (Y(II)), quantum yield of regulated energy dis-
sipation (Y(NPQ)), and quantum yield of non-regulated energy dissipation (Y(INO)) in response to Cd concentrations in the soil.

with CO, assimilation rate. However, Flexas et al. [31]
reported that there is a good agreement between CO,
assimilation and ETR in C,-plants, but not as good as
in C;-plants, due to the contribution of other pro-
cesses to electron use. Therefore, in the present study,
the reduction of purslane plants growth may be attrib-
uted to ETR reduction and limitation of CO, assimi-
lation. Furthermore, Li et al. [7] reported that excess
Cd in the soil could increase F;, F,, and reduce the val-
ues of F,/F,,, Y(II), and ETR and thus, inhibit CO,
assimilation in plants. The strongest variation in fluo-
rescence parameters was observed in Y(NO) as 28.24
and 47.66% in 79.44 and 300 mg/kg of Cd in the soil,
respectively (Fig. 5g).

In conclusion, the response of purslane plants
growth related parameters and Chl a fluorescence
attributes to Cd concentration gradients in the soil was
quantified in this study. The influence of Cd gradients
in the soil to all measured parameters was described
either by a segmented (17 parameters) or a linear (two
parameters) models. Growth characteristics, SPAD
value, photosynthetic pigments content, and some
parameters of Chl a fluorescence such as F,, F,/F,,
Y(II), and ETR decreased when Cd concentration
increased. When F,, Y(NPQ), and Y(NO) increased,
F,, was not affected significantly due to Cd level
increase. In general, most variations in the studied
parameters occurred in low concentrations of cad-
mium (approximately from 0 to 125 mg/kg) and then
continued with less slope. The sensitivity of chloro-
phyll fluorescence parameters to Cd concentration
gradients was lower than growth parameters and pho-
tosynthetic pigments. Moreover, among chlorophyll
fluorescence parameters, Y(NPQ) was the most sensi-
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tive to Cd concentration gradients in the soil, that can
be due to disturbances of antennae complex of PSII.

ACKNOWLEDGMENTS

We thank to Mr. Esmaeil Bakhshandeh for statis-
tical assistance.

The authors wish to acknowledge Ramin Agricul-
tural and Natural Resources University (Ahvaz, Iran),
Genetics and Agricultural Biotechnology Institute of
Tabarestan (GABIT), and Sari Agricultural Sciences
and Natural Resources University (Sari, Iran) for
financial support of this study.

REFERENCES

1. Gaur, A. and Adholeya, A., Prospects of arbuscular
mycorrhizal fungi in phytoremediation of heavy metal
contaminated soils, Curr. Sci., 2004, vol. 86, pp. 528—
534.

2. Fusconi, A., Repetto, O., Bona, E., Massa, N.,
Gallo, C., Dumas-Gaudot, E., and Berta, G., Effects
of cadmium on meristem activity and nucleus ploidy
in roots of Pisum sativum L. cv. Frisson seedlings,
Environ. Exp. Bot., 2006, vol. 58, pp. 253—260.

3. Moustakas, N.K., Akoumianaki-loannidou, A., and
Barouchas, PE., The effects of cadmium and zinc
interactions on the concentration of cadmium and zinc
in pot marigold (Calendula officinalis L.), Aust. J. Crop
Sci., 2011, vol. 5, pp. 277—282.

4. Atafar, Z., Mesdaghinia, A., Nouri, J., Homaee, M.,
Yunesian, M., Ahmadimoghaddam, M., and Mahvi, H.,
Effect of fertilizer application on soil heavy metal con-
centration, Environ. Monit. Assess., 2010, vol. 160,
pp- 83—89.

5. Rivera-Becerril, E, Calantzis, C., Turnau, K., Caus-
sanel, J.P.,, Belimov, A.A., Gianinazzi, S., Strasser, R.J.,

No. 1 2016



84

10.

11.

12.

13.

14.

15.

16.

17.

YAGHOUBIAN et al.

and Gianinazzi-Pearson, V., Cadmium accumulation
and buffering of cadmium-induced stress by arbuscular
mycorrhiza in three Pisum sativum L. genotypes, J. Exp.
Bot., 2002, vol. 53, pp. 1177—1185.

. Celeste, Dias, M., Monteiro, C., Moutinho-Pereira, J.,

Correia, C., Goncalves, B., and Santos, C., Cadmium
toxicity affects photosynthesis and plant growth at differ-
ent levels, Acta Physiol. Plant., 2013, vol. 35, pp. 1281—
1289.

. Li, S., Yang, W,, Yang, T., Chen, W.,, and Ni, Y., Effects

of cadmium stress on leaf chlorophyll fluorescence and
photosynthesis of Elsholtzia argyi — a cadmium accu-
mulating plant, Int. J. Phytoremediation, 2015, vol. 17,
pp. 85-92.

. Xue, Z.C., Gao, H.Y., and Zhang, L.T., Effects of cad-

mium on growth, photosynthetic rate, and chlorophyll
content in leaves of soybean seedlings, Biol. Plant.,
2013, vol. 57, pp. 587—590.

. Shahabivand, S., Maivan, H.Z., Goltapeh, E.M.,

Sharifi, M., and Aliloo, A.A., The effects of root endo-
phyte and arbuscular mycorrhizal fungi on growth and
cadmium accumulation in wheat under cadmium tox-
icity, Plant Physiol. Biochem., 2012, vol. 60, pp. 53—58.
Correa, A.D.R., Rorig, L.R., Verdinelli, M.A., Cotelle,
S., Ferard, J.F, and Radetski, C.M., Cadmium phyto-
toxicity: quantitative sensitivity relationships between
classical endpoints and antioxidative enzyme biomark-
ers, Sci. Total Environ., 2006, vol. 357, pp. 120—127.
Sandalio, L.M., Dalurzo, H.C., Gomez, M., Romero-
Puertas, M.C., and del Rio, L.A., Cadmium-induced
changes in the growth and oxidative metabolism of pea
plants, J. Exp. Bot., 2001, vol. 52, pp. 2115—2126.

Baker, N.R., Chlorophyll fluorescence: a probe of pho-
tosynthesis in vivo, Annu. Rev. Plant Biol., 2008, vol. 59,
pp. 89—113.

Li, Q.M., Liu, B.B., Wu, Y,, and Zou, Z.R., Interactive
effects of drought stresses and elevated CO, concentra-
tion on photochemistry efficiency of cucumber seed-
lings, J. Integr. Plant Biol., 2008, vol. 50, pp. 1307—
1317.

He, J.Y.,Ren, Y.E, Zhu, C., Yan, Y.P, and Jiang, D.A.,
Effect of Cd on growth, photosynthetic gas exchange,
and chlorophyll fluorescence of wild and Cd-sensitive
mutant rice, Photosynthesis, 2008, vol. 46, pp. 466—470.

Lopez-Millan, A.E, Sagardoy, R., Solanas, M., Aba-
dia, A., and Abadia, J., Cadmium toxicity in tomato
(Lycopersicon esculentum) plants grown in hydroponics,
Environ. Exp. Bot., 2009, vol. 65, pp. 376—385.

Liu, L., Howe, P, Zhou, Y.E, Xu, Z.Q., Hocart, C.,
and Zhang, R., Fatty acids and beta-carotene in Aus-
tralian purslane (P. oleracea) varieties, J. Chromatogr.,
A, 2000, vol. 893, pp. 207—213.

Carvalho, 1.S., Teixeira, M., and Brodelius, M., Effect
of salt stress on purslane and potential health benefits:
oxalic acid and fatty acids profile, Proc. Int. Plant Nutr.
Collog. XVI (University of California, Davis), 2009,
https://escholarship.org/uc/item/4cc78714

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY Vol. 63

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

Teixeira, M. and Carvalho, 1.S., Effects of salt stress on
purslane (Portulaca oleracea) nutrition, Ann. Appl. Biol.,
2009, vol. 154, pp. 77—86.

Dwivedi, S., Mishra, A., Kumar, A., Tripathi, P,
Dave, R., Dixit, G., Tiwari, K.K., Srivastava, S.,
Shukla, M.K., and Tripathi, R.D., Bioremediation
potential of genus Portulaca L. collected from industrial
areas in Vadodara, Gujarat, India, Clean Techn. Envi-
ron. Policy, 2012, vol. 14, pp. 223—-228.

Lichtenthaler, H.K. and Buschmann, C., Chlorophylls
and carotenoids measurement and characterization by
UV-VIS spectroscopy, Curr. Protoc. Food Analyt.
Chem., 2001, pp. F4.3.1-F4.3.8. doi 10.1002/
0471142913.faf0403s01

Genty, B., Briantais, J.M., and Baker, N.R., The rela-
tionship between the quantum yield of photosynthetic
electron transport and quenching of chlorophyll fluores-
cence, Biochim. Biophys. Acta, 1989, vol. 99, pp. 87—92.

Schreiber, U., Schliwa, U., and Bilger, W., Continuous
recording of photochemical and non-photochemical
chlorophyll fluorescence quenching with a new type of
modulation fluorometer, Photosynth. Res., 1986, vol. 10,
pp. 51-62.

Klughammer, Ch. and Schreiber, U., Complementary
PS II quantum yields calculated from simple fluores-
cence parameters measured by PAM fluorometry and
the saturation pulse method, PAM Appl. Notes, 2008,
vol. 1, pp. 27-35.

SAS/STAT User’s Guide, Cary, NC: SAS Inst., 2004.
Bakhshandeh, E., Soltani, A., Zeinali, E., and Kallate-
Arabi, M., Prediction of plant height by allometric rela-
tionships in field-grown wheat, Cereal Res. Commun.,
2012, vol. 40, pp. 487—496.

Naz, A., Khan, S., Qasim, M., Khalid, S., Muham-
mad, S., and Tariq, M., Metals toxicity and its bioaccu-
mulation in purslane seedlings grown in controlled
environment, Nat. Sci., 2013, vol. 5, pp. 573—579.
Chen, X., Wang, J., Shi, Y., Zhao, M.Q., and Chi, G.Y.,
Effects of cadmium on growth and photosynthetic activ-
ities in pakchoi and mustard, Bot. Stud., 2011, vol. 52,
pp. 41—46.

Oliveira, J.A., Oliva, M.A., and Cambraia, J., Effects of
cadmium on growth photosynthetic rate, and chloro-
phyll contents and on peroxidase activity in soybean,
R. Bras. Fisiol. Veg., 1994, vol. 6, pp. 97—101.
Maxwell, K. and Johnson, G.N., Chlorophyll fluores-
cence — a practical guide, J. Exp. Bot., 2000, vol. 51,
pp. 659—668.

Kramer, D.M., Johnson, G., Kiirats, O., and
Edwards, G.E., New fluorescence parameters for the
determination of Q4 redox state and excitation energy
fluxes, Photosynth. Res., 2004, vol. 79, pp. 209—218.
Flexas, J., Briantais, J.M., Cerovic, Z., Medrano, H.,
and Moya, I., Steady-state and maximum chlorophyll
fluorescence responses to water stress in grapevine

leaves: a new remote sensing system, Remote Sens.
Environ., 2000, vol. 73, pp. 283—297.

No.1 2016



		2015-12-25T18:32:25+0300
	Preflight Ticket Signature




