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Abstract:

Background:Ammonium (NH,") is an inorganic form of nitrogen that is necessary for the growth and
development of aquatic plants. However, NH," is toxic when its concentrations exceed plant requirement and
the extent of its toxicity is poorly understood.

Materials and Methods: This study sought to compare the responses of three macrophytes (Ceratophyllum
demersum, Vallisneria natans, and Potamogeton maackianus) to varying NH," concentrations with respect to
their varying growth forms, under four different Ammonium (NH,") concentrations (control — Omg/L, low —
0.1mg/L, medium — 15mg/L and high — 50mg/L). Ammonium stress was assessed using the parameters;
Chlorophyll a and b, Protein content, Chlorophyll fluorescence (Fv/Fm), Free amino acids (FAA), and Soluble
sugars.

Results: It was observed that FAA and Protein content increased significantly (P<0.05) with increased
Ammonium concentrations regardless of the species. However, both Chlorophyll content and Soluble sugars
exhibited a general decrease with increased NH,* concentrations, except for C. demersum in which the
Chlorophyll content increased. Generally, there were varied responses of macrophytes to elevated ammonium
concentrations aligned with growth forms, with the canopy-forming P. maackianus and rootless C. demersum
exhibiting significant tolerance while the rosette-forming V. natans was sensitive. This is attributed to
differences in their ability to intercept light whereby the rosette-forming V. natans is short and prone to low
light conditions which lead to insufficient carbohydrates production, a requirement to detoxify ammonium
toxicity.

Conclusion: In conclusion, P. maackianus and C. demersum may feasibly be preferred in the practical
restoration of shallow aquatic ecosystems experiencing high NH," toxicity.
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I.  Introduction

Macrophytes are large aquatic plants that are categorized into four primary life forms (emergent,
submerged, floating and free-floating) (Chambers et al. 2008)and are essential in aquatic ecosystems in
providing habitats for fish, aquatic invertebrates and birds (Dvoiaki et al. 1982, Martin and Valentine 2012).
Studying aquatic macrophytes is vital in understanding the ecological status of aquatic ecosystems, including the
characterization of water quality (Ghavzan et al. 2006). Therefore, macrophytes have increasingly attracted
research attention, specifically based on their ability to sequestrate many pollutants and provide aeration
services in contaminated water bodies (Boyd 1970). Unlike conventional clean-up techniques, macrophytes
perform natural phytoremediation processes within aquatic systems in a cost-effective and environmentally
sustainable manner (Shah et al. 2014). This is due to their fast growth which translates to huge biomass, the
capability to accumulate large amounts of diverse pollutants in nature, easier and rapid propagation, and
abundant root system that increases surface area for absorption of contaminants (Jahnke et al. 1991, Tripathi and
Shukla 1991).

Despite the important role played by macrophytes, they are declining globally due to exposure to high
eutrophication in aquatic systems. Eutrophication is largely attributed to the presence of excessive macro-
nutrients, primarily nitrogen and phosphorus (O'Hare et al. 2018), in water bodies.Nitrogen is a vital nutrient for
plant growth and yield (Miller and Cramer 2005), including the provision of building blocks for the synthesis of
biomolecules such as proteins and nucleic acids (Masclaux-Daubresse et al. 2010).In addition to being a
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nutrient, nitrogen is a systematic signal that regulates genome-wide gene expression in leaf expansion, root
morphology, seed dormancy, and floral induction (Hachiya and Sakakibara 2017). Nitrogen uptake by aquatic
flora is mainly through either inorganic (nitrate and ammonium) or organic (e.g., urea, amino acids, peptides)
forms (Miller and Cramer 2005, Liu and von Wiren 2017). As major components of nitrogen, Nitrate (NO3") and
Ammonium (NH,") are crucial for the growth and development of aquatic plants in freshwater ecosystems.
However, NH,"is the primary source of inorganic nitrogen for plants in most natural and agricultural ecosystems
(Song et al. 2017). The higher preference of NH," is attributed to its lower energy requirement during
assimilation as compared to the NO3'(Sun et al. 2014). Since NH," does not require reduction before uptake into
plant cells, its uptake by macrophytes is often higher as compared to NO3'(Brix et al. 2002, Tylova-Munzarova
et al. 2005, Fang et al. 2007).

However, despite ammonium being an important source of Nitrogen, a crucial component in plants
which apart from other roles encourages the uptake and utilization of other nutrients including K and P (Leghari
et al. 2016), it has diverse effects on plant functioning. Ammonium is beneficial to plants at lower to moderate
concentration since it promotes their growth and development (Li et al. 2007, Qin et al. 2013, Ellis et al. 2015,
Liu and von Wiren 2017). Consequently, NH," enrichment in an aquatic environment influences carbon and
nitrogen metabolism, especially in eutrophic conditions where carbohydrate production could be limited by low
irradiance (Cao et al. 2009, Apudo et al. 2016).However, at high concentrations, it becomes toxic by triggering
oxidative stress, causes internal carbon-nitrogen imbalance and inhibiting photosynthesis in aquatic plants
(Smolders et al. 2000, Britto and Kronzucker 2002, Cao et al. 2004, Li et al. 2007, Neuberg et al. 2010). A case
study on aquatic plant toxicology (Shengqi et al. 2012) illustrated that high ammonium causes plant stress,
resulting in decreased chlorophyll content and metabolites (soluble sugars and methane dicarboxylic aldehyde
(MDA)).

The phytoremediation potential of macrophyte species is majorly determined by the rate of ammonium
uptake and assimilation into the plant (Greenway 2003). Further, the rate of NH," uptake by plants is influenced
by the plant type, age, as younger plants have been found to contain more nitrogen content (Kinidi and Salleh
2017). Notwithstanding, external factors such as salinity and temperature influence the performance of NH,"
uptake by plants. For instance, it was reported that macrophytes show neither growth nor pollutant removal
(including NH,") at temperatures below 10°C (Shah et al. 2015). However, the temperatures between 15°C and
38°C were found to exhibit high macrophytes’ growth and therefore reported the most suitable for the treatment
of municipal wastewater. Although plants are generally affected by ammonium stress, previous studies report
that the degree of stress varies with some species exhibiting tolerance while others display great sensitivity to
ammonium (Marino and Moran 2019). For instance, the species P. lucens and V. natans (Wang et al. 2008, Zhu
et al. 2014) exhibit sensitivity to high ammonium concentrations while Myriophylum spicatum and C. demersum
are reported to exhibit some tolerance (Xian et al. 2020).

Increased NH," concentration in water bodies has led to the degradation of water quality, lowered the
ecological integrity of most aquatic systems (Cadmus et al. 2016) and contributed to the decline of submerged
macrophytes within eutrophic lakes globally (Britto and Kronzucker 2002, Cao et al. 2007). Since most urban
wastewater contains high concentrations of nutrients, primarily Nitrogen and Phosphorus, ammonium-tolerant
macrophytes could be used as a natural treatment through incorporation into wetland restoration designs (Shah
et al. 2014). Therefore, to conclusively understand the potential of macrophytes in phytoremediation,
investigation of more physiological responses to aquatic pollutants is crucial to inform wetland restoration
programs. The present study compared the responses of three macrophytes to varying NH," concentrations with
respect to their varying growth forms, seeking to test the hypothesis that the canopy-forming and rootless forms
exhibit tolerance to high ammonium concentrations than rosette-forming species.

Il. Material and Methods

Plant materials: This study treated three macrophytes; P. maackianus, V. natans, and C. demersum (Fig. 1) to
four different ammonium concentrations to test their response and tolerance capability. The three species were
selected for experimental design because of their diverse distribution in mesotrophic and eutrophic lakes around
the world, their varied life forms (C. demersum — rootless, V. natans — rosette type and P. maackianus — canopy-
forming) and their perceived capacity for ecological restoration of degraded lakes (Liu et al. 2019). The plant
materials were collected from Lake Erhai Yunnan-Guizhou, China. Lake Erhai is a eutrophic subtropical plateau
lake (Location: 25°36'-25°58'N, 100°06'-100°18'E) with a surface area of 249.76 km2, an elevation of 1974 m,
maximum depth of 20.7 m and a mean depth of 10.5 m (Wang et al. 2015; Lin et al. 2016).
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Ceratophyllum demersum Vallisneria natans Potamogeton maackianus
Fig. 1 Images of the three macrophyte species used in this study.

Experimental design:The plants collected from Erhai Lake were rinsed and acclimatized in distilled water for
24 hours. Later, 10 g of healthy plants were cultured in 1.25 L with different ammonium treatments (0 mg/L, 0.1
mg/L, 15 mg/L and 50 mg/L), with each treatment replicated five times for each species. In the treatments, the
plants were cultured in Hoagland solution. The total sixty (60) pots (1.25 L) were kept in a growth cabinet in a
control room at day/night temperatures of 20°C/15°C and illuminated with fluorescence tubes on a 14-hr
light/10-hr dark photo-period. Several parameters (Free Amino Acids - FAA, Chlorophyll fluorescence - Fv/Fm,
Protein Content, Soluble sugars, Chlorophyll a and b, Total Nitrogen (TN), and Ammonia) were determined in
the lab from plants that were obtained randomly from each culture pots. Environmental indices: temperature,
atmospheric pressure (AP), total dissolved solids (TDS), pH, salinity and dissolved oxygen (DO) in the culture
pots were measured using Y Sl professional plus hand-held multi-parameter meter (Table 1).

Table 1Physico-chemical conditions in the treatment containers

Treatments  Temp. AP DO C TDS PH Salinity
Tanks ID 9 mmHg mgL* uscm™ mgL* (ppt)

TO 26.7£0.6 615.2+0.08 6.0+0.4 316.2+8.9 175.4+11.0 7.8+0.96 0.15+0.004
TO0.1 27.5+0.6 616.6+0.68 5.5+0.6 293.3£16.1 189.3£11.8 7.9+1.08 0.14+0.009
T15 27.7x0.5 615.1+0.06 6.9£0.5 392.04+34.9 203.3+25.2 7.8+£0.81 0.18+0.02
T50 27.4+0.7 615.5+0.11 6.5+0.6 788.6+21.3 124.8+36.9 7.5+0.53 0.37+0.007

Note. TO, T0.1, T15, T50 represents ammonium concentration at 0 mg/L, 0.1 mg/L, 15 mg/L, and 50 mg/L respectively. AP, atmospheric
pressure; DO, dissolved oxygen; C, conductivity; TDS, total dissolved solids

Measurement of Chlorophyll a and b and chlorophyll fluorescence (Fv/Fm): After ammonium
dosing experiments, 0.1 g fresh weight of the plantlets was homogenized in 3 ml of 90% Ethanol for
approximately 24 hrs in the dark to extract photosynthetic pigments. Chlorophyll a and b concentrations were
determined by spectrophotometer (722 Vis Spectrophotometer, JINGHUA, Shanghai, China) at 470nm, 649nm
and 665nm absorbance and calculated according to (Wellburn and Lichtenthaler 1984). Chlorophyll
fluorescence is mostly used as an indicator of the maximum quantum yield of photosystem Il (PSII)
photochemistry. After each day of exposure to the four ammonium concentrations and before the measurement
of chlorophyll fluorescence, plants were selected randomly from growth containers and subjected to 15 minutes
of dark adaptation phase. The photosynthetic performance was determined by measuring the chlorophyll
fluorescence variable using pulse-modulated fluorometer PAM 2100 (Walz, Germany) machine according to the
method ofHuang et al. (2017).

Measurement of Protein content, Soluble sugars and Free Amino Acids: Plant material (0.5 g)
were used to extract soluble protein as described by Sarasketa et al. (2016). Quantification was done using a
Bradford-base dye-binding assay (Bio-Rad, Hercules, CA, USA) with bovine serum albumin as standard.
Finally, a spectrometer was used to determine the protein contents in the sample through color quantification as
an absorbance reading in spectrometry. Frozen leaves (0.5 g) were homogenized in 10 ml of 90% ethanol and
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kept in an incubator (24°C) for 1 hr. The homogenates were re-extracted until clear and the supernatants used in
the determination of soluble sugars using the phenol-sulfuric method (Dubois et al. 1951; Nielsen 2010). FAA
were determined by the rapid colorimetry method using approximately 0.5 g of fresh weight leaves, as described
by Bates et al. (1973).

Measurement of Total Nitrogen (TN) and Ammonium (NH,"): The TN was determined
spectrophotometrically after digestion with K,S,0g solution as described by (Huang et al. 2017). Ammonium
was determined with Nessler’s reagent calorimetrically by a method of 1SO7150-1 (1984).

Statistical analysis: IBM SPSS software version 20 (IBM-Corporation 2011) was used for statistical
analyses, with all data undergoing normality and homogeneity tests before the analyses. One-way and two-way
ANOVA with Tukey Honest Significant Differences (HSD) tests were used to analyze the effects of increasing
ammonium concentration on the physiological indexes (Chlorophyll a and b, free amino acids (FAA), soluble
sugars, protein content and chlorophyll fluorescence (Fv/Fm)). Further, one-way ANOVA was performed to
examine the variation in the Physico-chemical conditions in the culture flasks. The Statistical significance level
was set at p<0.05. Post Hoc tests were run as a mean separation procedure.

I11. Resultand discussion
Effects of ammonium concentration on Chlorophyll content and Soluble sugars

Several studies have evaluated the ammonium toxicity levels and their effects on the survival of
macrophyte species. Though, the general understanding is that ammonium is only detrimental to plants at high
levels, the ultimate effects depend on plant specificity and uniqueness of the prevailing conditions. In the
present study, plant species and ammonium dosing concentrations had influence on the response of all species
(Table 2), with evident significant effects on total chlorophyll a and b, Fv/Fm and Soluble sugars parameters.
Previous observations have reported stress in aquatic macrophytes like Myriophyllum and Egeria densa(Wang et
al. 2008; Saunkaew et al. 2011; Shengqi et al. 2012) with increased ammonium concentrations, tampering with
total chlorophyll contents and as a result deterring the process of photosynthesis. Our results exhibit similarity in
which remarkable variation of total chlorophyll concentrations amongst the three aquatic macrophytes was
observed. For V. natans and P. maackianus, the chlorophyll concentration decreased significantly (p<0.05)
when subjected to increased levels of ammonium concentrations (15 mg/L and 50 mg/L) in the water column,
although the general chlorophyll content for P. maackianuswas higher than the other species. Contrary, though
there were significant differences (P<0.05) at CkO, 0 mg/L and 0.1 mg/L of ammonium concentrations
conditions for C. demersum, increased levels of ammonium concentrations in the water column led to a decrease
of total chlorophyll content from 0 mg/L to 0.1 mg/L after which the content began to increase (Fig. 2A).
Further, V. natans exhibited much decrease than the other two species, supporting its perceived sensitivity to
ammonium in previous studies (Wang et al. 2008; Zhu et al. 2014; Yu et al. 2018). Therefore, with chlorophyll
content parameter in this study being used as a primary determinant of ammonium tolerance, our hypothesis that
the canopy-forming and rootless macrophytes are more tolerant than rosette-forming with respect to ammonium
stress is confirmed.

A similar decreasing trend was observed for the Soluble sugars at ammonium concentrations>15 mg/L
in all species (Fig. 2C), an expected result due to excessive use of carbohydrates to provide energy for
detoxification reaction. This decrease in soluble sugars has been reported previously (Cao et al. 2004; Cao et al.
2011; Apudo et al. 2016) and has been attributed to the surplus enrichment of ammonium in the water column
which in turn affects the C-N metabolism of submerged macrophytes. Although the decrease of soluble sugars is
a negative impact, it’s an expected result since the sugars are utilized in the detoxification process of the
ammonium accumulation in the plant leaf cells (Yu et al. 2018). The detoxification process is important to
counter the obstructive effects of ammonium on respiration and photo-phosphorylation (Vines and Wedding
1960; Tobin and Yamaya 2001).

Table 2Two-way ANOVA results for the effects of ammonium concentrations on Chlorophyll a and b, Soluble
sugars, FAA, Protein content and Fv/Fm for the three macrophytes

Dependent variables

Species Ammonium concentration

Chlorophyll a and b 16.21%** 4.80**
Cd Vn Pm 0 0.1 15 50
a a b b b a a
Species*ammonium concentration 1.95™

Free amino acids 3.02* 3.26*
Cd Vn Pm 0 0.1 15 50
a b a a a b b
Species *ammonium concentration 0.174"

Fv/IFm 6.51***
Cd A Pm 0 0.1 15 50
b a a a a b b
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Species*ammonium concentration 2.73*

Soluble sugars 26.34%** 4.34**
Cd Vn Pm 0 0.1 15 50
b a a c ab ab a
Species*ammonium concentration 1.96™

Protein content 6.722** 5.02**
Cd Vn Pm 0 0.1 15 50
ab b a c ab ab a

Species*ammonium concentration 0.309™

Note. Statistical significance indicated through asterisk (s): *P<0.05, **P<0.01, ***P<0.001, ™ P>0.05. a, b, ¢ indicates Turkey HSD groups.
Cd —Ceratophyllum demersum, Vn- Vallisneria natans, Pm- Potamogeton maackianus

Effect of ammonium concentration on FAA and Protein content

Aquatic macrophytes have been found to accumulate FAA rapidly with the increasing NH,"
concentration levels within the external water column (Cao et al. 2007; Xu et al. 2012). Similar observations
were made in the present study in which FAA and Protein content parameters increased significantly (P<0.05)
at ammonium concentrations of 15 mg/L and 50 mg/L regardless of the species (Fig. 2B & D). However, for V.
natans, the levels of FAA under different Ammonium concentrations were lower compared to C. demersum and
P. maackianus, a demonstration of its varied response. Interestingly, this is a positive observation in
phytoremediation since the free amino acids are known to contribute to osmotic adjustment, detoxification of
reactive oxygen species and protection of membrane integrity (Sharma and Dietz 2006; Pisani et al. 2007).
Further, since the accumulation of free amino acids deters protein denaturation, prevents water loss by
sustaining cell turgor and maintains membrane integrity of aquatic macrophytes plant tissue (Kim et al. 2004;
Neuberg et al. 2010), the three species studied here have the potential for use in the ecological restoration of
polluted wetlands. Several studies have confirmed that proteins induce resistance to heavy metals by the
formation of free radicals in metabolic reactions and their oxidative stress, hence protecting labile
macromolecules against attack (Patra et al. 2001; Mishra et al. 2006). However, ammonium pollution has been
reported to induce significant increase of protein accumulation in aquatic macrophytes such as V. natans (Wang
et al. 2010; Zhu et al. 2016). Our study reports consistent results in which there was an increased proteins
content in the three investigated macrophytes, suggesting the plants were experiencing stress at increased
ammonium concentration.
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Fig. 2 Bar plots showing the effect of varying ammonium concentrations on the physiological parameters;
chlorophyll a and b, FAA, soluble sugars and protein content in C. demersum (Cd), V. natans (Vn), and P.
maackianus (Pm). The values represent means of five replicates + SD. Bars with different letters are
significantly different at P<0.05.
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Effect of ammonium concentrations on Chlorophyll fluorescence

The species-specific responses to water column on different ammonium concentrations and their effects
on photosynthetic performance were tested and the results presented in Fig. 3. High NH," concentrations on
sediments and within the water column impose some undesirable effects on submerged macrophytes, including;
photosynthesis inhibition, triggered oxidative stress and internal carbon-nitrogen imbalance (Smolders et al.
2000; Cao et al. 2004; Li et al. 2007; Neuberg et al. 2010). Chlorophyll fluorescence (Fv/Fm) is one of the
photosynthesis-related parameter that has been previously used to investigate abiotic and biotic stress of aquatic
macrophytes in aquatic ecosystem (Apudo et al. 2016). Our results show that the species V. natans exhibited the
highest significant decrease in Fv/Fm with increased ammonium concentration within the water column, P.
maackianus slightly significant while C. demersum didn’t exhibit any significant decrease. Further, the Pulse
Amplitude Modulated (PAM) test indicated a significant decrease of maximum quantum yield of PS11 in V.
natans, and P. maackianus at increased ammonium concentrations within the water column. Since Fv/Fm is a
useful determinant in the demonstration of photosynthetic capacity of macrophytes, it can be used to assess the
level of damage caused by pollutants and environmental stress (Juneau and Popovic 1999; Marwood et al.
2001). Noteworthy, the rootless form (C. demersum) didn’t exhibit any significant change in chlorophyll
fluorescence, thus concluding on its tolerance nature to ammonium stress.
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Fig. 3 Box plots showing the effect of ammonium concentrations on chlorophyll fluorescence (Fv/Fm) in C.
demersum, V. natans, and P. maackianus.

Effect of the Species on the Ammonium and Total Nitrogen in the water

After ammonium treatments, the amount of TN and NH," was obtained from pooled samples of the
three plants from each replicate. It was observed that TN and NH," increased with an increase in the ammonium
dosing in the experiment, with marked changes in the NH," and TN at 0 mg/L, 0.1 mg/L, 15 mg/L and 50 mg/L
Ammonium concentrations (Fig. 4).

DOI: 10.9790/2402-1408034755 www.iosrjournals.org 52 | Page



Comparative analysis of the response of three macrophytes under different ..

501 507
O Conc.
T o 0.1 Conc.
404 M O Conce. 40 = . 5 (:me_
0.1 Conc. 50 Cone
315 Conc.
150 Cone. —
—~ 301 a3 304
= 0 .
50 - 5
: 2
£ . 204 20
s .20
104 104
0 H i - |j 0 - T i l:lli
Cd Vn Pm Cd Vn Pm
Species Species

Fig. 4 The changes in the concentration of Total nitrogen (TN) and Ammonium (NH,") in the water column
after ammonium treatment. The data represent means+ SE (n=4). Cd — C. demersum, Vn — V. natansand Pm —
P. maackianus.

In summary, there were varied responses of macrophytes to elevated ammonium concentrations with
significant relation to growth forms. In congruence to Yu et al. (2018) observation, the varied responses
exhibited by the canopy-forming P. maackianus, rootless C. demersum and rosette-forming V. natans are
attributed to differences in their ability to intercept light. For instance, the rosette-forming V. natansis short and
prone to low light conditions thereby experiencing insufficient carbohydrates production which is required to
detoxify ammonium toxicity (Yu et al. 2018). On the other hand, the rootless and the canopy-forming
macrophytes reach water surfaces where they access relatively sufficient light for carbohydrates production,
hence are able to avoid NH," toxicity within water columns (Azkan et al. 2010; Olsen et al. 2015). However,
despite the tolerance ability of C. demersum and P. maackianus towards ammonium toxicity, their growth is
normally inhibited by eutrophication since its composed of diverse pollutants (Qiu et al. 2001).

IV. Conclusion

This study provides valuable insights into potential methods of aquatic ecosystem restoration following
water degradation caused by high ammonium concentrations. Here, we demonstrate that growth form is an
important parameter that macrophytes use to circumvent the negative effects of high ammonium contents within
the water column. The three macrophytes C. demersum, V. natans, and P. maackianus responded differently to
NH," toxicity based on growth forms. In congruence to previous studies, our study reports C. demersum and P.
maackianus to exhibit more tolerant to high ammonium concentrations while V. natans was sensitive to high
ammonium concentration treatments, agreeing with our hypothesis. Therefore, the canopy-forming P.
maackianus and rootless C. demersum species may feasibly be preferred in the practical restoration of shallow
aquatic ecosystems experiencing high NH," toxicity. However, the canopy-forming species are limited in that
they may alter biochemical processes by blocking light penetration, limiting gas exchange, and consequently
affecting oxygen concentrations in aquatic ecosystems. In light of this, there is a need to give preference to the
rootless species in studies involving phytoremediation.
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