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Abstract: The increasing discharge of wastewater containing inorganic salts, sometimes accompanied
by high pH, has been a worldwide environmental problem. Constructed wetlands (CWs) are
considered a viable technology for treating saline and/or alkaline wastewater provided that
saline-alkaline tolerant plant species are selected and applied. The influence of both saline and
alkaline stress on four wetland plant species during their seed germination, early growth, vegetative
propagation and continued growth stages was evaluated by three experiments. Principal component
analysis (PCA) was conducted for selecting representative indicators for evaluating the saline and
alkaline tolerance of plants during vegetative propagation and plant growth stages. The saline and
alkaline stress inhibited the vegetative propagation and plant growth of all tested plant species to
varying degrees, therein the influences of saline-alkaline stress on plants were more marked than
saline stress. The length of new roots, Na+ accumulation in plant tissue, Na+/K+ ratios in aerial
tissue and the total dry biomass were selected as most representative indicators for evaluating the
saline and alkaline tolerance of plants. Iris sibirica and Lythrum salicaria showed better saline and
alkaline tolerance ability among tested species and could be grown in CWs for treating saline and/or
alkaline wastewater.

Keywords: aquatic plants; saline-alkaline tolerance; germination; seedlings growth; reproduction;
constructed wetlands

1. Introduction

Saline and/or alkaline wastewater usually contains both inorganic salts and other contaminants
and maybe accompanied by high pH. This type of wastewater is mainly produced by agriculture
production, aquaculture and various industrial sections (e.g., agro-food, petrochemical and tanning
industries) [1–3]. The salinity level of saline and/or alkaline wastewater varies with specific sources
and has a wide range. According to literature reports, drainage water with a salinity level (EC) of
15.2 mS cm−1 was found in Central California [4]. The effluents of some processes in the tanning
industry, such as pickling and chromium tanning processes, can reportedly contain with 80 g L−1 of
sodium chloride and the pH ranging from 7 to 10 [5]. The receiving water bodies have been negatively
impacted by the direct discharge of saline and /or alkaline wastewater due to the presence of both salt
and other contaminants, causing the destruction of aquatic ecosystems [6]. Therefore, the treatment of
saline and/or alkaline wastewater has been an urgent task in the present world.
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As a workable wastewater technology, constructed wetlands (CWs) have been paid more and more
attention owing to their lower cost, less operation and maintenance requirements and especially their
feasibility to be applied in remote areas compared with traditional technologies [7,8]. The macrophytes
planted in CWs may directly uptake potential pollutants into their plant tissue (e.g., heavy metals),
provide a habitat for the growth of microorganisms and release oxygen to the substrate and water
via their roots [9]. However, saline and/or alkaline stress could result in the growth inhibition of
and sometimes even mortality of plant in CWs, which remarkably limit the efficiency of CWs [10].
Therefore, it is of great practical significance to assess the growth performance of typical wetlands
plants under various saline and/or alkaline stress during their vegetative propagation and plant growth
stages thereby screening relatively salt tolerant species for growing in CWs.

The influence of saline and/or alkaline stress on various plant species has been previously
evaluated in numerous studies. Most of the available studies, however, focused on a specific life stage
of plants, for example, seed germination, early growth or vegetative growth and so forth [11–13]. To
comprehensively evaluate the response of wetland plants to saline and/or alkaline stress throughout
their entire life stage, it is necessary to grow them in CWs, because plants usually vary in their response
to saline and alkaline stress during different life stages [14]. Additionally, in the natural environment,
saline and/or alkaline stress often origins from affected by various salts. Previous studies proved that
the response of arid plant species to saline and/or alkaline stress varied with different salts [15,16]. For
example, alkaline salts (i.e., Na2CO3 and NaHCO3) led to more severe effects on multiple physiological
indicators of oat (Avena sativa L.) seedlings and disturbed the pH stability in root tissue fluid compared
with neutral salts (i.e., NaCl and NaSO4) [17]. It is also reported that NaCl and NaHCO3 can cause
different effects on the germination of Medicago sativa and Elymus dahuricus [18]. Although typical
wetland plants might also exhibit a varied response to different salts, the comparative studies of the
impact of different salts on wetland plants are rare [13]. Besides, many physiological and ecological
parameters of plants can be affected by the saline and/or alkaline stress. For example, Na+/K+ ratios
and proline content can be considered useful parameters to evaluate saline-alkaline tolerant ability [19].
Therefore, to select some representative indicators for evaluating the salt tolerance of plants is of great
importance for building a systematic and reasonable evaluation system. However, a general consensus
towards this issue has not yet emerged.

The overall goal of this study was to reveal the effect of saline and alkaline stress on four typical
wetland plant species in China, that is, Acorus tatarinowi, Iris sibirica, Lythrum salicaria and Typha
orientalis during their different life stages. The specific aims are as follows: 1) evaluate the influence of
different levels of saline and alkaline stress on germination and seedlings growth (i.e., the chlorophyll
content index (CCI), the length of new propagules (LNP), total biomass (TB) and plant height (PH)),
vegetative propagation (i.e., the number of new propagules (NNP)), growth (i.e., CCI in leaves, the
length of new roots (LNR) and the total dry biomass (TDB)) and ion content (i.e., Na+ and K+ content)
of the tested plant species; 2) identify the most representative indicators for evaluating salt tolerance of
typical wetland plant species based on the performance of vegetative propagation and plant growth; 3)
screen the relatively salt tolerant plant species for planting in CWs for saline and alkaline wastewater
treatment. The findings of this study will provide both a theoretical guidance for revealing the response
of wetland plants to saline and alkaline stress and a practical reference for establishing CWs in a
specific environment.

2. Materials and Methods

2.1. Materials

In this study, three experiments were set up at Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences, Changchun, China, that is, Experiment A, B and C as described below
(Figure 1). Experiment A was carried out in the laboratory and experiment B and C were set up in
an environment-controlled greenhouse. According to previous studies, four aquatic plant species
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were tested—Acorus tatarinowi, Iris sibirica, Lythrum salicaria and Typha orientalis. These plants are
common CWs plant species and some of them have been shown to be resistant to saline and/or alkaline
stress [1,20–23]. In addition, all these plant species can be propagated from seeds or by vegetative
propagation. It is beneficial to comprehensively observe the physiological indicators of each growth
stage. Filled seeds and mature healthy plants of four species collected from the field in August 2016 in
Suqian, Jiangsu Province of China was purchased. All the seeds were soaked in 0.1% fungicide for 10
min to dislodge fungus and seeds were then rinsed with deionized water and dried before use. The pH
and chemistry characteristics of soil used in both Experiment B and C were described in our pervious
study [13]. In Experiment A, all the experimental dishes were soaked with disinfectant for 1 h and
then sterilized at 121 ◦C for 30 min. Soils used in Experiment B were thoroughly homogenized after
removing rocks and other debris. The mature plants used for Experiment C were rinsed, transplanted
into buckets containing 1/4 Hoagland solution until the experiment was started. In Experiment C, five
cuboids tanks (60 cm long × 50 cm wide × 34 cm deep) made of Polyvinyl chloride (PVC) were applied
for simulating the wetland beds.

Figure 1. The experiment plots of three experiments (a: Experiment A, b: Experiment B, c:
Experiment C).

2.2. Methods

2.2.1. Germination and Seedlings Growth in Culture Dishes under Different Salinity Treatments
(Experiment A)

Experiment A was conducted in September and October 2016 in a programmed controlled growth
chamber (PGX-250C, China). The growth chamber was operated under an alternating 12 h light/12 h
dark photoperiod and 25/15 ◦C day/night temperatures within per 24 h period. The maximum light
intensity of 22000 Lux during the day was provided by fluorescent tube and there was no light supplied
at night. In this experiment, the influence of two salts, that is, NaCl and NaHCO3 on germination of
four tested plant species was evaluated. There were five treatments for each respective salt type, that
is, Control (deionized water), Electrical conductivity (EC) of 5, 7.5, 10 and 15 dS m−1. Smart meters
(Thermo Scientific TM, Hudson, NH, USA) was used to the measurement of EC and pH values of
solution. Double filter papers were placed on the bottom of culture dishes (diameter of 9 cm) and
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wetted with 5 mL of the designated NaCl and NaHCO3 solution. Thirty seeds of A. tatarinowi, L.
salicaria, T. orientalis and twenty seeds of I. sibirica (seeds were larger than other three species) were
evenly spread on the wetted filter paper in per culture dish. Culture dishes were sealed with parafilm
and then put in the growth chamber. The number of new propagules was recorded per 24 h. There
were three replicates for each treatment. The germination percentage, speed of germination, CCI and
LNP were calculated and measured at the end of experiment.

2.2.2. Germination and Seedlings Growth in Soil Irrigated with Saline and Alkaline Water
(Experiment B)

Experiment B was conducted in September and October 2016 in a greenhouse. The greenhouse
was maintained for 30 days under day/night temperatures of (25 ± 3) ◦C / (15 ± 3) ◦C and 40%–50% air
relative humidity. Approximately 150 g soil was placed in each pot (9 cm length × 9 cm width × 8 cm
depth) with depth of 5 cm. Thirty seeds respectively of A. tatarinowi, L. salicaria, T. orientalis and twenty
seeds of I. sibirica were evenly distributed on the surface of the soil in per pot. The seeds were then
covered with a 3–5 mm layer of the same soil. The same salinity treatments were applied in Experiment
A. All pots received 20 mL designated salt solution at planting and subsequently were irrigated with
10 mL salt solution every three days to maintain soil moisture. There were three replicates for each
treatment. The number of seedlings (when radicles emerged from the soil surface) was counted every
24 h. After 30 d experiment, seedling growth indicators (i.e., CCI, TB and PH) in each pot were
measured and the seedlings in each pot were collected for ion content measurement.

In Experiment A and B, germination percentage on Day 30 under different saline treatments was
calculated by using the following formula:

GP = Ng/Nt × 100%, (1)

where Ng represent the number of seedlings on the last day of each observation period and Nt represent
the number of total seeds in each culture dishes /pot.

The speed of germination under different salinity treatments was calculated by using the
following formula:

SP =
∑

i

[(Gi −Gi−1)/i] , (2)

where Gi represent the germination percentage on day i. Gi−1 represent the germination percentage on
day i− 1.

2.2.3. Vegetative Propagation and Plant Growth of Mature Plants under Different Salinity Treatments
(Experiment C)

Experiment C was conducted in September 2016 in the same greenhouse as described in Experiment
B. Three mature plants of each species with similar growth condition were used in the experiment.
Each plant species was subject to nine salinity treatments (i.e., EC of 5, 10, 15 and 20 dS m−1 prepared
by NaCl and NaHCO3, respectively) and one control (0.3 dS m−1). The detailed design and operation
of the wetland beds was described in our previous study [13] and is also available in Supplementary
Materials. NNP, LNR, TDB and CCI were measured on Day 30 after the plant were transplanted
into the wetland beds. CCI of leaves was determined by digital chlorophyll meter (CCM-200 plus,
Opti-Sciences, Inc.). After experiment, the plants tissue was collected for ion content measurements.

2.3. Ion Content Measurements

All fresh biomass samples were rinsed in deionized water, sub packaged and dried for 3 days in
a drying oven at 65 ◦C. Dry tissue was grounded to a fine powder for determining the Na+ and K+

content. The detailed measuring process is described in the Supplementary Materials.
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2.4. Statistical Data Analyses

The calculation of germination percentages and speed of germination was described in our
previous study [24]. SPSS 19.0 was used to carry out the data analysis. Significant differences were
carried out by One-way ANOVA, Tukey test. The significance level of ANOVA was set at 5%. All
Figures were plotted by Origin 8.5.

3. Results

3.1. Germination

The germination percentages of four tested plant species under saline and alkaline stress are shown
in Figure 2. In the growth chamber, the germination percentages of A. tatarinowii and T. orientalis were
significantly (p < 0.05) reduced at EC treatments from 0 to 7.5 dS m−1 and there was no germination
observed at EC of 10 and 15 dS m−1 treatments (Figure 2I). The greatest germination percentages of I.
sibirica and L. salicaria were observed in EC of 7.5 and 5 dS m−1 treatments, respectively. Lower or higher
saline stress were significantly (p < 0.05) inhibited the germination. The effect of saline-alkaline stress
(NaHCO3) on germination was more serious than saline stress (Figure 2II). The increasing saline-alkaline
treatments significantly (p < 0.05) inhibited the germination percentages for all tested plant species and
the germination of T. orientalis was completely inhibited by all saline-alkaline treatments.

Figure 2. The germination percentage of tested plants observed under different treatments (I, II: growth
chamber; III, IV: soil pots). Values represent the mean of three replicates and error bars represent
standard deviations. Columns containing different letters indicate significant differences among
treatments for each respective plant species at p = 0.05 (hereinafter inclusive). The absence of column
indicates no germination occurred in these treatments.

The germination of four tested plant species in soil pots was different with that in the growth
chamber (Figure 2III, 2IV). Under saline stress (Figure 2III), there was no germination for any of the
plant species at EC of 15 dS m−1 treatment. Compared to control, the germination percentages were all
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significantly (p < 0.05) inhibited by saline stress. Under saline-alkaline stress (Figure 2IV), for I. sibirica,
L. salicaria and T. orientalis, the highest germination percentages were observed at EC of 5, 7.5 and
5 dS m−1, respectively. However, the germination percentages of A. tatarinowii significantly (p < 0.05)
decreased with the gradient of saline-alkaline treatment increased.

The trend of the speed of germination of each respective plant species as affected by different saline
and alkaline stress was similar with germination percentages. The detailed description is available in
Text S3 and Figure S1 in Supplementary Materials.

3.2. Seedlings Growth

The indicators of seedlings growth (i.e., CCI and LNP) of four tested plant species in the growth
chamber are exhibited in Figure 3. Under saline stress (Figure 3I), for A. tatarinowii, CCI at EC of 7.5 dS
m−1 treatment was significantly (p < 0.05) less than other treatment. For I. sibirica, the maximum CCI
occurred at EC of 7.5 dS m−1 treatments. For CCI of L. salicaria, there was no significant difference
among different saline treatments. For T. orientalis, there was no significant difference among EC of
0, 5 and 7.5 dS m−1 treatments. Under saline-alkaline stress (Figure 3II) CCI of A. tatarinowii and I.
sibirica was significantly (p < 0.05) reduced with increasing saline-alkaline treatments. For L. salicaria,
there was no significant difference between control and EC of 5 dS m−1. For T. orientalis, CCI was only
measured in the control treatment because there was no germination in other treatments.

Figure 3. The growth indicators (I, II: chlorophyll content index (CCI); III, IV: length of new propagules
(LNP)) of four tested plant species under saline and alkaline stress in the growth chamber. The
absence of column indicates no seedlings growth data obtained in these treatments due to the
unsuccessful germination.

Under saline stress (Figure 3III), LNP of A.tatarinowii and T.orientalis significantly (p < 0.05)
declined when saline treatment increased from EC of 0 to 7.5 dS m−1. For L. salicaria, the greatest
LNP occurred at EC of 5 dS m−1. For I. sibirica, all saline stress significantly (p < 0.05) inhibited LNP
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compared to control. Under saline-alkaline stress (Figure 3IV), the maximum LNP of A. tatarinowii
and L. salicaria was observed at EC of 5 dS m−1. Due to the presence of NaHCO3, LNP of I. sibirica
decreased significantly (p < 0.05) with increasing saline-alkaline stress.

The seedlings growth indicators (i.e., CCI, TB and PH) of four plant species in soil pots are
presented in Figure 4. Under saline stress (Figure 4I), CCI of four plant species was significantly (p <

0.05) reduced compared to control. Under saline-alkaline stress (Figure 4II), the presence of NaHCO3

significantly (p < 0.05) reduced CCI of A. tatarinowii, I. sibirica and T. orientalis. However, for L. salicaria,
CCI significantly (p < 0.05) increased by the EC of 5 dS m−1 treatment compared to other treatments.

Figure 4. The growth indicators of seedlings (I, II: CCI; III, IV: total biomass (TB); and V, VI: plant height
(PH)) of four tested plant species under saline and alkaline stress in the soil pots. The absence of column
indicates no seedlings growth data obtained in these treatments due to the unsuccessful germination.

Under saline stress (Figure 4III), TB of T. orientalis and I. sibirica was significantly (p < 0.05) reduced
compared to control. For A. tatarinowii and L. salicaria, there was no significant difference between
different salinity treatments. Under saline-alkaline stress (Figure 4IV), TB of A. tatarinowii in EC of 10
dS m−1 treatments were significantly (p < 0.05) greater than other treatments. For I. sibirica, L. salicaria
and T. orientalis, TB significantly (p < 0.05) decreased under all saline-alkaline treatment compared
to control.

PH of seedlings of four plant species under saline and alkaline stress was shown in Figure 4V and
4VI, respectively. Under saline stress (Figure 4V), PH of four plant species were all significantly (p <

0.05) inhibited by saline stress compared to control. Under saline-alkaline stress (Figure 4VI), PH of A.
tatarinowii and I. sibirica was significantly (p < 0.05) reduced under saline-alkaline stress compared to
control. PH of L. salicaria at EC from 7.5 to 15 dS m−1 was significantly (p < 0.05) lower than that in
EC of 0 and 5 dS m−1. For T. orientalis, PH was significantly (p < 0.05) inhibited by EC of 10 dS m−1

compared to other treatments.
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3.3. Vegetative Propagation

NNP of four plant species are shown in Figure 5. Under saline stress (Figure 5I), A. tatarinowii
and L. salicaria could reproduce asexually in treatments with EC from 0.3 dS m−1 to 20 dS m−1. I.
sibirica could reproduce asexually when EC was between 0.3 dS m−1 to 15 dS m−1. However, NNP of T.
orientalis were only observed at EC of 5 dS m−1. For L. salicaria, high saline stress (i.e., EC of 15 and 20
dS m−1) significantly (p < 0.05) produced greater NNP compared to other treatments. For A. tatarinowii
and I. sibirica, the greatest NNP both occurred at EC of 5 dS m−1 treatments. Under saline-alkaline
stress (Figure 5II), NNP of four plant species was less than that under saline stress. L. salicaria and I.
sibirica can reproduce asexually at EC of 0.3 and 5 dS m−1 and higher saline-alkaline stress significantly
(p < 0.05) inhibited the vegetative propagation of L. salicaria and I. sibirica. For A. tatarinowii, the new
propagules were observed in all saline-alkaline treatments and the maximum NNP occurred at EC of 5
dS m−1. For T. orientalis, the new propagules were observed at both EC of 5 and 10 dS m−1 and the
maximum NNP appeared in EC of 5 dS m−1.

Figure 5. Number of new propagules (NNP) of four tested plant species under saline and alkaline
stress in wetland beds (I: saline stress; II: alkaline stress). The absence of column indicates no new
propagules occurred in these treatments.

3.4. Continued Growth

The growth indicators (i.e., LNR, CCI in leaves and TDB) of four plant species growing in the
wetland beds, are presented in Figure 6. Under saline stress (Figure 6I), new roots of L. salicaria
were observed in all treatments, LNR at EC of 10, 15 and 20 dS m−1 treatment was significantly (p <

0.05) increased compared control and EC of 5 dS m−1. LNR of A. tatarinowii at EC of 10 dS m−1 was
significantly (p < 0.05) longer than other treatments. LNR of I. sibirica and T. orientalis significantly (p <

0.05) was reduced when saline stress came to EC of 5 and 10 dS m−1, respectively. Under saline-alkaline
stress (Figure 6II), new roots of I. sibirica were observed in all treatments. The maximum LNR of A.
tatarinowii, L. salicaria and T. orientalis was observed at EC of 10, 5 and 5 dS m−1 treatment, respectively.
The LNR of I. sibirica significantly (p < 0.05) decreased in treatments with EC from 10 to 20 dS m−1

compared to other treatments.
CCI in leaves of four plant species are presented in Figure 6III, 6IV. Under saline stress (Figure 6III),

the increasing salinity levels significantly (p < 0.05) reduced CCI of I. sibirica. The highest CCI of L.
salicaria appeared in EC of 15 dS m−1. CCI of A. tatarinowii and T. orientalis was significantly (p <

0.05) inhibited by saline stress compared to control. Under saline-alkaline stress (Figure 6IV), CCI of I.
sibirica significantly (p < 0.05) decreased with the increasing saline-alkaline stress. The existence of
saline-alkaline stress significantly (p < 0.05) reduced CCI in leaves of A. tatarinowii and T. orientalis
compared to control. The maximum CCI of L. salicaria was observed at EC of 5 dS m−1.
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TDB of four plant species is exhibited in Figure 6V, 6VI. Under saline stress (Figure 6V), the
maximum TDB of A. tatarinowii, L. salicaria and T. orientalis occurred at EC of 5, 15 and 5 dS m−1,
respectively. The presence of saline stress significantly (p < 0.05) decreased TDB of I. sibirica compared
to control. Under saline-alkaline stress (Figure 6VI), TDB of I. sibirica significantly (p < 0.05) decreased
with the increasing saline-alkaline stress. For A. tatarinowii L. salicaria and T. orientalis, the greatest
biomass was observed at EC of 5, 15 and 20 dS m−1 treatment respectively.

Figure 6. The growth indicators (I, II: LNR; III, IV: CCI in leaves; and V, VI: total dry biomass (TDB))
of four tested plant species under saline and alkaline stress in wetland beds. The absence of column
indicates no new roots growth occurred in these treatments.

3.5. Ionic Absorption by Plants

The ionic absorption of (i.e., Na+, K+ and Na+/K+ ratios) both seedlings (in soil pots) and mature
plant (in wetland beds) of four tested plant species under different saline and alkaline stress was
evaluated. Due to word count limit, considering the wetland bed experiment is closer to real condition,
only the results of the wetland beds experiment are presented in this section, while the results of the
soil pot experiment are available in Figure S2 in Supplementary Materials.

3.5.1. Ionic Absorption by Plants under Saline Stress

The Na+ content in aerial and underground tissue of tested plant growing in wetland beds with
saline (NaCl) stress are presented in Figure 7I, 7IV. The average Na+ content in aerial and underground
tissue of four plant species were approximately 55 and 100 mg g−1 DW, respectively. saline treatments
significantly (p < 0.05) promote the Na+ absorption in aerial and underground tissue of four plant
species compared to control.
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Figure 7. Na+ and K+ content (I, IV, II and V) and Na+/K+ ratios (III, VI) in four tested plant species
under saline stress.

The K+ content in aerial and underground tissue is presented in Figure 7II, 7V. The average K+

content of all tested plant species in aerial and underground tissue was approximately 10 and 20 mg g−1

DW, respectively. For aerial tissue (Figure 7II), the highest K+ content of A. tatarinowii and T. orientalis
occurred at EC of 5 dS m−1. For I. sibirica, the existence of salinity significantly (p < 0.05) reduced K+

content compared to control. The K+ content of L. salicaria was significantly (p < 0.05) decreased with
the increasing salinity levels. For underground tissue (Figure 7V), the presence of salinity significantly
(p < 0.05) decreased K+ content of A. tatarinowii and L. salicaria compared to control. The highest K+

content in underground of I. sibirica and T. orientalis were observed at EC of 5 dS m−1.
The variation of Na+/K+ ratios in aerial and underground tissue of four plant species is exhibited

in Figure 7 III, 7VI. For L. salicaria and I. sibirica, Na+/K+ ratios in aerial tissue significantly (p < 0.05)
increased with increasing saline stress (Figure 7III). For A. tatarinowii and T. orientalis, Na+/K+ ratios in
aerial tissue significantly (p < 0.05) decreased at EC of 10, 15 and 20 dS m−1 treatments compared to
other treatments. For underground tissue (Figure 7VI), the Na+/K+ ratios of A. tatarinowii significantly
(p < 0.05) increased with increasing saline stress. For I. sibirica and T. orientalis, the Na+/K+ ratios in
underground tissue at EC of 10 and 15 dS m−1 significantly (p < 0.05) greater than other treatments.
The Na+/K+ ratios in underground tissue of L. salicaria were all significantly (p < 0.05) increased by
saline stress compared to the control.

3.5.2. Ionic Absorption by Plants under Saline-Alkaline Stress

The variation of ionic absorption of all tested plant species under saline-alkaline stress was similar
with that under saline stress (Figure 8). The existence of saline-alkaline stress increased Na+ content of
most plant species compared to control. The average Na+ content in aerial and underground tissue
of four plant species were approximately 65 and 110 mg g−1 DW, respectively, which was higher
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than that under saline stress. In general, the change of K+ content under saline-alkaline stress was
consistent with that under saline stress. However, the average K+ content in underground tissue
under saline-alkaline stress was greater than that under saline stress. The response of Na+/K+ ratios to
saline-alkaline stress for most tested plant species was similar with that to saline stress except for T.
orientalis. which exhibited the maximum Na+/K+ ratios in aerial and underground tissue was observed
at EC of 15 dS m−1 treatment.

Figure 8. Na+ and K+ content (I, IV, II and V) and Na+/K+ ratios (III, VI) of four tested plant species
under saline-alkaline stress.

4. Discussion

4.1. Effects of Saline and Alkaline Stress on the Germination of Plant Seeds

Germination is a vital step for the successful establishment of plant. Under saline and alkaline
stress, the low water potential caused by osmosis stress can be considered a crucial factor inhibiting
the germination of seeds [25]. However, the germination of some plant species may be stimulated by
low saline stress due to their salt tolerance or specific salt-avoidance mechanisms [26]. In this study,
both conditions (i.e., growth chamber and soil pot) for testing the germination of plants were designed.
According to the results obtained in Experiment A, it can be illustrated that the salt tolerance capacity
of plants is species dependent. For example, the germination of I. sibirica and L. salicaria was promoted
by specific saline stress, respectively. However, the inhibition of germination in T. orientalis was greater
than in the other plant species. The non-germinated seeds may exhibit dormancy to reduce the risk of
adverse environment [27]. When the environmental conditions improve (e.g., rain fall causes saline
stress decrease), then the seeds are able to germinate and this might be a strategy for some plants
to survive under high salinity stress [12]. Saline stress leads to osmotic pressure and ion-induced
injury [28]; however, there is an additional effect of high pH under saline-alkaline stress [29], similar to
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that reported by Guo et al. [30]. Both germination percentages and speed of germination in the plant
species under saline-alkaline stress in this study were lower than that under saline stress at the same
EC value, especially for T. orientalis, which exhibited no germination under saline-alkaline stress even
at low EC treatments. This observation has probably been explained by damage to the seed structure
and even death due to high pH [30].

The germination percentages and speed of most tested plants in soil pots were greater than that
in growth chamber. This observation might be explained by the soil moisture and the existence of
nutrients in soils [31,32]. Both above factors can alleviate the damage to seeds under lower treatment
levels. Unlike the growth chamber experiment, the germination of all tested species in soil pots was
inhibited by saline stress compared to control. While, under saline-alkaline stress, the germination of
all the species except for A. tatarinowii was promoted under low stress treatment. This might be owing
to the diverse adaptation strategy of various plant species to the nutrient in soils [33].

In general, the seed germination of I. sibirica and L. salicaria exhibited relatively better saline and
alkaline tolerance. However, the response of each tested plant to saline-alkaline stress during their
germination is different between growth chamber and soil pots. Therefore, it is recommended that
different culture environment should be tested in the future studies for obtained a comprehensive
assessment of saline and alkaline tolerance capacity of plant species.

4.2. Effects of Saline and Alkaline Stress on Seedlings Growth

Seedling growth is also a critical and salt-sensitive stage for plants [33]. The influences of saline
and alkaline stress on seedlings growth might be caused by the combined effects on cell water relations
and ionic toxicity [34]. In this study, CCI of L. salicaria was rarely inhibited by saline stress. Low
saline stress was even beneficial to the increase of CCI of A. tatarinowii and I. sibirica. The length of
the new propagules of A. tatarinowii, I. sibirica and T. orientalis was inhibited by saline stress due to
low water potential and ionic toxicity [35]. For L. salicaria, low saline stress (i.e., EC of 5 dS m−1) can
stimulate the growth in height of its seedlings. With the addition of alkaline salt, the damaging effect
of saline-alkaline stress was generally more severe than that of saline stress at the same EC due to high
pH, which was consistent with previous study [36]. CCI was inhibited by saline-alkaline stress in most
tested plant species in this study. This observation might be caused by the destruction of thylakoids
under saline-alkaline stress [37]. The LNP of all tested plant species was inhibited completely by high
saline-alkaline stress (i.e., EC of 15 dS m−1). This can be explained by the perturbations of metabolic
processes (i.e., nucleic acid and protein syntheses) under high levels of saline-alkaline stress [38].

In soil pots, the dilution of the soil and organic matter and nutrients (i.e., N, P, K and Ca) in
the soil reduce the impacts of saline and alkaline stress on the seedlings [39], their early growth and
development in the soil pots was much better than that in growth chamber. All growth indicators in soil
pots remained at higher levels than in growth chamber. However, seedlings growth of most tested plant
species, in agreement with previous studies, was still inhibited by saline and alkaline stress compared
to control [40]. Saline and alkaline stress caused ionic toxicity, ionic imbalance and generation of
excessive reactive oxygen species (ROS), which leads to cell toxicity, membrane dysfunction and cell
death, then the inhibition of seedlings growth [41,42].

In general, most growth indicators of I. sibirica and L. salicaria remained at high levels during
the stage of seedlings growth indicating their better tolerance of saline and alkaline stress than A.
tatarinowii and T. orientalis.

4.3. Effects of Saline and Alkaline Stress on Vegetative Propagation and Growth

Vegetative propagation and growth were affected by saline and alkaline stress, which might be
related to the lack of photosynthesis and the decrease of carbon assimilation rate due to ionic toxicity
and osmotic pressure [43]. In addition to the ionic toxicity and osmotic pressure, a high pH under
saline-alkaline stress may also adversely affect vegetative propagation and growth in the plant species
studied compared to saline stress [44].
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In this study, NNP was used to represent the vegetative propagation capacity. survival and growth
of new propagules can be inhibited by saline and alkaline stress [45]. The vegetative propagation of most
tested plant species (e.g., A. tatarinowii, L. salicaria and T. orientalis) under saline stress was promoted by
specific treatments. This observation may be explained by the presence of soil microorganisms, which
can sometimes promote the vegetative propagation of plants [46]. Additionally, due to the combined
damage of osmotic stress and high pH, the vegetative propagation was inhibited more severely by
saline-alkaline stress than saline stress, which was similar to germination under saline-alkaline stress.

During the plant growth stage, the growth indicators (i.e., LNR, CCI and TDB) of the tested plant
species was used to evaluate the effect of saline and alkaline stress on the plant growth. Previous
study reported that high salt concentrations limit the nutrient uptake by roots and disturb the water
relations of plant; high salinity may also cause ionic imbalance and toxicity in plants [47]. In addition,
high pH in saline-alkaline stress may lead to structural destruction of root cell and affect physiological
functions of plants [48]. In this study, saline and alkaline stress inhibited the growth of root cell and
decreased LNR in most tested plant species. However, for A. tatarinowii, L. salicaria and T. orientalis,
specific saline and alkaline treatment (i.e., EC of 5, 10 and 20 dS m−1) can promote roots growth,
which was in agreement with previous research [49]. Saline and alkaline stress also can affect the
photosynthetic function [50]. In this study, CCI of most tested plant species was inhibited by saline
and alkaline stress. A similar result was identified by Li et al. [11]. The decrease in CCI of plant might
be caused by the stimulated activity of chlorophyllase and chlorophyll degrading enzyme under saline
and alkaline stress [51]; as this type of enzyme can disturb biosynthesis of chlorophyll and inhibited
the photosynthetic activity [52]. The typical symptom of plant under saline and alkaline stress is
cell elongation was inhibited [53], which leads to the inhibition on TDB in the tested plant species.
Generally, during vegetative propagation and growth stage, I. sibirica and A. tatarinowii showed better
tolerance under saline and alkaline environment.

4.4. Effects of Saline and Alkaline Stress on Ionic Balance during Seedlings Growth and Mature Plant
Growth Stages

The Na+ content, K+ content as well as Na+/K+ ratios during seedlings growth and mature plant
growth stage were tested for evaluating the effect of saline and alkaline stress on ionic balance in plants.
Several prior studies illuminated that saline and alkaline stress might cause ionic toxicity through
the accumulation of Na+ and the reduction of K+ in plant tissues [24]. Furthermore, saline-alkaline
stress posed a greater adverse impact on ionic balance than saline stress [52,54]. In seedlings growth
and mature plant growth stage, the Na+ content under saline and alkaline stress were higher than
control in this study. The uptake, transport and accumulation of the Na+ ions were disturbed by saline
and alkaline stress. An excessive Na+ would cause ionic toxicity, nutritional imbalance, metabolic
disturbance and physiological drought in plants [55]. For mature plant growth stage, the Na+ content
in the aerial tissue were lower than that in the underground tissue. The greater accumulation of Na+

in the underground tissue may indicate the existence of an inhibition mechanism of Na+ transport
to aerial [13]. In contrast with the Na+ content, the K+ content of most plant species in growth stage
was inhibited by saline and alkaline stress and the saline-alkaline stress caused a greater reduction
of K+ content. The high Na+ accumulation can interfere with K+ uptake due to the damaging effect
to the membrane systems [56]. Saline-alkaline stress may have a greater impact on the K+ uptake
due to high pH. Low Na+ content and high K+ content in plants are vital for plants to maintain many
enzymatic processes [55]. In this study, Na+/K+ ratios of most plant species increased with increasing
NaCl and NaHCO3 concentration. Much higher Na+/K+ ratios were observed under saline-alkaline
stress. This phenomenon might because high pH leads to more severe damage to the intracellular
membrane system than saline stress [57].
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4.5. Principal Component Analysis (PCA) for Selecting Salt Tolerance Evaluation Indicators

Saline and alkaline stress can affect various indicators of plants. In previous studies, many
biochemical indicators (e.g., superoxide dismutase (SOD), chloroplast protein (CP12), glutathione
S-transferase (GST), peroxiredoxin, proline, etc.) and related genes were widely used to evaluate the
salt tolerance of plants [58–60]. However, the determination of biochemical indicators is costly and
complicated as they are usually non-intuitive. More intuitive indicators need to be selected and applied
for quick evaluation of the salt tolerance capacity of plants. Therefore, PCA was applied for selecting
the most reprehensive salt tolerance indicators from the multiple indicators tested in this study. It is
noteworthy that this study aimed to select salt tolerant plant species in CWs for saline and/or alkaline
wastewater treatment, therefore only the growth indicators during vegetative propagation and plant
growth stages were given priority to be used in the analysis.

Three principal components were selected for evaluating the salt tolerance capacity of wetland
plants (Table 1). The first principal component mainly consisted of Na+ content in underground tissue
and the length of new roots, which represent the root growth condition of plants under saline and
alkaline stress. This suggests that the above parameters of root growth (i.e., Na+ content in underground
tissue and the length of new roots) can be regarded as the primary indicators for evaluating salt
tolerance capacity of wetland plant species. Due to the direct contact with salt, the first organ to be
affected by saline and alkaline stress is underground tissue (i.e., root) [61]. The existing salt on the
outside of roots has an immediate effect on cell growth and associated metabolism [55]. Therefore,
wetland plant species which have better roots growth and less Na+ accumulation in underground tissue
can better resist saline and alkaline stress. The second principal component was mainly composed of
Na+ content in aerial tissue, Na+/K+ ratios in aerial tissue. Saline and alkaline stress can cause ionic
imbalance, large number of Na+ ions enter cell, resulting in ionic toxicity and nutrient deficiency [12].
Less Na+ accumulation and lower Na+/K+ ratios in aerial tissue can be beneficial for keep ionic balance
of plant [19]. Total dry biomass was mainly in the third principal component. Plant species with
greater biomass under saline and alkaline stress may have less damage and greater resistance to saline
and alkaline stress [62]. In summary, the length of new roots, the Na+ content of plant in aerial and
underground tissue, Na+/K+ ratios in aerial tissue and total dry biomass were selected as the most
representative indicators for salt tolerance capacity evaluation of wetland plant species.

Table 1. Principal component analysis (PCA) of plants indicators under saline and alkaline stress.

Principal Component

1st 2nd 3rd

Na+ content in underground tissue −0.887 0.054 −0.129
The length of new roots 0.800 −0.064 0.077
K+ content in aerial tissue 0.676 −0.354 0.476
Na+/K+ ratio in underground tissue −0.651 0.384 −0.436
Na+ content in aerial tissue −0.120 0.926 −0.015
Na+/K+ ratios in aerial tissue −0.436 0.827 −0.118
The number of new propagules −0.228 −0.729 0.468
Total dry biomass 0.184 −0.105 0.889
K+ content in underground tissue 0.186 −0.488 0.625
The chlorophyll content index in leaves 0.518 0.036 0.566
Contribution rate 48.86% 17.59% 10.35%
Cumulative contribution rate 48.86% 66.45% 76.80%

Bold numbers in table represent the main variables contained in each principal component.

5. Conclusions

In this study, the influences of saline and alkaline stress on the entire growth process of four
typical wetland plants used in CWs was evaluated. Saline and alkaline stress exhibited an adverse
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effect on the entire growth process of plants and the influence of saline-alkaline stress was more serious
than that of saline stress due to the detrimental effects of high pH. The degree of this influence on four
tested plant species is varied between species. For some indicators (e.g., germination, the number of
new propagules, the length of new roots and total dry biomass), the low and moderate saline and
alkaline stress can sometimes play a promotive role. Overall, A. tatarinowi and I. sibirica can effectively
resist saline and alkaline stress in this study.

In order to evaluate the salt tolerance of plant species comprehensively and intuitively, some
representative indicators need to be selected. According to the result of PCA, the length of new roots,
Na+ content in plant tissue, Na+/K+ ratios in aerial tissue and total dry biomass can be considered
the most representative indicators for evaluating the salt tolerance capacity of wetland plant species
during their vegetative propagation and mature plant growth stages.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/5/1913/s1,
Figure S1: Speed of germination of tested plants observed under different treatments (I, II: growth chamber;
III, IV: soil pots). The absence of column indicates no germination occurred in these treatments. Figure S2:
Na+ and K+ content (I, IV, II and V) and Na+/K+ ratios (III, VI) of wetland plant seedlings under saline and
alkaline stress. The absence of column indicates no seedlings growth data obtained in these treatments due to the
unsuccessful germination.
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