
INTRODUCTION

While wide use of more environment-friendly technologies
has resulted in general improvement of environment qual-
ity, local soil pollution in industrial, urban and agricultural
regions remains a challenging problem (Capra et al., 2014;
Mitchell et al., 2014). In the case of heavy metals, phyto-
extraction is an environmentally friendly and cost-effective
method of soil remediation, though requiring specific scien-
tific knowledge for successful practical implementation
(Guala et al., 2011; Yang et al., 2014). Choice of correct
plant species to achieve a particular aim is of critical impor-
tance (Pinto et al., 2014). Desired characteristics of a se-
lected plant species include tolerance to particular metals,
capacity to accumulate target metals in plant shoots, ability

to grow vigorously in particular conditions, large biomass
etc.

Metal-tolerant plant species (metallophytes) can be either
metal excluders or metal accumulators, through restriction
of uptake in roots and/or translocation to shoots for the first
type, and through mechanisms of detoxification in shoots
for the second (Visioli and Marmiroli, 2013). In contrast to
obligate metallophytes, which grow only in soils with a
high concentration of particular metal ions, facultative
metallophytes grow better in non-polluted soils but can sur-
vive even at extremely high substrate concentration of
heavy metals.

A commonly used approach for species selection is to
screen local plant populations growing on metalliferous
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soils to identify those with hyperaccumulation potential. So
called metal hyperaccumulators are plants able to accum-
mulate relatively high concentration of metals in shoots
when growing in polluted soil, exceeding average values of
non-accumulators by 10 to 500 times (Reeves et al., 2018).
An important functional characteristic of hyperaccumulators
is the ability to store most of the metal in aboveground parts
(shoot to root concentration ratio or translocation factor > 1)
at a concentration higher than that in soil (shoot to soil con-
centration ratio or bioconcentration factor > 1) (Buscaroli,
2017). Most hyperaccumulators as obligate metallophytes
accumulate only one specific metal, making them useful
only in the case of single metal contamination. In practice,
however, many industry-, waste- and mining-related pol-
luted soils contain several potentially harmful metals.
Therefore, facultative metallophytes are promising candi-
dates for phytoremediation studies.

For phytoextraction practice, it is necessary that plants are
adapted to prevailing local climate conditions. In addition to
hyperaccumulators, some species with average accumula-
tion potential but with large biomass could be useful for
phytoextraction. Recently, the phytoremediation potential of
halophytes has gained interest due to common general char-
acteristics of hyperaccumulators and salt-adapted plants
(Lutts and Levèvre, 2015; Van Oosten and Maggio, 2015).
In several families of flowering plants (Asteraceae,
Amaranthaceae, Fabaceae, and Poaceae), metal hyper-
accumulating and halophyte species are more closely re-
lated than if these two traits had evolved independently
(Moray et al., 2016).

Several species of genus Rumex have been described as po-
tential metal accumulators (Tang and Fang, 2001; Zhuang et

al., 2007; Ye et al., 2012; Vondráèková et al., 2015). Rumex

hydrolapathum Huds is a perennial species characteristic of
wetlands. During studies of seasonal changes in leaf Na+

concentration in a number of species from a seawater af-
fected coastal wetland, R. hydrolapathum appeared as a po-
tential metal accumulator with functional characteristics
useful for phytoremediation studies (Samsone and Ievinsh,
2018).

Both Zn and Mn are essential micronutrients in plants. Both
Zn and Mn are structural components of many enzymes and
regulatory proteins and are involved in several metabolic
processes (Hacisalihoglu and Kochian, 2003; Anjum et al.,
2015). The optimum concentration of Zn and Mn in soil for
a majority of cultivated plants is 1 and 2 mg·l–1, respec-
tively (Osvalde, 2011), but most soils contain 10 to 300
µg·kg–1 Zn and 450 to 4000 mg·kg–1 of Mn (Anjum et al.,
2015). The average concentration range in plant tissues for
Zn is 15 to 150 mg·kg–1 and that for Mn 1 to 700 mg·kg–1

(Visioli and Marmiroli, 2013). Zn toxicity usually appears
above 300 mg·kg–1 in leaves (Broadley et al., 2007). Symp-
toms of Zn toxicity include reduced growth (Wang et al.,
2009), chlorosis of young leaves and necrosis (Santos et al.,
2017), and impaired photosynthesis (Han et al., 2013). Mn
toxicity normally appears at tissue Mn concentration above
200 mg·kg–1, but this threshold concentration can vary sig-

nificantly in a species-specific manner (Reichman, 2002).
Elevated Mn is reported to decrease photosynthesis (Li et

al., 2010), inhibit synthesis of chlorophyll (Clairmont et al.,
1986) and reduce growth (Liu et al. 2010). Visual symp-
toms of Mn toxicity (chlorosis, brown necrotic spots) usu-
ally appear on older leaves (Elamin and Wilcox, 1986). Ac-
cording to the common criteria, the critical concentration in
shoot tissues for hyperaccumulation of Zn and Mn is 1% or
10 g·kg–1 (Baker and Brooks, 1989). However, the critical
threshold level for Zn has also been reported to be 3 g·kg–1

(Broadley et al., 2007). There are about 20 species known
as Zn hyperaccumulators and 42 species as Mn hyperac-
cumulators (Reeves et al., 2017).

The aim of the present study was to determine if individuals
of R. hydrolapathum native to saline wetlands are able (1)
to tolerate high concentration of biogenous heavy metals Zn
and Mn in substrate and (2) to accumulate high concentra-
tion of these metals in aboveground parts. Plant physiologi-
cal status was monitored by using non-destructive analysis
of chlorophyll and chlorophyll a fluorescence. Most impor-
tantly, it was asked if R. hydrolapathum could be useful for
practical phytoremediation purposes.

MATERIALS AND METHODS

Seeds of Rumex hydrolapathum Huds were collected at the
beginning of September in a sea-affected wetland near
Mçrsrags, Latvia (Samsone and Ievinsh, 2018). After drying
at room temperature for two weeks, the seeds were further
kept at 4 °C. For germination, seeds were imbibed in steril-
ized deionized water for 2 h and placed in plastic containers
on autoclaved garden soil (Biolan, Finland) moistened with
sterilised deionizsed water. The containers were placed in a
plant growth cabinet MLR-352H (Sanyo Electric, Japan),
photoperiod 16 h (40 µmol·m–2·s–1), day/night temperature
20/15 °C. Seedlings were transplanted to 200 ml plastic
containers filled with garden soil after appearance of the
first two true leaves. The containers were placed in 48 l
plastic boxes closed with lids, placed in greenhouse and
gradually adapted to greenhouse conditions. An experimen-
tal automated greenhouse (HortiMax, Netherlands) was
used for the study. Supplemented light was provided by
Master SON-TPIA Green Power CG T 400 W (Philips,
Netherlands) and Powerstar HQI-BT 400 W/D PRO
(Osram, Germany) lamps (380 µmol·m–2·s–1 at the plant
level), 16 h photoperiod. Day/night temperature was
23/15 °C; relative air humidity was maintained at 60 to
70%. When plants reached 5 to 10 mm height, they were
transplanted to 1.2 l plastic containers filled with 1 l dry
garden soil. Soil was moistened with deionised water. Sub-
strate water content was monitored with a HH2 moisture
meter equipped with a WET-2 sensor (Delta-T Devices,
UK) and maintained at not less than 70% substrate water
holding capacity throughout the experiment using deionised
water. Individual containers were randomly placed on
greenhouse bench and were repositioned twice a week.
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Plants were allowed to adapt for one week after transplant-
ing and randomly distributed among seven treatment
groups, five individual plants per treatment. Plants were ex-
posed to increased metal concentrations over a time course
of nine days in the form of three treatments with ZnSO4 or
MnSO4, finally reaching respective metal concentration in
substrate of 0.2, 0.5 and 1.0 g·l–1 for the respective metal
ion. Analysis of photosynthesis-related parameters was
started one day after the full treatment was performed (des-
ignated as week 1). On the second and fourth week, plants
were fertilised with a Kristalon Green Label fertiliser (NPK
18-18-18 with micronutrients; Yara International, Norway)
solubilised in deionised water (150 g·l–1), with 5 ml of
stock solution per l, 250 ml of the final fertiliser per con-
tainer.

Substrate electrical conductivity (EC) and pH were mea-
sured at the beginning of week 1 and at the end of week 4.
For EC, a HH2 moisture meter equipped with a WET-2 sen-
sor (Delta-T Devices, UK) was used. Substrate pH was
measured using a pH meter pH 3000 (STEP Systems, Ger-
many). For every container, four separate measurements on
all sides of the container were performed for both measure-
ments.

In the middle of each week, photosynthesis-related parame-
ters leaf chlorophyll concentration and chlorophyll a fluo-
rescence were measured for all individual plants of each
treatment. Physiological analyses were performed on the
physiologically most relevant actively photosynthesising
leaf of each individual plant as determined by preliminary
experiments. For this, the longest leaf of each individual
plant was selected for measurement of photosynthesis-re-
lated parameters. Two separate readings were performed for
each individual plant for both chlorophyll concentration
measurement and chlorophyll a fluorescence analysis. Chlo-
rophyll concentration was measured by a chlorophyll meter
CCM-300 (Opti-Sciences, USA). Chlorophyll a fluores-
cence of leaves dark-adapted for at least 20 min was mea-
sured by Handy PEA fluorometer (Hansatech Instruments,
UK). Chlorophyll a fluorescence parameter Performance In-
dex (total) was used for characterisation of photochemical
activity. Performance Index is a complex indicator of photo-
chemical efficiency combining three function-related (trap-
ping of absorbed exciton, electron transport between the
photosystems, reduction of end-electron acceptors) and
structure-related (antenna chlorophyll per reaction centre
chlorophyll) parameters (Strasser et al., 2000).

The experiment was terminated four weeks after the full
treatment. On harvest, leaves were separated according to
their age and position, as well as size, in old, middle, young
and small leaves. The small leaves were located closer to
the old leaves but likely originated from side shoots devel-
oping on the top of the main root. All types of leaves were
counted and weighed separately. Plant roots were separated
from substrate, carefully washed and weighed. Plant mate-
rial was dried in a thermostat at 60 °C for 72 h and weighed
to determine dry mass.

Dried plant tissue was used for chemical analysis. Tissue
was ground in a A 11 basic analytical mill (IKA, Germany)
to fine powder. A 1 g sample was weighed, dry-ashed in
concentrated HNO3 vapour and dissolved in HCl : water (3
: 100). The concentrations of Ca, Mg, Zn, and Mn were
measured using an atomic absorption spectrophotometer
(Perkin Elmer AAnalyst 700, acetylene-air flame). The K
concentration was measured using a flame photometer
(Jenwey PFP7, air-propane butane flame).

Statistical significance of differences between treatments
was evaluated using the t test using Prism (GraphPad Soft-
ware, USA).

RESULTS

Treatment with increasing concentration of both ZnSO4 and
MnSO4 resulted in similar linear increase of substrate EC
(Fig. 1A). After four weeks of cultivation, EC decreased
due to uptake of minerals, and the decrease was more pro-
nounced for Mn treatment at high concentration (Fig. 1B).
Application of both ZnSO4 and MnSO4 resulted in signifi-
cant substrate acidification (Fig. 2A), but plant cultivation
for four weeks resulted in further substrate acidification for
Mn treatments (Fig. 2B).

Already four days after full treatment with both metals, the
first visual symptoms of toxicity appeared on plant leaves.
In the case of Zn treatment, they appeared as pink lesions
on older leaves first in 1.0 g·l–1 treatment, developing in dry
yellow, larger lesions (Fig. 3A). For 1.0 g·l–1 treatment with
Mn, reddish-brown interveinal lesions developed on older
leaves (Fig. 3B). After 21 days, only occasional spots were
seen on older leaves of plants treated with 0.2 g·l–1 Zn,
leaves with dry yellow lesions were seen on 0.5 g·l–1 treated
plants, and both necrotic leaves and leaves with dry yellow
lesions were present on 1.0 g·l–1 treated plants (Fig. 3C).
After 21 days, leaves of plants treated with Mn 0.2 g·l–1 re-
mained unaffected, leaves with reddish-brown lesions were
seen on 0.5 g·l–1 treated plants, and necrotising leaves with
large dry lesions were present on plants treated with
1.0 g·l–1 Mn (Fig. 3D).

Total fresh mass of leaves showed a decreasing tendency
with increase of soil metal concentration for both Zn and
Mn, but this effect was statistically significant only at 1.0
g·l–1 for both Zn and Mn, and 0.5 g·l–1 for Zn (Fig. 4A). In
contrast, total dry mass of leaves did not change signifi-
cantly (Fig. 4B). These differences might be due to treat-
ment-induced stimulated desiccation of older leaves, as
fresh mass decreased (Fig. 5A) while dry mass increased
(Fig. 5B) with increasing concentration of metals. Changes
in water content in old leaves further supported this rela-
tionship (Fig. 6A). In turn, water content in young leaves of
plants treated with 0.5 and 1.0 g·l–1 Zn significantly in-
creased (Fig. 6B), which was related to significant decrease
of dry mass of young leaves in these treatments (Fig. 7B).
No significant changes were seen in respect to fresh mass of
young leaves (Fig. 7A), as well as dry mass, in the case of
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Mn treatment (Fig. 7B). Total number of leaves showed
some tendency to increase at increasing metal concentra-
tion, but the effect was statistically significant only for 1.0
g·l–1 Zn treatment (Fig. 8A). In contrast, the number of old
leaves significantly increased in all treatments with Zn and
1.0 g·l–1 treatment with Mn (Fig. 8B).

Both fresh and dry mass of roots did not change signifi-
cantly in Mn-treated plants, and linearly decreased in 0.5
and 1.0 g·l–1 Zn-treated plants (Fig. 9).

The photosynthesis-related indices (leaf chlorophyll con-
centration and chlorophyll a fluorescence) were measured
weekly in the largest, most actively photosynthesising leaf,

Fig. 1. Effect of treatment with different concentra-
tions of ZnSO4 and MnSO4 on substrate electrical
conductivity immediately after full treatment (A)
and four weeks later (B) in containers with R.

hydrolapathum plants. Data are means ± SE from 5
replicates with 4 measurements each for each point.
* indicates statistically significant difference from
the respective control (p < 0.05).

Fig. 2. Effect of treatment with different concentra-
tions of ZnSO4 and MnSO4 on substrate pH imme-
diately after full treatment (A) and four weeks later
(B) in containers with R. hydrolapathum plants.
Data are means ± SE from 5 replicates with 4 mea-
surements each for each point. * indicates statisti-
cally significant difference from the respective
control (p < 0.05).

Fig. 3. Typical visual toxicity symptoms on leaves of R. hydrolapathum plants treated with ZnSO4 (A, C) and MnSO4 (B, D) four days after full treatment
(A, B; week 1) and 21 days after full treatment (C, D; week 4).
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and therefore any recorded changes in metal-treated plants
reflected overall physiological status of the plant rather than
particular toxic effect. Changes in leaf chlorophyll concen-
tration were relatively small and were slightly negatively af-

fected by all treatments except 0.2 g·l–1 Zn 2 and 3 weeks
after full treatment (Fig. 10A). An increasing trend of chlo-
rophyll concentration was evident for Mn-treated plants, es-
pecially, at 0.5 g·l–1. The chlorophyll a fluorescence param-

Fig. 4. Effect of treatment with different concentra-
tions of ZnSO4 and MnSO4 on total fresh (A) and
dry (B) mass of leaves of R. hydrolapathum. Data
are means ± SE from 5 replicates for each point. *
indicates statistically significant difference from
the respective control (p < 0.05).

Fig. 5. Effect of treatment with different concen-
trations of ZnSO4 and MnSO4 on fresh (A) and dry
(B) mass of old leaves of R. hydrolapathum. Data
are means ± SE from 5 replicates for each point. *
indicates statistically significant difference from
the respective control (p < 0.05).

Fig. 6. Effect of treatment with different concen-
trations of ZnSO4 and MnSO4 on water content in
old (A) and young (B) leaves of R. hydro-

lapathum. Data are means ± SE from 5 replicates
for each point. * indicates statistically significant
difference from the respective control (p < 0.05).

Fig. 7. Effect of treatment with different concen-
trations of ZnSO4 and MnSO4 on fresh (A) and
dry (B) mass of young leaves of R. hydro-

lapathum. Data are means ± SE from 5 replicates
for each point. * indicates statistically significant
difference from the respective control (p < 0.05).
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eter Performance Index was relatively more affected by
treatments, but no general trend of changes was evident
(Fig. 10B). Initially (week 1), the Performance Index was
significantly lower in Zn-treated plants at 1.0 g·l–1, but it re-
covered and on week 3 was even above the control level. In
contrast, Zn-treated plants at 0.5 g·l–1 showed initial in-
crease of the Performance Index (week 1 and 2). Changes
were less evident for Mn-treated plants, except some de-
crease in the Performance Index at week 2 at all concentra-
tions.

In Zn- and Mn-treated R. hydrolapathum plants, Zn and Mn
concentration in tissues increased with increasing substrate
metal concentration (Fig. 11). Zn preferentially accumu-
lated in older leaves and was at a relatively low level in
roots and young leaves (Fig. 11A). Maximum Zn concentra-
tion achieved was 1840 mg·kg–1. Similar concentration of
Mn accumulated in old, middle and small leaves, but it was

significantly lower in young leaves, and relatively very low
in roots (Fig. 11B). Maximum Mn concentration was 6400
mg·kg–1. The total amount of both metals in the whole plant
increased linearly with increasing metal concentration in
substrate (Fig. 12). Old leaves and middle leaves together
accumulated the largest amount of Zn, but for Mn the con-
tribution of leaves decreased in the order middle leaves >
old leaves > small leaves > young leaves.

The ability to accumulate metals preferentially in shoots
was characterised by the translocation factor (TF). In differ-
ent parts of control plants, TF for Zn was within the range
of 1.11 to 1.35 and for Mn was 1.81 to 5.6 (Table 1). TF in-
creased in old, middle and small leaves with increasing Zn
concentration in substrate but decreased in young leaves. In
Mn-treated plants, TF increased in all leaves with increasing
metal concentration in substrate.

Fig. 8. Effect of treatment with different concentra-
tions of ZnSO4 and MnSO4 on the total number of
leaves (A) and number of old leaves (B) of R.

hydrolapathum. Data are means ± SE from 5 repli-
cates for each point. * indicates statistically signifi-
cant difference from the respective control (p <
0.05).

Fig. 9. Effect of treatment with different concen-
trations of ZnSO4 and MnSO4 on fresh (A) and dry
(B) mass of roots of R. hydrolapathum. Data are
means ± SE from 5 replicates for each point. * in-
dicates statistically significant difference from the
respective control (p < 0.05).

Fig. 10. Effect of treatment with different concen-
trations of ZnSO4 and MnSO4 on changes in rela-
tive chlorophyll concentration (A) and
Performance Index (B) in leaves of R.

hydrolapathum. Data are means ± SE from 5 repli-
cates, each with 2 measurements, for each point.
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Treatment with Zn significantly decreased Mn concentra-
tion in old, middle and small leaves at all concentrations,
but in young leaves only at 0.2 g·l–1 (Fig. 13A). In contrast,
Mn treatment tended to increase tissue Zn concentration,

and the effect in leaves was significant for the 1.0 g·l–1

treatment, but in roots it was significant at 0.5 and 1.0 g·l–1

(Fig. 13B). In control plants, concentration of K signifi-
cantly differed between different parts, decreasing in the or-
der old leaves > young leaves > small leaves > middle
leaves > roots (Fig. 14). Zn treatment significantly in-
creased K concentration in all parts in the 1.0 g·l–1 treat-
ment, but in the 0.5 g·l–1 treatment also in younger leaves
(Fig. 14A). In contrast, Mn treatment resulted in lower K
concentration in several treatments in old, young and small
leaves, but for 0.2 g·l–1 there was an increase in K concen-
tration in old leaves (Fig. 14B). Distribution of Ca (Fig. 15)
and Mg (Fig. 16) in different parts of control plants was
similar, with highest concentration in old leaves, decreasing
in middle and small leaves, and further in young leaves and
roots. Zn treatment resulted in decrease of both Ca and Mg
in old leaves, and the effect was significant at 0.5 and

Fig. 11. Effect of treatment with different concen-
trations of ZnSO4 on concentration of Zn (A) and
MnSO4 on concentration of Mn (B) in different
parts of R. hydrolapathum. Data are means ± SE
from 3 replicates for each point.

Fig. 12. Effect of treatment with different concen-
trations of ZnSO4 on total amount of Zn (A) and
MnSO4 on total amount of Mn (B) in different
parts and whole plants of R. hydrolapathum. Data
are means ± SE from 3 replicates for each point.

Fig. 13. Effect of treatment with different concen-
trations of ZnSO4 on concentration of Mn (A) and
MnSO4 on concentration of Zn (B) in different
parts of R. hydrolapathum. Data are means ± SE
from 3 replicates for each point. * indicates statis-
tically significant difference from the respective
control (p < 0.05).

Table 1. Root-to-shoot translocation factors for different concentrations of
Zn and Mn in various leaves of R. hydrolapathum

Metal Concentration
(g·l–1)

Old
leaves

Small
leaves

Middle
leaves

Young
leaves

Zn 0 1.35 1.24 1.12 1.11

0.2 2.6 1.52 1.54 0.85

0.5 2.29 1.64 1.64 0.71

1.0 4.6 2.0 1.95 0.80

Mn 0 5.6 2.73 2.91 1.81

0.2 10.14 4.73 5.81 2.57

0.5 8.08 4.71 4.67 2.00

1.0 11.00 10.70 9.66 5.38
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1.0 g·l–1. Similarly, there was a tendency for decrease in Ca
and Mg also in middle and small leaves of Zn-treated
plants, but the effect was not always statistically significant.
Mn treatment significantly increased Ca concentration in
middle, small and young leaves at 1.0 g·l–1 (Fig. 15B), but
the effect of Mn treatment on Mg concentration was rather
controversial, it increased in middle and small leaves, but
decreased in old leaves (Fig. 16B).

DISCUSSION

The present study was based on the assumption that not
only hyperaccumulators as obligate metallophytes, but also
metal-tolerant accumulator species with good accumulation
potential and high biomass production are promising candi-
dates for phytoextraction purposes (Broadhurst et al., 2015).
Within the last decade, there has been a large interest in the

use of halophytic plant species as heavy metal hyperac-
cumulators (Liang et al., 2017). Experimental evidence has
built up showing that salt tolerance and metal hyperac-
cumulation may be physiologically and evolutionary associ-
ated (Moray et al., 2016). It seems that these traits are asso-
ciated with common morphological and biochemical
mechanisms: the ability to tightly regulate ion transport and
sequestration, capacity to maintain osmotic balance, an effi-
cient cellular antioxidative system, plasticity to switch ap-
propriate developmental programmes, etc. (Sruthi et al.,

2017). So far, mostly obligate halophytes species from arid
habitats have been used in phytoextraction studies (Hamed
et al., 2013). In the present study with R. hydrolapathum,
the model species used was identified as a potential metal
accumulator during whole-season screening of vegetation
on a sea-affected wetland for a Na+ accumulation potential
(Samsone and Ievinsh, 2018).

Fig. 14. Effect of treatment with different concen-
trations of ZnSO4 (A) and MnSO4 (B) on concen-
tration of K in different parts of R. hydrolapathum.
Data are means ± SE from 3 replicates for each
point. * indicates statistically significant difference
from the respective control (p < 0.05).

Fig. 15. Effect of treatment with different concen-
trations of ZnSO4 (A) and MnSO4 (B) on concen-
tration of Ca in different parts of R. hydro-

lapathum. Data are means ± SE from 3 replicates
for each point. * indicates statistically significant
difference from the respective control (p < 0.05).

Fig. 16. Effect of treatment with different concen-
trations of ZnSO4 (A) and MnSO4 (B) on concen-
tration of Mg in different parts of R. hydro-

lapathum. Data are means ± SE from 3 replicates
for each point. * indicates statistically significant
difference from the respective control (p < 0.05).
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In general, wetland plants are highly tolerant to toxic ele-
ments and have good capacity for phytoremediation (Yang
and Ye, 2009). This is because wetlands form an interface
between land and water basins leading to accumulation of
wastewaters containing heavy metals (Gao et al., 2016). For
example, in a polluted natural wetland with high sediment
concentration of several metals, including Zn (368 mg·kg–1)
and Mn (1044 mg·kg–1), maximum concentration of both
elements was achieved in roots of Phragmites australis

(135 and 438 mg·kg–1, respectively), with significantly
lower concentration in leaves (67 and 367 mg·kg–1)
(Bonanno et al., 2018).

The present study was relatively short-term (only four
weeks after reaching final concentrations) and involved
acute treatment with extremely high concentrations of Zn
and Mn; therefore, it is difficult to compare the obtained re-
sults with those from other studies. However, the results in-
dicated that R. hydrolapathum plants are relatively tolerant
to elevated content of both Zn and Mn in substrate and have
good metal accumulation potential.

It is usually argued that hyperaccumulating plants should
not show signs of phytotoxicity (Rascio and Navari-Izzo,
2011). However, assessment of phytotoxicity is based on
several criteria, including (1) appearance of visual injury-re-
lated symptoms, (2) retardation of growth and development,
(3) accumulation of toxic substance in plant tissues, and (4)
presence of biochemical mechanisms related to toxicity
(Naidu et al., 2003). Thus, phytotoxicity is a complex prob-
lem. However, visual symptoms and growth impairment un-
der effect of Mn and Zn appear even for hyperaccumulators.
Toxicity symptoms for the Mn hyperaccumulator Celosia

argentea were observed to appear at relatively low Mn con-
centration in a hydroponic system: stem, root and leaf bio-
mass decreased above 0.1 g·l–1, and leaf necrosis was ob-
served at 0.6 g·l–1 already after four days (Liu et al., 2014).
Zn hyperaccumulators Thlaspi caerulescens and Arabi-

dopsis halleri both displayed symptoms of phytotoxicity at
1000 µM Zn (65 mg·l–1) in conditions of hydroponics (Shen
et al., 1997; Jin et al., 2008). In contrast, in the present
study, visual symptoms of toxicity appeared at 0.5 g·l–1 for
both Zn and Mn, but shoot growth of R. hydrolapathum was
not negatively affected even at 1.0 g·l–1 (Fig. 4). Root
growth was negatively affected only by 0.5 and 1.0 g·l–1

Zn, but not by any concentration of Mn (Fig. 9). Indeed, in-
hibition of root growth is a typical physiological character-
istic of Zn toxicity (Ren et al., 1993). While clear toxicity
symptoms appeared on older leaves of both Zn- and
Mn-treated plants at 0.5 and 1.0 g·l–1 concentration, R.

hydrolapathum plants were able to maintain vigorous
growth by accumulating excess metals in older leaves and
by initiating programmed senescence and stimulation of de-
velopment of new leaves.

At optimum supply level, Zn as a mobile element accumu-
lates in growing tissues, e.g. young leaves, but its concen-
tration usually decreases in older leaves (Longnecker and
Robson, 1993). In contrast, mobility of Mn in phloem is
rather low, and therefore, toxicity symptoms first appear on

older leaves (Loneragan, 1988). While these element mobil-
ity-related principles were supported for Mn-treated plants,
Zn-treated plants showed a metal accumulation pattern con-
tradicting these principles. Usually old leaves accumulate
lower concentration of Zn in comparison to younger leaves
(Gupta et al., 2016), but this was not the case in R.

hydrolapathum, as identical concentration of Zn accumu-
lated in different leaves of control plants (Fig. 13B), while
in Zn-treated plants, Zn concentration decreased from older
to middle leaves and further to young leaves (Fig. 11A). It
seems that Zn distribution in R. hydrolapathum is specifi-
cally regulated to exclude the element from growing leaves.
Since the largest part of the accumulated Zn is found in cell
vacuoles, lower concentration of Zn in young leaves has
been associated with lower degree of vacuolization in
mesophyll cells of growing leaves (Küpper et al., 1999).

According to the common criteria (Broadley et al., 2007),
with maximum accumulation of 1840 mg·kg–1 Zn and 6400
mg·kg–1 Mn in leaves of R. hydrolapathum, this species
cannot be designated as a metal hyperaccumulator. How-
ever, the potential accumulation of R. hydrolapathum was
relatively high, especially given the high values of trans-
location factors found (Table 1). For comparison, in natural
contaminated soil containing 6172 mg·kg–1 Zn and 2688
mg·kg–1 Mn, Rumex obtusifolius plants accumulated 1260
mg·kg–1 Zn and 183 mg·kg–1 Mn in leaves, giving respec-
tive translocation factors 1, which clearly indicated an ex-
clusion strategy (Vondráèková et al., 2014). In another spe-
cies of the genus, Rumex acetosa from a Zn-polluted mine
heap accumulated about seven-fold less Zn in leaves, in
comparison to the adjacent typical accumulator plant
Noccaea caerulescens (Bothe and Sùomka, 2017).

Preferential accumulation of metal ions in leaves in compar-
ison to roots is a typical characteristic of hyperaccumulators
(Masarovièová et al., 2010). For example, a hyperaccumul-
ating ecotype of Sedum alfredii had a translocation factor
for Zn 4.7 to 5.7, while a non-hyperaccumulating ecotype of
S. alfredii had a translocation factor of only 0.10 to 0.17 (Li
et al., 2006). However, the Zn hyperaccumulator Arabis

paniculata accumulated a maximum concentration of 6.0
and 12.9 g·kg–1 Zn in shoots and roots, respectively, when
cultivated at 0.07 g·L–1 Zn for three weeks in hydroponics
in a mixture of sand and vermiculite (Zeng et al., 2011).
The same species accumulated 20.8 g·kg–1 Zn in shoots
when growing in a mining soil containing 17.9% Zn (Tang
et al., 2009). Typical Mn hyperaccumulator plants accumu-
late higher concentration of Mn in shoots in comparison to
roots, irrespective of external Mn concentration (Xue et al.,
2004). In the present study, metals were excluded from
roots and young growing leaves of R. hydrolapathum, and
the exclusion potential was significantly higher for Zn in
comparison to Mn. In young leaves of Zn-treated R.

hydrolapathum plants, concentration of Zn was even lower
than that in roots, which is rather striking given the high
mobility of Zn (Longnecker and Robson, 1993). In our
study, Zn concentration in control plants did not depend on
leaf developmental stage/age (Fig. 13B), in contrast to that
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for Mn (Fig. 13A). The translocation factor increased with
increasing soil metal concentration for Mn for all types of
leaves, but for Zn it decreased in young leaves, further sup-
porting Zn exclusion from growing tissues (Table 1). In
general, the translocation factor for Mn was significantly
higher and exceeded 10 in older leaves.

The total amount of Mn attained in the present study was 70
mg per plant only after four weeks at 1.0 g·l–1 Mn (Fig.
12B). In comparison, hyperaccumulator species Phytolacca

acinosa accumulated up to 259 mg Mn per plant when
grown in hydroponics in the presence of 0.2 g·l–1 Mn for 45
days (Xue et al., 2004). The amount of Zn per plant was
even lower. Thus, it may seem that accumulating potential
of R. hydrolapathum for both Zn and Mn is relatively low.
However, the accumulating ability can be greatly enhanced
by means of different agrotechnical measures and addition
of chemical modificators, as already shown for different
hyperaccumulating plant species (Pinto et al., 2014). In ad-
dition, the typical Zn hyperaccumulating species Arabi-

dopsis halleri and Noccaea caerulescens are not very useful
for practical phytoextraction needs because of the relatively
small size of individuals (Liang et al., 2009). R. hydro-

lapathum had a high growth rate, accumulated high bio-
mass, and was able to replace old leaves. This type of devel-
opmental plasticity has been described for several halophyte
and metal hyperaccumulator species, where metal ions are
directed to older leaves with further switch to programmed
organ senescence (Albert, 1975; Boyd, 2004). As the partic-
ular accession of R. hydrolapathum was found in a naturally
salt-affected wetland, it would be interesting to further ex-
plore effect of NaCl on tolerance against and accumulation
of Zn and Mn in these plants. Indeed, for a salt marsh spe-
cies Kosteletzkya virginica, addition of NaCl diminished
deleterious effects of Zn treatment on growth and modified
Zn distribution, resulting in accumulation of more metal in
the older leaves (Han et al., 2013).

One of the most important physiological changes due to ex-
cess of Zn is related to its effect on mineral nutrition. In
general, concentration of essential nutrients in tissues is de-
creased as a result of Zn toxicity (Anjum et al., 2015). Also,
high Mn treatment increased K and Zn accumulation and
decreased that of Mg only in roots but not in shoots of soy-
bean (Santos et al., 2017). An important point to consider in
experiments with Zn and Mn treatment in soil is related to
the fact that application of respective sulphate salts at high
concentration can influence soil pH, which further can af-
fect mineral uptake. Application of increasing concentration
of ZnSO4 up to 1000 mg·kg–1 decreased soil pH from 5.9 to
5.2 in an experiment with red clover (Li and Christie, 2001).
Decrease in soil pH leads to increase in soluble fraction of
Zn, making it more available (Wang et al., 2006). In the
present study, substrate pH decreased from 5.55 to about
5.20 immediately following full treatment with both ZnSO4
and MnSO4 (Fig. 2A), but plant cultivation for four weeks
resulted in further substrate acidification (Fig. 2B). Theo-
retically, soil acidification below 5.5 could greatly affect
availability of many metal cations (Blaylock and Hunag,

2000). However, effect of Zn and Mn treatment on accumu-
lation of K, Ca and Mg in plant tissues was only negligible
and seemed to be related rather to the type of treatment in-
stead of changes in substrate pH (Fig. 14 to 16). However,
for 1 g·l–1 Mn-treated R. hydrolapathum plants, leaf Zn
concentration significantly increased (Fig. 13B) as a result
in decrease of soil pH to 5.1 (Fig. 2B). The observed devel-
opment- and organ-related differences in K, Ca and Mg
concentration were significantly larger than these caused by
Zn and Mn treatment. It is reasonable to suggest that the
physiological effects under Zn or Mn treatment were not as-
sociated with their interaction with mineral nutrition. In ad-
dition, plants can increase soil pH after exposure to heavy
metals, as in the case of Eriophorum angustifolium, further
leading to decreased availability of metals (Javed et al.,
2013), but this was not the case in the present study.

Among physiological responses, photosynthesis-related
characteristics are suggested as being extremely sensitive to
suboptimal conditions, reflecting overall physiological state
of plants (Baker, 2006). Chlorophyll a fluorescence-related
parameters are frequently used for early prediction of unfa-
vourable physiological changes (Kan et al., 2017; Kalaji et

al., 2018). In particular, chlorophyll a fluorescence mea-
surements have been used in heavy metal studies (Han et

al., 2013; Sghaier et al., 2015; Anjum et al., 2016). Photo-
synthesis is known to be sensitive to excess Zn, and espe-
cially photochemistry of photosystem II is inhibited
(Mateos-Naranjo et al., 2008; Han et al., 2013), but chloro-
phyll concentration in leaves can be either increased due to
inhibition of their growth (Jain et al., 2010) or decreased
(Peng et al., 2015), obviously depending on plant species
and experimental conditions. The present results did not
support the usefulness of monitoring changes in chlorophyll
concentration or chlorophyll a fluorescence parameters in
predicting physiological response of R. hydrolapathum

plants to excess Zn and Mn. As the respective analyses were
performed on the physiologically most relevant actively
photosynthesizing leaf, while metal ions were excluded
from young leaves, the lack of significant changes reflected
the ability of model species to adapt to increased amount of
metals in actively photosynthesising tissues, pointing to an
efficient mechanism of ion sequestration in vacuoles (Gupta
et al., 2016). The two photosynthesis-related parameters
were differentially affected by treatments indicating that the
monitored changes were not the result of some common
mechanism. All treatments except 0.2 g·l–1 Zn had negative
effect on leaf chlorophyll concentration 2 and 3 weeks after
full treatment (Fig. 10A), but the Performance Index
showed only minor effect during this period, except at 0.5
g·l–1 Zn (Fig. 10B).

In conclusion, the most important question remains to be
answered, namely, do the results of the present study have
any importance for practical phytoremediation? In a soil
containing high concentration of Pb, Zn and Cd, plants of
allied species Rumex crispus accumulated 1340 and 1007
mg·kg–1 Zn in shoots and roots, respectively (Zhuang et al.,
2007). For comparison, the typical Zn hyperaccumulator
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Sedum alfredii accumulated 6279 mg·kg–1 Zn in leaves in
the same conditions. It was estimated that due to high bio-
mass of R. crispus (20 t·ha–1), these plants have good
phytoextraction potential in comparison to S. alfredii (5.5 t
ha–1), leading to removal of 26.8 kg Zn per hectare (in com-
parison, 32.7 kg Zn for S. alfredii). In the present study, R.

hydrolapathum plants accumulated up to 1840 mg·kg–1 Zn
and 6400 mg·kg–1 Mn in leaves, which, together with a high
growth rate and biomass at least comparable to that of R.

crispus, characterises R. hydrolapathum as a very promising
model species for further studies for practical phytoreme-
diation needs.
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MITRÂJU SUGAS RUMEX HYDROLAPATHUM FIZIOLOÌISKÂ REAKCIJA UZ PAAUGSTINÂTU BIOGÇNO SMAGO METÂLU
Zn UN Mn KONCENTRÂCIJU SUBSTRÂTÂ

Ðî pçtîjuma mçríis bija noskaidrot, vai Rumex hydrolapathum Huds indivîdi no sâïâ mitrâja spçj paciest biogçno smago metâlu Zn un Mn
augstas koncentrâcijas klâtbûtni substrâtâ un uzkrât ðos metâlus virszemes daïâs. Augu fizioloìisko stâvokli noteica, izmantojot
nedestruktîvu hlorofila un hlorofila a fluorescences analîzi. R. hydrolapathum augi uzkrâja lîdz 1840 mg·kg–1 Zn un 6400 mg·kg–1 Mn
vecajâs lapâs. Hlorofila koncentrâcija un hlorofila a fluorescences parametri nebija izmantojami R. hydrolapathum augu fizioloìiskâs
reakcijas paredzçðanai uz Zn un Mn pârbagâtîbu, jo to bûtisku izmaiòu neesamîba atspoguïoja modeïsugas spçju pielâgoties metâlu
palielinâtam daudzumam aktîvi fotosintezçjoðos audos. R. hydrolapathum augu izturîba pret Zn un Mn parâdâs fizioloìiskâ lîmenî,
ierobeþojot metâlu uzkrâðanos jaunâkajâs lapâs un saknçs un veicinot gan jaunu lapu attîstîbu, gan lielâko daïu Zn un Mn uzkrâjoðo vecâko
lapu novecoðanos. R. hydrolapathum var raksturot kâ perspektîvu modeïsugu turpmâkiem praktiskâs fitoremediâcijas pçtîjumiem.
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