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Abstract

This study assesses the growth and morphological responses, nitrogen uptake and nutrient

allocation in four aquatic macrophytes when supplied with different inorganic nitrogen

treatments 1) NH4
+, 2) NO3

-, or 3) both NH4
+ and NO3

- . Two free-floating species

(Salvinia cucullata Roxb. ex Bory and Ipomoea aquatica Forssk.) and two emergent

species (Cyperus involucratus Rottb. and Vetiveria zizanioides (L.) Nash ex Small) were

grown with the different N treatments in equimolar concentrations (500 μM). Overall, the

plants responded well to NH4
+. Growth was highest in S. cucullata (0.12±0.003 d-1)

followed by I. aquatica (0.035±0.002 d-1), C. involucratus (0.03±0.002 d-1) and V.

zizanioides (0.02±0.003 d-1). The NH4
+ uptake rate was significantly higher than the NO3

-

uptake rate. Free-floating species had a higher nitrogen uptake rate than emergent ones.

Our results show that N-uptake rate depends on plant species and its corresponding

growth rate, most clearly demonstrated in S. cucullata which had the highest growth rate

and also a high uptake rate. All species had a high NO3
- uptake rate when the plants were

supplied with only NO3
-. It seems that the NO3

- transporters in the plasma membrane of

the root cell and nitrate reductase activity (NRA) were induced by external NO3
-.

Analysis of mineral contents in the plant tissue of each species varied depending on the N

treatment between leaves and roots, and the specific mineral tested. The results of growth

and N-uptake of the four species in this study suggest that S. cucullata and I. aquatica,

which are free-floating macrophytes, can be used to remove N from domestic or

agricultural wastewater. Additionally, biomass rich in N is generated making it a good

post-harvest fertilizer or animal feed.

Key Words: constructed wetland, Cyperus involucratus, Ipomoea. aquatica, N-uptake,

Salvinia cucullata, Vetiveria zizanioides
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1. Introduction

The capacity of aquatic macrophytes to remove and assimilate excess nutrients in

constructed wetlands (CWs) has resulted in the use of CWs for treating a variety of

wastewater types. Ammonium (NH4
+) and nitrate (NO3

-) are major forms of inorganic

nitrogen found in wastewater runoff from households and farmlands that degrade the

water quality. Plants have an important role in CWs for removing nutrients. The ability to

take up nitrogen, a vital nutrient for plant growth, is different among plant species. Free-

floating macrophytes directly obtain nitrogen and other nutrients through their roots from

the water column. Many species of these plants such as Eichornia crassipes, Pistia

stratiotes, Lemna spp., Salvinia spp. etc. have been used in free water surface systems. In

contrast, subsurface flow system and vertical flow system are dominated by emergent

macrophytes, which obtain nutrients from sediment via roots (Brix and Schierup, 1989;

Ran et al., 2004; Iamchaturapatr et al., 2007; Kantawanichkul et al., 2009).

Plant selection for water treatment is an equally important component of CW system

design, especially selecting suitable plants for different types of wastewater. Various

nitrogen forms have different effects on growth and nitrogen uptake of plants, but few

studies have been conducted. Several studies have shown that aquatic macrophytes grow

well in the water column or sediment where NH4
+ is the main nitrogen source probably

because less energy is needed for NH4
+ uptake and assimilation (Room and Thomas,

1986; Petrucio and Esteves, 2000; Fang et al., 2007; Jampeetong and Brix, 2009a;

Konnerup and Brix, 2010). The ecophysiology of tropical aquatic macrophyte is not well

understood. However, many tropical plants have been used in water treatment (Boonsong

and Chansiri, 2008; Kantawanichkul et al., 2009; Konnerup et al., 2009). The potential of
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the aquatic macrophytes to grow and take up nitrogen in tropical climates has not been

intensively studied, but it is an important criterion used in plant selection for tropical

CWs.

Salvinia cucullata and Ipomoea aquatica are free-floating macrophytes. Many species of

Salvinia have a high growth rate and high dispersal rate and have consequently been

distributed around the world. A study by Jampeetong and Brix (2009a) showed that

Salvinia natans has an increased growth rate when plants are supplied with NH4
+. This

species grows well in the water column with an NH4
+ concentration up to 5 mM, which is

approximately the level commonly found in domestic wastewater (Jampeetong and Brix,

2009b). Similarly, I. aquatica can be found in water bodies with high N and P

concentrations. The evidences showed that I. aquatica can remove nutrients and also

some heavy metals in the water treatment systems (Göthberg et al., 2002; Lin et al., 2002;

Li et al. 2007; Weerasinghe et al., 2008). Moreover, this species is an edible plant, so

after harvesting it can be used to feed animals because of its high total N and crude

protein (Somkol, 2009). However, the responses of S. cucullata and I. aquatica to various

forms of N are unknown. Emergent macrophytes like Cyperus involucratus and Vetiveria

zizanioides have been used in tropical CWs (Kantawanichkul et al., 2009; Xiao et al.,

2009). Cyperus involucratus has been used in tropical CWs because of its ability to grow

in eutrophic conditions. Vetiveria. zizanioides has been used for protecting against soil

erosion and also in water treatment systems in Southeast Asia, because it is tolerant to

various conditions and can be harvested and used for many proposes. However,

information concerning nitrogen uptake and mineral allocation of these species is limited.
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Here, we assess the growth and morphological responses of four selected tropical aquatic

macrophytes to different forms of inorganic nitrogen. We also evaluate nitrogen uptake

and nutrient allocation in the plant tissue when the plants are supplied with NH4
+, NO3

-,

and combined NH4NO3 treatment. The results from this study will be useful when

selecting aquatic macrophytes to be used in tropical constructed wetlands.

2. Materials and Methods

2.1 Plant materials and growth conditions

Plants with similar weights and/or height (depending on the species) (Salvinia cucullata

Roxb. ex Bory, Ipomoea aquatica Forssk., Cyperus involucratus Rottb. and Vetiveria

zizanioides (L.) Nash ex Small) were selected and cultivated in hydroponic culture in the

greenhouse at the Department of Biology, Faculty of Science, Chiang Mai University,

Thailand at a temperature range of 32–35 °C during the day and 22–25 °C at night. The

light regime was approximately 80% of full sun and the light:dark cycle was 14:10 h. The

growth medium was a full-strength standard nitrogen-free nutrient solution (Smart and

Barko, 1985) to which a commercial N and P free nutrient solution for aquarium plants

(Tropica Master Grow, Tropica Aquacare, Aarhus, Denmark) was added until the

following concentrations were reached (μM): K+ 21, Mg2+ 16.7, S2- 32.8, B3+ 0.4, Cu2+

0.1, Fe2+ 1.3, Mn2+ 0.8, Mo 0.02 and Zn2+ 0.03. Phosphorus was added in the form of

KH2PO4 (100 μM). The pH of the growth medium was adjusted to 7.0.

Nitrogen was applied as NH4
+ and/or NO3

- in equimolar concentrations (500 μM) to

create the following three treatments: (i) 500 μM NH4
+ (ii) 500 μM NO3

-, and (iii) 250

μM NH4NO3. Ten replicates of I. aquatica, C. involucratus and V. zizanioides and five

replicates of S. cucullata were used for each treatment. The initial fresh weights of all

experimental plants were measured and the fresh and dry weights of ten uniform sized
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plants were measured to estimate dry weight and fresh weight ratio. Fronds from Salvinia

stock cultures (approximately 2 g) and I. aquatica (approximately 10 g and 30 cm tall)

were placed in 5-L containers and C. involucratus (approximately 7 g and 15 cm tall) and

V. zizanioides (approximately 6 g and 20 cm tall) were placed in 1-L containers. All

treatments were arranged in a randomized complete block design in the greenhouse. In

order to avoid depletion of nutrients the growth medium was replaced every two days.

2.2 Growth study

After four weeks for I. aquatica and S. cucullata and six weeks for C. involucratus and V.

zizanioides, all plants were harvested, cleaned, and their morphological characteristics

recorded. Plants were then separated into shoots and roots, freeze dried and weighed. The

relative growth rate (d-1) for each treatment was calculated using the formula: RGR =

lnW2-lnW1/ (t2-t1), where W1 and W2 are the initial and final dry weights (g), and t1 and t2

are initial and final time (days).

2.3 N uptake rate

After growth experiment, both the NO3
- and NH4

+ uptake rates were determined. Plants of

uniform size (n=4) from each treatment were pre-incubated for 18 h in a container with a

N-free growth medium for NH4
+ and NO3

- under the same conditions as the growth study.

After pre-incubation, I. aquatica, C. involucratus, and V. zizanioides were placed in 240

ml vessels with 500 μM NO3
- or NH4

+, S. cucullata was placed in a 300 ml beaker. NO3
-

and NH4
+ uptake was estimated based on N depletion (Konnerup and Brix, 2010). The

NH4
+ concentration in all samples was analysed using a modified salicylate method

(Quikchem Method no. 10-107-06-3-B; Lachat Instruments, Milwaukee, WI, USA). The

NO3
- concentration was analysed from the absorbance at 202 nm and 250 nm
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(Cedergreen and Madsen, 2003). After the uptake experiment (6 hours), all plants were

separated into shoots and roots, freeze dried and weighed. The N uptake rate was

calculated from a depletion curve with linear regression analyses and related to volume

and root dry weight (DW).

2.4 Chlorophyll content

The contents of Chl a, Chl b and total Chl a+b in the leaves of each plants were analysed

according to Lichtenthaler (1987). Freeze dried leaves from each plant were cut into

small pieces and weighed into 5–10 mg samples. Pigments were extracted with 8 ml of

96% ethanol in the dark at room temperature. After 24 hours, the absorbance of the

extracts was measured at 648.6 nm and 664.2 nm using a UV-VIS spectrophotometer

(Lambda 25 version 2.85.04, USA).

2.5 Mineral elements

The concentration of total N, phosphorus (P), potassium (K), calcium (Ca) and

magnesium (Mg) in the plant tissue was analysed in subsamples (150–180 mg) of finely

ground freeze dried plant material. The samples were digested by mixing with 7 ml of an

acid solution (concentrate H2SO4 1 L., K2SO4 100 g and selenium 1 g) at a temperature

range of 100–330 °C. Total N was analysed by the Kjeldahl method (Hanlon et al. 1994)

and the concentrations of P, K, Ca and Mg were analyzed according to Chapman and

Pratt (1978).

2.6 Statistics

All statistics were carried out using the software Statgraphics Plus ver. 4.1 (Manugistics,

Inc., MD, USA). Data were tested for normal distribution and homogeneity of variance
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using Cochran’s C-test. If necessary, data were log-transformed to ensure homogeneity of

variance. The data was tested by both one way and two-way analysis of variance

(ANOVA). Differences between treatments were identified by the Tukey HSD’s test at a

5% significance level.

3. Results

3.1 Growth study

The relative growth rate (RGR) of plants varied between species and was affected by N-

source (Fig. 1a, Table 1). On average, Salvinia cucullata had a relative growth rate

(0.12±0.003 d-1) that was 4, 4 and 7 times higher than the RGR of Ipomoea aquatica,

Cyperus involucratus and Vetiveria zizanioides, respectively. Increase in RGR when

supplied with NH4
+ was found in both C. involucratus and V. zizanioides (Fig. 1a). There

were 43% and 82% increases in the RGRs of NH4
+ fed plants compared to NO3

- fed

plants in C. involucratus and V. zizanioides, respectively.

3.2 Morphological characteristics

Both root length and root number was affected by plant species and N source and a

significant interaction was observed (Table 1, Fig. 1b,1c).  The longest roots were found

in V. zizanioides, followed by C. involucratus, I. aquatica and S. cucullata, (Fig.1b). New

shoot production was different among plant species and was independent of N source.

The data show that I. aquatica and C. involucratus produced new shoots faster than V.

zizanioides.

3.3 Chlorophyll content
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Both plant species and N source interactively affected Chl a, Chl b and total Chl a+b

(Table 1). Average chlorophyll content was highest in I. aquatica, followed by S.

cucullata, C. involucratus and V. zizanioides (Table 2). It was obvious that the

chlorophyll contents of plants fed on NH4
+ was significantly greater than for plants

supplied with NO3
-, except I. aquatica that the chlorophyll contents was high in NH4NO3

treatment.

3.4 N- uptake

Nitrogen uptake differed among plant species.  Generally, all species had higher uptake

rates for NH4
+ than for NO3

- (Fig.1d, 1e). Salvinia cucullata had the highest rates of both

NH4
+ and NO3

- uptake and significantly differed from other species. The NO3
- uptake

was affected by both plant species and N-source and a significant interaction was

observed (Table 1). For all species, the NO3
- uptake rate was high in plants supplied with

only NO3
- either by itself or in the combined NH4NO3 treatment.

3.5 Mineral elements

Most mineral contents (N, P, Ca, K, Mg) both in leaves and roots differed among the four

investigated species (Fig. 2). The concentration of N and P in leaves and K content in

roots were significantly affected by both plant species and N-source and a significant

interaction was observed (Table 1). The lowest mineral contents was found in V.

zizanioides; both in its leaves and in its roots. The N concentration of each species was

higher in the leaves than in the roots. In S. cucullata’ s leaves the N concentration was

high in both NH4
+ and NH4NO3 fed plants and it was significantly different from NO3

-

fed plants, whereas the N concentration in the roots of S. cucullata was significantly high

only in the NH4
+ treatment. The P concentration in the leaves of S. cucullata were
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significantly lower in NO3
- fed plants than in NH4

+ fed plants. The P content in the roots

of C. involucratus was high in NO3
- fed plants and it was significantly different from

other treatments. Other cation minerals were only slightly affected by N sources in all

four species investigated. In C. involucratus fed with NO3
- we found increased Mg

concentration in its leaves. We also found a high concentration of Ca in the leaves of V.

zizanioides grown on NO3
-. I. aquatica fed with NH4

+ had high concentrations of Ca in

their leaves, which were significantly different from the plants fed with either NO3
- or

NH4NO3.

4. Discussion

The relative growth rate (RGR) of free-floating plants was higher than emergent plants.

In nature, free-floating plants obtain nutrients from the water column through its roots.

Some species can also absorb nutrients through the underside of their leaves (Cedergreen

and Madsen, 2002; Fang et al., 2007). In S. cucullata, most mature leaves were raised up

above the water surface, so nutrient uptake via leaves of this species is small compared to

root absorption. Generally, Salvinia spp. has both a high growth rate (0.1–0.4 d-1) and a

high dispersal rate (double its mats in 2–4 days) compared to other aquatic plants

(McFarland et al., 2004). The present study showed growth of S. cucullata ranged from

0.12–0.13 d-1 and RGR was unaffected by the N source, unlike S. natans and S. molesta

which had a higher growth rate when NH4
+ was the main N source (Jampeetong and Brix,

2009a; McFarland et al., 2004). Its high growth rate makes Salvinia cucullata good

candidate for treating various types of nitrogen rich wastewaters like other species of

Salvinia (Olguin et al., 2003; Henry-Silva and Camargo, 2006; Eugenia et al., 2007).

Nitrogen preferences of aquatic macrophytes are still not well documented. In this study,

most species tended to respond better to NH4
+ compared to NO3

-, especially C.
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involucratus and V. Zizanioides, which had an increased RGR when grown with NH4
+.

Similar to the study by Tylova-Munzarova et al. (2005), Glyceria maxima had an

increased growth rate when supplied with NH4
+. There are many aquatic species that

prefer NH4
+ as a main N-source, possibly because of the low energy used for its uptake

and assimilation (Miller and Cramer, 2005; Fang et al., 2007; Jampeetong and Brix,

2009a; Konnerup and Brix, 2010). The study of Sorrell and Orr (1993) showed that C.

involucratus had a high H+ exchange rate and a high N-uptake rate when NH4
+ was a

nitrogen source. This result is found in other plants including Carex rostrata, Typha

latifolia and Phragmites australis (Conlin and Crowder, 1989). Vetiveria zizanioides also

responded to NH4
+ better than NO3

-. This plant has a deep root system with dense lateral

roots, but a low growth rate and low N-uptake rate compared to other species in this

study. Thus, it is suggested that this species is more suitable for soil stabilization than for

N removal in wastewater treatment systems.

The free-floating macrophytes had a higher N-uptake rate than the rates found in

emergent macrophytes. The N-uptake rate depends on plant species and its growth rate.

Salvinia cucullata had a very high growth rate, so the plant probably increases its demand

for N by increasing the capacity of N-uptake. Salvinia cucullata had the highest uptake

rate for both NH4
+ and NO3

-. The average rate was 640.0±161 μmol NH4
+ g-1 root DW h-1

and was similar to S. natans, which had an average uptake rate of 679±97 μmol NH4
+ g-1

root DW h-1 (Jampeetong and Brix, 2009a). The N uptake capacity of the emergent

macrophytes is low even though the plants have either more roots or greater root length

than free-floating macrophytes. Roots are important for nutrient uptake in emergent

macrophytes, in which the uptake rate can be low or non existent in old roots which have

thick epidermal and hypodermal lignification, and suberization (Sorrell et al., 1993). In
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contrast to Salvinia roots which have less or no lignified epidermis and a hypodermis that

can absorb nutrients directly from the water column through all part of the roots

(Jampeetong and Brix, 2009c). Besides plant species and growth rate affecting N uptake,

external N supplies can also influence NO3
- uptake. Most species significantly increased

NO3
- uptake rate when external NO3

- was present, similar to other studies (Crawford et

al., 1986; Gojon et al., 1994; Cedergreen and Madsen, 2002; Jampeetong and Brix,

2009a; Konnerup and Brix, 2010). Several studies indicated that NO3
- transporters in the

plasma membrane of the root cells and nitrate reductase were induced by external NO3
- to

different degrees, depending on plant species. High nitrate reductase activity was found

in roots of most free floating species (Cedergreen and Madsen, 2003). In contrast, the

NRA in emergent macrophytes was higher in the leaves than in the roots (Munzarova et

al., 2006). A study by Konnerup and Brix (2010) showed that Canna indica had high

NRA in the leaves and NO3
- uptake was not significantly affected by the type of N-

source. This data suggests that NO3
- reduction and assimilation occurs in the leaves

because of the energetic advantage of reducing NO3
- in photosynthetic tissue.

Concentration of mineral cations (K+, Ca2+ , Mg2+) were generally low in the plants fed

with NH4
+ (Tylova- Munzarova et al., 2005; Dan and Brix, 2009). Salvinia natans had

low mineral cation concentrations in plant tissue, especially in the roots when the plants

were grown on a NH4
+ culture. (Jampeetong and Brix, 2009a). However, the present

study showed that the N- source only slightly affects mineral concentration in the plant

tissue of most plant species. Similar results were found for Canna indica and Sesbania

sesban which have been used in tropical CWs, and had a small changes in mineral

concentration in plant tissue when the plants were supplied with different N-sources (Dan

and Brix, 2009; Konnerup and Brix, 2010). Because of high mineral and protein contents
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as well as a fast growth rate, S. cucullata and I. aquatica are ideal for use as feed crops

for animals or fertilizers (Leterme et al., 2009; Somlol, 2009)

In conclusion, the growth of four aquatic macrophytes is different among species and

some species are affected by different N-sources. S. cucullata had the highest RGR and

N-uptake. NH4
+ is the preferred N-form, all species had a higher NH4

+ uptake rate than

NO3
–. All species tended to have a high NO3

- uptake rate when plants were supplied with

NO3
- alone. The results of growth and N-uptake of the four species in this study suggest

that S. cucullata and I. aquatica, which are free-floating macrophytes, can be used to

remove N from domestic or agricultural wastewater. Additionally, biomass rich in N is

generated making it a good post-harvest fertilizer or animal feed.
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Legends to figure

Fig. 1 a: Relative growth rate, b: root length, c: root number, d: NH4
+ uptake rate (μmol

NH4
+ g-1 root DW h-1) and e: NO3

- uptake rate (μmol NO3
- g-1 root DW h-1) (mean ± SE)

of Salvinia cucullata, Ipomoea aquatica, Cyperus involucratus and Vetiveria zizanioides

supplied with different N sources ( NH4
+, NO3

-, NH4NO3). Different letters

above the columns indicate significant differences between the treatments within each

species and different capital letters over the horizontal bars indicate significant

differences between the plant species.

Fig. 2 Effects of N-sources on the concentrations of total N (a,f), P (b,g), K (c,h), Ca (d,i)

and Mg (e,j) in leaves and roots (mean ± SE) of Salvinia cucullata, Ipomoea aquatica,

Cyperus involucratus and Vetiveria zizanioides grown on diferrent N-sources( NH4
+,

NO3
-,         NH4NO3). Different letters above the columns indicate significant

differences between the treatments within each species and different capital letters over

the horizontal bars indicate significant differences between the plant species.
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Table 1 Results of a two-way ANOVA (F-ratios) of growth, morphological

characteristics, chlorophyll concentrations, N-uptake rate and mineral concentrations of

Salvinia cucullata, Ipomoea aquatica, Cyperus involucratus and Vetiveria zizanioides

grown with different N-sources (500 μM NH4+, 500 μM NO3
- and 250 μM NH4NO3).

Main effect Interaction

Plant species N-source Plant species x N-source

RGR (d-1) 311.8 *** 0.85 1.42

Root number 14.4 *** 3.22* 2.42*

Root length (cm) 68.0 *** 2.5 3.25**

New shoots 80.6*** 0.5 1.45

NH4
+ uptake rate

(μmol NH4
+ g-1 root DW h-1)

114.0 *** 2.89* 3.17*

NO3
- uptake rate

(μmol NO3
- g-1 root DW h-1)

55.8*** 8.92*** 2.43*

Chl a (mg g-1 DW) 27.3 *** 3.10 5.61 *

Chl b (mg g-1 DW) 47.2 *** 3.86* 4.04 *

Total Chl a+b (mg g-1 DW) 34.4 *** 3.43* 5.09***

Chl a/Chl b ratio 2.53 0.74 5.30***

Total N (mg g-1 DW)

leaves

                          roots

30.2 ***

49.3 ***

0.51

1.81

0.62

0.36

P (mg g-1 DW)

        leaves

                          roots

207.8 ***

33.8 ***

1.05

1.42

2.66*

1.61

K (mg g-1 DW)

                          leaves

                          roots

22.4 ***

173.8 ***

0.38

6.63**

0.83

4.70 **

Ca (mg g-1 DW)

                          leaves

                          roots

78.4 ***

38.0 ***

1.09

0.35

4.05 **

1.64

Mg (mg g-1 DW)

leaves

                          roots

117.8 ***

16.1 ***

2.80*

1.63

11.57 ***

0.49
*, P < 0.05; **, P <0.01; ***, p <0.001



T
ab

le
 2

 C
hl

or
op

hy
ll 

co
nt

en
ts

 o
fS

al
vi

ni
a 

cu
cu

lla
ta

, I
po

m
oe

a 
aq

ua
tic

a,
 C

yp
er

us
 in

vo
lu

cr
at

us
an

d 
Ve

tiv
er

ia
 z

iz
an

io
id

es
(m

ea
n±

SE
) g

ro
w

n 
w

ith
 d

iff
er

en
t N

-s
ou

rc
es

 (5
00

 μ
M

N
H

4+
, 5

00
 μ

M
 N

O
3-  a

nd
 2

50
 μ

M
 N

H
4N

O
3)

. T
he

 le
tte

r s
up

er
sc

rip
ts

 b
et

w
ee

n 
co

lu
m

ns
 in

di
ca

te
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s b

et
w

ee
n 

tre
at

m
en

ts
.

**
*,

 p
 <

0.
00

1

S.
 c

uc
ul

la
ta

I. 
aq

ua
tic

a
Cy

pe
ru

s i
nv

ol
uc

ra
tu

s
Ve

tiv
er

ia
ziz

an
io

id
es

F-
ra

tio

N
H

4+
N

O
3-

N
H

4N
O

3
N

H
4+

N
O

3-
N

H
4N

O
3

N
H

4+
N

O
3-

N
H

4N
O

3
N

H
4+

N
O

3-
N

H
4N

O
3

1.
 C

hl
a

(m
g 

g-1
 D

W
)

9.
0±

0.
5

e
6.

4±
0.

5
bc

de
6.

9±
1.

9
cd

e
7.

1±
1.

1
de

8.
1±

2.
5

de
12

.7
±2

.4
f

7.
3±

2.
2

e
5.

5±
1.

5
ab

cd
4.

3±
2.

1ab
c

4.
1±

0.
8ab

2.
5±

1.
4a

3.
6±

1.
2 a

9.
08

**
*

2.
 C

hl
b

(m
g 

g-1
D

W
)

4.
7±

5.
2

c
4.

4±
0.

5
c

3.
9±

1.
0

bc
4.

9±
0.

6
c

4.
6±

1.
3

c
6.

7±
1.

0
d

3.
9±

1.
1

bc
2.

6±
0.

6
ab

2.
5±

0.
6

a
2.

4±
0.

3
a

1.
2±

0.
7

a
1.

9±
0.

4
a

12
.1

**
*

3.
To

ta
l C

hl

(m
g 

g-1
D

W
)

14
.2

±0
.6

 c
10

.8
±1

.0
 b

c
10

.8
±3

.0
bc

12
.0

±1
.7

 c
12

.7
±3

.8
c

19
.5

±3
.3

d
12

.4
±2

.1
c

8.
2±

2.
1 a

b
6.

8±
2.

7 a
6.

5±
1.

1 a
4.

8±
2.

0 a
5.

5±
1.

6
 a

10
.5

**
*

4.
 C

hl
a/

b 
ra

tio
2.

0±
0.

1ab
c

1.
5±

0.
1a

1.
8±

0.
2ab

1.
5±

0.
1a

1.
7±

0.
1ab

1.
9±

0.
2ab

c
2.

3±
0.

7 c
2.

1±
0.

1 b
c

1.
6±

0.
4 a

b
1.

7±
0.

2ab
1.

8±
0.

7ab
c

1.
8±

0.
3ab

c
3.

7*
**



\

Fig. 1



66

Fig. 2



67

Effects of ammonium concentration on water spinach

(Ipomoea aquatica Forssk.): responses of growth, morphology,

uptake rate and nutrients allocation

Arunothai Jampeetong a* and Niwooti Whangchai
b

a Department of Biology, Faculty of Science, Chiang Mai University, Meuang, Chiang

Mai 50202, Thailand

b Faculty of Fisheries Technology and Aquatic Resources, Maejo University, Sansai,

Chiang Mai, 50290, Thailand

*Corresponding author. Tel.: +66 53 943346-51; fax: +66 53 892259.

E-mail address: ajampeetong@yahoo.com (A. Jampeetong).



68

Abstract

The effects of external NH4
+ concentration on growth, morphology, NH4

+ uptake and

minerals allocation in Ipomoea aquatica were investigated under greenhouse condition.

Similar sized plant were grown on full strength Smart and Barko (1985) growth medium

with different levels of NH4
+-N (0.5, 1, 5, 10 and 15 mM) for four weeks. Relative

growth rate was high in plants fed with NH4
+ at concentrations of 0.5, 1 and 5 mM, but at

higher concentration the growth of the plants were stunted with few and short roots, old

leaves were lost and growth of new ones was suppressed. Submerged stems and roots

were damaged especially in plants supplied with 15 mM NH4
+. The NH4

+ uptake rate

tended to decrease with increasing NH4
+ supply. It may be that roots and stems were

damaged due to the influence of nutrient uptake. However, we found only small changes

in mineral concentration in the tissue of both leaves and roots. We suggest that I.

aquatica can be used for water treatment but the NH4
+ concentration must be less than 5

mM to prevent root and stem damage that cause mineral released from the plants and

returned to the water treatment system.

Key words: Ipomoea aquatica, NH4
+ uptake, NH4

+ toxicity, water spinach, water

treatment
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1. Introduction

Growing human populations, agricultural activities and industrialization cause

degradation of the environment. Water bodies are the main targets for disposing

pollutants both directly and indirectly. High nutrient loading from inland to lakes and

rivers leads to wide spread eutrophication and water purification technologies that

remove pollutants are costly. Therefore, eco-friendly and cheaper ecological methods are

interesting alternatives for treating water. Many species of aquatic macrophytes have

been used in constructed wetlands (CWs) to remove high amount of nutrients and heavy

metals from wastewater [1-5]. Inorganic nitrogen in polluted water is commonly

discharged from households, agricultural fertilizers and animal waste from farms [6].

Generally, inorganic nitrogen is an important nutrient for enhancing growth of aquatic

macrophytes which mostly are fast-growing. Previous studies have shown that most

aquatic macrophytes prefer NH4
+ over NO3

- [7-11]. However, excess N can cause water

pollution, particularly in lotic systems.

Recently, use of CW technologies is increasing because they are cheap and energy-

efficient. The performance of CWs is usually based on its design, water retention time,

dimension and substrate used [12,3]. Plant selection for use in constructed wetlands is

equally important, but few plants have been evaluated [13]. Among aquatic macrophyte

growth forms, submerged macrophytes are sensitive to light intensity in the water

column. In the case of high loading of nitrogen and phosphorus, the plants may suffer

from low light intensity caused by algae blooms [14-15]. The wetland species used in the

CWs commonly are emergent macrophytes. Many studies have been carried out on fast
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growing wetland species such as Phragmites spp. in temperate regions [1,9] and thus far,

there have been only a few studies done on tropical free-floating macrophytes.

Furthermore, many previous studies have been done on evaluation of the efficiency of

CW systems [4,16], but there is little published data on the efficiency of macrophytes in

terms of growth, uptake capacity and nutrient allocation in the plant tissue.

The potential to grow and uptake nutrients are important characteristics used in the

selection of aquatic macrophytes for CWs. The growth and uptake capacity depends on

species and their environments. Water Spinach (Ipomoea aquatica) is a free-floating

macrophyte often found in a wide variety of environments. This plant has been used in

water treatment system for removal of nutrients and also some heavy metals [17-20].

Moreover, the plant is edible, so after harvesting it can be used to feed animals because of

its high total N and crude protein content [21]. A study by Jampeetong et al.

(unpublished) showed that I. aquatica grew well in growth medium with NH4
+ and the

plants had a high NH4
+ uptake rate compared to NO3

-. However, ability of the plants to

grow under high NH4
+ concentrations is unknown. It is evident that wastewater

containing high concentrations of ammonium constitute a problem for plants used in

CWs (unpublished data). Therefore, this study is aimed at assessing the growth and

morphological responses, NH4
+ uptake and nutrient allocation in the plant tissue of

Ipomoea aquatica supplied with different NH4
+ concentrations. The results of this study

will be useful for selecting aquatic macrophytes for use in treatments of high NH4
+

strength wastewater in tropical CWs.

2. Materials and Method

2.1 Experimental set up and growth study
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Ipomoea aquatica was collected from natural ponds in Chaing Mai, Thailand. The plants

were cultivated in the greenhouse of the Department of Biology, Faculty of Science,

Chiang Mai University, Thailand at a temperature range of 32–35° C during the day and

22–25° C at night. The light regime was appoximately 80% of full sun and the light:dark

cycle was 14:10 h. The growth medium was a full-strength standard nitrogen-free

nutrient solution [22] to which micronutrients and 100 μmol L-1 of KH2PO4 were added.

The pH of the growth medium was adjusted to 7.0.

For the experiment, similar sized plants (35-40 cm shoot length) from the stock cultures

were placed in 5-L containers (n=8) in the greenhouse. The experimental treatments

consisted of five levels of NH4
+-N:  0.5 mM, 1 mM, 5 mM, 10 mM and 15 mM prepared

from (NH4)2SO4. The NH4
+ concentration was increased in steps over a period of four

days to the final treatment levels. During the experiment, the growth medium was

changed every second day, and epiphytic algae were removed gently by hand. All

treatments were arranged in a randomized complete block design. After four weeks, the

plants were harvested and cleaned. Then, the plants were freeze-dried to constant dry

weight. The relative growth rate (per day) for each treatment was calculated using the

formula: RGR = lnW2-lnW1/ (t2-t1), where W1 and W2 are the initial and final dry weights

(gram), and t1 and t2 are initial and final time (days).

2.2 Plant morphology

After four weeks, root number, root length, new shoot number and leaf area of the plants

in each treatment were recorded. Then, the plants were separated into shoots and roots

before being freeze dried.
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2.3 Ammonium uptake

NH4
+ uptake rates of I. aquatica were determined after four weeks of growth in the

treatments under the same conditions as the growth study. Four replicates of similar sized

plants from each treatment were pre-incubated in a container with a NH4
+ free growth

medium for 18 h. After pre-incubation, the plants were placed in 240 mL vessels with

500 μM NH4
+. Five mililitres of water samples were withdrawn each hour for

measurement of NH4
+ concentrations. The NH4

+ uptake was estimated based on N

depletion curve. The NH4
+ concentration in all samples was analysed using a modified

salicylate method (Quikchem Method no. 10-107-06-3-B; Lachat Instruments,

Milwaukee, WI, USA). After the experiment (6 hours), all plants were cleaned and

separated into shoots and roots, and then freeze dried. The NH4
+ uptake rate was

calculated from a depletion curve with linear regression analyses and related to volume

and root dry weight (DW).

2.4 Inorganic NH4
+ in the plant tissue

The freeze-dried leaves and roots were cut into small pieces. Five milligrams of dried

plant material was extracted with 15 mL of distilled water at 98o C in a water bath for

exactly 20 minutes. Then, the NH4
+ concentration in the extracts was analysed by a

modified salicylate method (Quikchem Method no. 10-107-06-3-B; Lachat Instruments,

Milwaukee, WI, USA). The absorbance of the extracts was measured at 690 nm using a

UV-VIS spectrophotometer (Lambda 25 version 2.85.04, USA).

2.5 Chlorophyll contents

The contents of chl a, chl b, total chl a+b and carotenoids were determined according to

Lichtenthaler method [23]. The freeze-dried leaves were cut into fragments. The plant
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materials (approximately 8 mg) were extracted with 8 mL of 96% ethanol in the dark and

at room temperature. After 24 hours, the absorbance of the extracts was measured at

648.6 and 664.2 nm using a UV-VIS spectrophotometer (Lambda 25 version 2.85.04,

USA).

2.6 Mineral elements

The concentration of total N, phosphorus (P), potassium (K), calcium (Ca) and

magnesium (Mg) in both leaves and roots was analysed in subsamples (150–180 mg) of

finely ground freeze-dried plant material. The samples were digested by mixing with 7

mL acid solution (concentrate H2SO4 1 L., K2SO4 100 g and selenium 1 g) at a

temperature range of 100–330 °C. Total N was analysed according to Kjeldahl method

[24] and the concentrations of P, K, Ca and Mg were analyzed by Chapman and Pratt

method [25].

2.7 Statistics

All statistics were carried out using the software Statgraphics Plus ver. 4.1 (Manugistics,

Inc., MD, USA). Data was tested for normal distribution and homogeneity of variance

using the Cochran’s C-test. If necessary, data was log-transformed to ensure homogeneity

of variance. The data was tested by one-way analysis of variance (ANOVA). Differences

between treatments were identified by the Tukey HSD’s test at a 5% significance level.

3. Results

3.1 Growth and morphology

The growth of Ipomoea aquatica was affected by external NH4
+ supply and it was

significantly different between treatments (Figure 1a). The plants grew well in the
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medium with NH4
+ concentration of 0.5, 1 and 5 mM, but their growth was suppressed

when they were supplied with 10 and 15 mM NH4
+. Root length and root number of the

plants grown on 10 and 15 mM NH4
+ decreased (Figure 1b,c), especially at 15 mM NH4

+,

and some dead plants and rotted roots and stems were encountered. Furthermore, high

NH4
+ concentrations had negative effects on leaves of Ipomoea, producing small leaves

and the loss of some old leaves when they grew on 10 and 15 mM NH4
+ and it was

significantly different from the treatments of 0.5, 1 and 5 mM NH4
+ (Figure 1d).

Figure 1 The relative growth rate, RGR (a), Root length (b), root number (c) and leaf

area (d) (mean±SE) of Ipomoea aquatica grown at different NH4
+-N concentrations (0.5,

1, 5, 10, 15 mM). Different letters above columns indicate significant differences

between treatments.
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3.2 Chlorophyll contents

Overall, Chl a, Chl b, total Chl a+b and carotenoids were affected by NH4
+

concentrations and significant differences were found between treatments (Table 1). The

Chl a and Chl b were low in the plants grown on NH4
+ concentration higher than 5 mM.

The carotenoids decreased slightly in plants grown at high NH4
+ concentrations (10, 15

mM) and there was a significant difference from the plants grown on NH4
+ concentration

of 1 and 5 mM.

Table 1 Contents of chlorophylls and carotenoids of Ipomoea aquatica (mean ± SE)

grown at different NH4
+-N concentrations. Different letters superscripts between columns

indicate significant differences between treatments.

NH+
4 concentrations

0.5 mM 1 mM 5 mM 10 mM 15 mM F-ratio

1. Chl a (mg g-1 dw) 12.6±2.2b 13.2±1.9b 11.1±1.7ab 9.7±2.1a 9.2±2.0a 5.98**

2. Chl b (mg g-1 dw) 5.4±1.1b 5.4±0.8b 4.5±0.6ab 4.0±0.7a 3.9±0.9a 5.62**

3. total Chl a+b 18. 0±3.3b 18.5±2.6b 15.6±2.3ab 13.7±2.8a 13.1±2.8a 5.94**

4. Ca/ Cb 2.4±0.1 2.4±0.1 2.5 ±0.1 2.4±0.2 2.3 ±0.2 3.57

5. Carotenoids

   (mg g-1 dw)

1.9±0.3ab 2.1±0.3b 2.0±0.3b 1.6±0.4a 1.6±0.3a 1.2*

* (P<0.05), ** (P<0.01)

3.3 NH4
+ uptake
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The NH4
+ uptake rate of I. aquatica was approximately 50% decreased in plants grown

on NH4
+ concentration of 5, 10 and 15 mM and it was significantly different from the

plants grown on 0.5 and 1 mM (Figure 2a)

3.4 NH4
+ hot water extractable

The NH4
+ concentration in the plant tissue of both leaves and roots was lowest in the

plants supplied with 10 mM NH4
+ and it was significantly different from other

treatments. At 15 mM NH4
+, the concentration of NH4

+ increased reaching the same

levels as in the plants grown on NH4
+ at 1 and 5 mM NH4

+ (Figure 2b).

Figure 2 NH4
+ uptake rate (μmol NH4

+ g-1 root dw h-1) (a) and NH4
+ concentration in

leaves (dark column) and roots (grey column) (μmol g-1 plant dw) (mean±SE) of Ipomoea

aquatica grown at different NH4
+-N concentrations (0.5, 1, 5, 10, 15 mM). Different

letters above columns indicate significant differences between treatments.

3.5 Minerals
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Minerals concentrations were slightly affected by external NH4
+ supply (Figure 3a-j).

Generally, total N concentration in leaves was higher than in roots, and the total N

concentrations in the leaves was significantly increased when the plants were supplied

with a high NH4
+ concentration especially at 10 and 15 mM. For mineral anion,

concentration of P in both leaves and roots was decreased. The P concentrations in the

roots of the plants supplied with 1 and 5 mM decreased by 18% and 36%, respectively

and were found to be significantly different from the treatment supplied with 0.5 mM

NH4
+. For other mineral cations (K, Ca, Mg), they were slightly affected by NH4

+

concentrations.
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Figure 3 Concentrations of N (a, f), P (b, g), K (c, h), Ca (d, i) and Mg (e, j) in leaves and

roots (mean±SE) of Ipomoea aquatica grown at different NH4
+-N concentrations (0.5, 1,
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5, 10, 15 mM). Different letters above columns indicate significant differences between

treatments. (n.d. not determined)

4. Discussion and Conclusion

Growth of Ipomoea aquatica was affected by external NH4
+ concentration. As

demonstrated in the present study, I. aquatica grew well in a wide range of NH4
+

concentration from 0.5–5 mM which corresponds to levels commonly found in

hypereutrophic water and wastewater from households or agriculture areas [26-27]. At

higher NH4
+ concentration, the growth of the plants was suppressed and negative effects

on its morphology were found including short roots, small leaves and chlorosis.

Furthermore, old roots and stems were damaged particularly in the plants supplied with

NH4
+ concentration at 10 mM and 15 mM. Similar results were found in other

free-floating macrophytes, for example Salvinia natans [28], Lemna spp. [29]. I. aquatica

has been used in water treatments and it has been intensively studied in East and

Southeast Asia because it is edible and people can use it for food and animal feed after

harvest. I. aquatica has high content of crude protein and vitamin A and C [21]. Hence,

using this species in constructed wetlands under the influence from household and farm

lands could be a good way of reducing inorganic nitrogen and other nutrients from

polluted water. The ability of this species to exist and remove excess N from wastewater

depends on the type of wastewater. At high strength of wastewater from farmlands such

as piggery farms in which NH4
+ concentration may reach 20 mM, NH4

+ would stress the

efficient N removal by this species even though NH4
+ was the preferred inorganic N form

for many aquatic macrophytes [8-11,30]. To prevent the plants from the NH4
+ toxicity

and maintain their high N uptake rate, dilution of wastewater to suitable levels for the

plants are needed.
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The NH4
+ uptake of I. aquatica was affected by external NH4

+ concentration. In the

present study show that uptake rates were significantly decreased in the plants supplied

with NH4
+ at concentration of 5, 10 and 15 mM. Generally, the root is an important part

of plants for nutrient uptake. Under high NH4
+ concentrations, many species, including I.

aquatica, showed damage of roots [28,31-32]. The plants had short roots and a low

number of roots resulting in a low root surface area for nutrient absorption. Thus, it is

possible that I. aquatica grown on NH4
+ at very high concentrations may suffer from

nutrient deficiency caused by root damage, not by NH4
+ uptake that also can influence

other mineral uptake [28].

Many free-floating species were NH4
+ tolerant, with their shoots exposed to light as

advantage. This is in contrast to submerged species in which the plants may suffer from

low light intensity in eutrophic water [33]. However, shoot of I. aquatica was affected by

the high external NH4
+ supply, leaves of the plants decreased in leaf surface area

particularly in the plants grown on 15 mM NH4
+ that also had loss of old leaves and

growth of new leaves was suppressed resulting in very small young leaves. The results

revealed that I. aquatica can grow on wastewater with NH4
+ as high as 5 mM and the

NH4
+ toxicity found in this species was small. Therefore we suggest that I. aquatica can

be used in high polluted water treating system in cases where NH4
+ concentration in the

polluted water is less than 5 mM in order to prevent NH4
+ toxicity that lead to the plant

damage and nutrients returned to water treatment systems via submerged stems and rotted

roots.

Generally, plants fed with NH4
+ had low concentrations of mineral cations K+, Ca2+,

Mg2+ in their tissue (28,32). Many studies suggested that minerals deficiency is a cause of
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NH4
+ toxicity symptom in some plants fed solely with NH4

+ [30,32,34]. In the present

study, we did not determine total N and other minerals concentration in the roots of the

plants fed with 10 mM and 15 mM NH4
+, but data from the plants fed with 0.5 mM, 1

mM and 5 mM NH4
+ showed that the plants had small mineral concentration viability

both in the leaves and roots. Similar results found in Canna indica and Sesbania sesban

fed with NH4
+ that the changes in mineral concentrations were small [30,35]. Hence,

mineral deficiency caused NH4
+ toxicity symptom in I. aquatica was relative mind

compared to growth stunting and changes in shoot and root morphology.

In summary, external NH4
+ concentration affect growth and morphology of Ipomoea

aquatica. The plants grew well in NH4
+ concentration as high as 5 mM which

corresponds to what can be found in wastewater from household or agricultural area. At

higher concentration, the growth of I. aquatica was suppressed and some negative

morphological responses in both shoots and roots were observed. The plants had short

roots, decreased shoot and root number, small leaves and some rotted submerged stems

and roots were found especially in the plants grown on 15 mM NH4
+. Because of root

damage it affected nutrient uptake including that of NH4
+, resulting to a decreased NH4

+

uptake rate but the effects on mineral concentrations in the plant tissue were relatively

small.
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Abstract

Growth, morphology, NH4
+ uptake and minerals allocation in Salvinia cucullata Roxb. ex

Bory grown with different supplies of NH4
+ were investigated. Plants of uniform size

were grown on a medium which is full strength Smart and Barko with different NH4
+

concentrations (0.5, 1, 5, 10 and 15 mM) and incubated in a greenhouse for four weeks.

Salvinia cucullata grew well in the medium with 0.5–1 mM NH4
+ with relative growth

rates 0.11-0.12 d-1 without presenting NH4
+ toxicity symptom. With NH4

+ concentration

above 5 mM, the growth of the plants was suppressed and signs of NH4
+ toxicity were

observed. NH4
+ toxicity symptoms were obvious in plants supplied with 10 mM and 15

mM NH4
+. The plants had a low growth rate, short roots, a low number of roots and

showed chlorosis. Rotted roots and stems were also found in the plants fed with 15 mM

NH4
+. At high NH4

+ concentrations, the plants operate low affinity transport systems

(LATS) for NH4
+ uptake and showed linear responses to external concentrations that is

energetically cost associated with futile ion cycling resulting in declined in plant growth.

Furthermore, the high NH4
+ supply had a negative effect on K uptake resulting in low K

concentration in the plant tissue, especially in its roots. Under NH4
+ rich water, the

external NH4
+ concentration may stimulate growth of S. cucullata that may cause an

invasion of this species but at high NH4
+ concentration (> 5 mM) the plants may suffer

from NH4
+ toxicity leading to plant damage and subsequent degradation of freshwater

ecosystems.

Key words: aquatic fern, futile cycling, NH4
+ toxicity, Salvinia cucullata
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Introduction

Since the mid-1800s, the industrial revolution and human’s activities have altered the

global environment. The increasing human population leads to high demand on both

terrestrial and aquatic ecosystems. Around one-third to one-half of the land’s surface has

been cleared for urbanizations, farmlands, which in turn alters the hydrological cycle.

Such activities impact the biogeochemical cycles of carbon, phosphorus and nitrogen. It

has been reported that human caused increase of nitrogen input into terrestrial and aquatic

ecosystem (Lampert and Sommer, 1997). Overall, the global nitrogen production of

agriculture fertilizers increased eight times (from < 10 million metric tonnes of N) during

1950–1990, and it is predicted to exceed 135 million metric tonnes of N by 2030

(Vitousek, 1997).  The high N-load in aquatic ecosystem is thus very strongly affected by

humans.

Increasing external N supply and other nutrients to aquatic ecosystem cause

alterations in structure and function of the ecosystem (Smith et al., 1999). The excess of

nutrients can enhance phytoplankton and plant growth. The algae bloom can decline the

light intensity, dissolved oxygen that influenced on submerged species (Prepas and

Charette, 2003), while free-floating plants have growth form that can obtain enough light

and oxygen by hanging the roots near the water surface (Caraco et al., 2006). However,

the high nutrient loading still causes adverse conditions for the existence of these plants

in the ecosystem. Especially high N loads from farmland and water discharged from the

household directly affect plant growth and populations.

Many studies have shown that NH4
+ is a preferred form of inorganic nitrogen for

many aquatic macrophytes, but at high concentration it can be harmful (Miller and
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Cramer, 2005; Cao et al., 2009a; Cao et al., 2009b; Jampeetong and Brix 2009b; Wang et

al., 2010). Plants’ response to various NH4
+ concentrations is different among species.

Sensitive species show NH4
+ toxicity symptoms such as stunting growth, chlorosis, rotted

roots and even dead plants in the water column (Britto and Kronzucker, 2002; Cao et al.,

2007; Cao et al. 2009b). A high NH4
+ concentration is favorable and stimulates growth of

some species. Most invasive species responded well to a wide range of environmental

conditions, including variation in nutrient levels (McFarland et al., 2004; Hellmann et al.,

2004; Hastwell et al., 2008; Hussner et al., 2009; Owens and Smart, 2010). However,

there are only few studies of the effects of NH4
+ concentration on invasive species

compared to the abundant studies on vegetable or crop plants (Schortemeyer et al., 1997;

Britto and Kronzucker, 2002; Roosta and Schjoerring, 2007).

Salvinia cucullata Roxb. Ex Bory is a free floating aquatic fern distributed in water

bodies around the tropics. The plants are fast growing and have a high dispersal rate

(Napompeth, 1989; McFarland et al., 2004). The record of this species is rare but it has

invaded several aquatic ecosystem like other Salvinia spp. Many species of Salvinia, for

example S. molesta, were stimulated by nutrient enrichment resulting of human activity

and that this creates similar problems in many countries. Dense mats of Salvinia spp. can

obstruct transportation, irrigation, hydroelectric production, degrade water quality and

altered species composition and ultimately ecosystem functions (McFarland et al., 2004;

Ensbey, 2009). These plants mainly obtain nutrients from the water column via the

modified third leaf, which resembles roots. S. natans grew well in a medium with NH4
+-

N and the plants had a greater ability to take up NH4
+ from the medium through its roots

than NO3
- (Jampeetong and Brix, 2009a). Further more, this species can tolerate to NH4

+

as high as 5 mM which can be found in household wastewater, hence, it was suggested
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that S. natans can be a new candidate for water treatments (Jampeetong and Brix, 2009b).

Knowledge of the increasing of NH4
+ levels in the water column on growth and some

physiological characteristics of S. cucullata are still lacking but they are needed in order

to be able to predict impact of excessive NH4
+ on its population and distribution. The

objective of this study was to determine the effects of NH4
+ concentration on growth,

morphology, NH4
+ uptake and minerals allocation in S. cucullata. Results from this study

can be used to predict when and where that the plants become an invader or when it may

suffer loss of its biomass because of NH4
+ toxicity leading to degradation of the

environment under changing hydrological conditions especially by human activities.

Additionally, this information may help to find a solution or suggestion on weed

management program in the future.

2. Materials and methods

2.1 Experimetal set up and growth study

Salvinia cucullata was collected from natural ponds in Chaing Mai province, Thailand.

The plants were cultivated in the greenhouse at the Department of Biology, Faculty of

Science, Chiang Mai University, at a temperature range of 32–35° C during the day and

22–25° C at night. The light regime was appoximately 80% of full sun and the light:dark

cycle was 14:10 h. The growth medium was a full-strength standard nitrogen-free

nutrient solution (Smart and Barko, 1985) to which micronutrients and 100 μmol l-1 of

KH2PO4 were added. The pH of the growth medium was adjusted to 7.0.

For the experiment, the plants from the stock cultures (approximately 3 g fw) were placed

in 5 - litre containers (n=5) in the greenhouse. The experimental treatments consisted of

five levels of NH4
+-N:  0.5 mM, 1 mM, 5 mM, 10 mM and 15 mM prepared from
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(NH4)2SO4. The NH4
+ concentration was increased in steps over a period of four days to

the final treatment levels.  During the experiment the growth medium was changed, and

epiphytic algae were removed gently by hand every second day. All treatments were

arranged in a randomized complete block design to miniminze effects of environmental

gradients in the greenhouse. After four weeks, the plants were harvested and cleaned.

Then, the plants were freeze-dried to constant dry weight. The relative growth rate (d-1)

for each treatment was calculated using the formula: RGR = lnW2-lnW1/ (t2-t1), where W1

and W2 are the initial and final dry weights (g), and t1 and t2 are initial and final time

(days).

2.2 Plant Morphology

After four weeks, the 3rd or 4th set of leaves counted from the apical shoot were sampled

to record their morphology. Each sample was separated into roots, leaves and horizontal

stems. The root number was counted and root length was measured. Leaves’ surface area

(one side) was measured. Then, all part of the plants was freeze dried and their dry

weight measured.

2.3 NH4
+ uptake

After four weeks, the NH4
+ uptake rates were measured. Four replicates of similar sized

plants from each treatment were pre-incubated for 18 h in a container with a NH4
+ free

growth medium under the same conditions as the growth study. After pre-incubation, the

plants were placed in a 300 ml beaker with 500 μM NH4
+-N. In each hour, 5 ml of water

samples were withdrawn for measurement NH4
+. The NH4

+ concentration in all samples

was analysed using a modified salicylate method (Quikchem Method no. 10-107-06-3-B;

Lachat Instruments, Milwaukee, WI, USA). After the experiment (6 hours), all plants
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were freeze dried and the NH4
+ uptake rate was calculated from NH4

+ depletion curve

with linear regression analyses and related to volume and dry weight (DW).

2.4 Chlorophyll contents

The content of chl a, chl b, total chl a+b, and carotenoids in the leaves of Salvinia was

determined according to Lichtenthaler (1987). Freeze-dried leaves were cut into small

pieces. Pigments were extracted from sub-sample (approximately 10 mg) with 8 ml of

96% ethanol in the dark at room temperature. After 24 hours, the absorbance of the

extracts was measured at 648.6 and 664.2 nm using a UV-VIS spectrophotometer

(Lambda 25 version 2.85.04, USA).

2.4 NH4
+ in the plant tissue

The inorganic NH4
+ in the plant tissue was determined by hot water extraction. Freeze-

dried plant material was cut into small pieces. Five mg of dried plant material was

extracted with 15 ml of distilled water at 98o C in a water bath for exactly 20 minutes.

Then, the concentration of NH4
+ in the extracts was analysed using a modified salicylate

method (Quikchem Method no. 10-107-06-3-B; Lachat Instruments, Milwaukee, WI,

USA). The absorbance of the extracts was measured at 690 nm using a UV-VIS

spectrophotometer (Lambda 25 version 2.85.04, USA).

2.5 Mineral elements

The concentration of total N, phosphorus (P), potassium (K), calcium (Ca) and

magnesium (Mg) in plant tissue was analysed in subsamples (150–180 mg) of finely

ground freeze dried plant material. The samples were digested by mixing with 7 ml acids

solution (concentrate H2SO4 1 L., K2SO4 100 g and selenium 1 g) at temperature range of
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100–330 °C. Total N was analysed by the Kjeldahl method (Hanlon et al. 1994) and the

concentrations of P, K, Ca and Mg were analyzed according to Chapman and Pratt

(1978).

2.6 Statistics

All results were analyzed using the software Statgraphics Plus ver. 4.1 (Manugistics, Inc.,

MD, USA). Data were tested for normal distribution and variance homogeneity using

Cochran’s C-test. If necessary, data were log-transformed to ensure homogeneity of

variance. The data were tested by one-way analysis of variance (ANOVA). Differences

between treatments were identified by Tukey HSD’s test at the 5% significance level.

3. Results

3.1 Growth and morphology

The growth of Salvinia cucullata was significantly different when supplied with different

NH4
+ concentration (Fig. 1). The relative growth rate (RGR) of the plants grown on NH4

+

at concentration of 0.5 mM and 1 mM was not significantly different, but at higher

concentrations of NH4
+, the RGR of the plants was significantly lower. High NH4

+

concentrations affected both root length and root number (Fig. 2a, 2b). The plants grown

on NH4
+ at concentration of 5 mM, 10 mM and 15 mM had shorter roots and fewer

numbers of roots than the plants grown on 0.5 mM and 1 mM NH4
+ treatments.

3.2 NH4
+ uptake rate

The NH4
+ uptake was significantly affected by the external NH4

+ concentration (Fig. 3a).

Interestingly, the NH4
+ uptake rate was significantly higher in the plants grown on NH4

+

at concentration of 5 mM, 10 mM and 15 mM.
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3.3 Chlorophyll and carotenoid contents

The contents of chlorophylls and carotenoids were affected by external NH4
+ supply

(Table 1). Both chlorophyll a and b was significantly different between treatments. The

highest amount of chlorophylls was found in the plants grown on 0.5 mM NH4
+, and the

chlorophylls were decreased when the external NH4
+ concentration in the growth solution

was increased. Similarly, the carotenoids was significantly higher in the plants grown on

0.5 mM NH4
+ whereas at higher concentration of NH4

+, it was decreased in the amount of

carotenoids.

3.4 NH4
+ in the plant tissue

The amount of NH4
+ in both leaves and roots was increased when increasing external

NH4
+ concentrations and it was significantly different between treatments (Fig. 3b).

3.5 Mineral contents

Overall, the mineral contents were affected by external NH4
+ concentration (Fig. 4a-j).

When external NH4
+ supply increased, the total N was significantly reduced in leaves but

increased in roots, particularly in the plants fed with NH4
+ at concentration of 10 mM and

15 mM. Similarly, the concentration of K, Ca and Mg in roots was significantly

decreased in the plants fed with 10 mM and 15 mM NH4
+ and it was small effects found

in leaves.

4. Discussion

The relative growth rate (RGR) of Salvinia cucullata increased to the highest values

when the plants were supplied with 1 mM NH4
+, this level of NH4

+ also stimulate growth
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of some species of aquatic macrophytes (Monselise and Kost, 1993; Jampeetong and

Brix, 2009b). At concentration of NH4
+ higher than 5 mM, the growth of the plants was

suppressed and at the same time negative effects on root morphology was found. The

plants had short and few roots. Generally, at NH4
+ concentration at which the symptoms

of toxicity appeared most plants showed low growth rates, had short roots and some

plants present cholosis (Britto and Kronzucker, 2002). These symptoms were obviously

found in S. cucullata, especially when the plants were grown on NH4
+ at concentration of

10 mM and 15 mM. Similar results were found in S. natans which tolerated NH4
+ up to 1

mM but this species can grow in the growth medium with NH4
+ at concentration as high

as 5 mM and the effects of high NH4
+ concentration that occurred in this species were

relatively mild (Jampeetong and Brix, 2009b). There are only few observations of the

effects of NH4
+ concentration on aquatic macrophytes, however, the tolerant species

commonly showed NH4
+ toxicity symptom when the external NH4

+ supply reached 1–5

mM (Britto and Kronzucker, 2002;  Cao et al., 2007; Cao et al., 2009a; Cao et al., 2009b;

Jampeetong and Brix, 2009b; Wang, 2010). Tolerance has been documented in many free

floating macrophytes for example Azolla (Kitoh et al., 1993), duckweeds (Wolffia,

Lemna, Spirodela) (Caicedo et al., 2000; Monselise and Kost, 1993) and Salvinia

(Jampeetong and Brix, 2009b) but in contrast to submerged species they show damaged

leaves or rotted roots and dead plants when they are exposed to high NH4
+ concentrations

(Litav and Lehrer, 1978). Under high N loading condition the free floating plants may

have advantages over the submerged species which leads to decrease in submerged

populations and subsequent changes in species composition in such as aquatic

ecosystems. The present study showed that external NH4
+ concentration especially at 1

mM can stimulate growth of S. cucullata, thus in mildly polluted water (NH4
+-N < 5

mM) this species may become a successful invader. However, NH4
+ enriched water
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(NH4
+-N >5 mM) could be a stressor for this species to survive leading to plant detriment

and cause of environmental degradation.

In tropical lakes and reservoirs the water column is a main N source for root uptake of

free floating macrophytes including Salvinia spp. Generally, there are two transport

systems operating ion influx across the plasma membrane of root cells: high-affinity

transport systems (HATS) that mediate uptake from relatively dilute solution, and low-

affinity transport systems (LATS) that function at higher external concentrations and

show linear responses to external concentrations (Britto and Kronzucker, 2006). In this

study, interestingly, we found that S. cucullata grown on NH4
+ at the level of 10 mM and

15 mM still had a high NH4
+ uptake rate. At high external concentration the high NH4

+

influx and concurrent high NH4
+ efflux can occur and lead to futile cycling. This

phenomenon takes a high energetic cost (40% increased in root respiration) resulting in

declined plant growth (Britto et al., 2001; Kronzucker et al., 2001; Britto and

Kronzucker, 2006). Contrastingly, S. natans had decreased the NH4
+ uptake rate when

they grown on NH4
+ concentrations higher than 1 mM. Similar results were found in

tolerant species, for example L. gibba (Korner et al., 2001), rice, Oryza sativa (Britto et

al., 2001) and common reed, Phragmites australis (Tylova et al., 2008). The study by

Wang (1994) showed that rice lowers the membrane polarization with increasing NH4
+

provision and thereby decreases the influx of NH4
+ into the roots. This ability prevents

NH4
+ accumulation in the plant cells resulting from cytosol pH disturbance that is a cause

of NH4
+ toxicity in the sensitive species. However, other physical factors except external

NH4
+ concentration can affect the NH4

+ uptake of S. cucullata. In tropical area the plants

may cope with high temperate and light intensity especially in the summer, the further

study need to determine effects of these two factors on the NH4
+ uptake of this species.
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Increased knowledge of this species may help to predict plant population as well as

indicating where Salvinia may become problematic based on water quality parameters

especially nutrient level.

Salvinia is well known throughout tropical and temperate regions of the world as

an invasive species (McFarland et al., 2004; Al-Hamdani and Ghazal, 2009). It has been

reported that both chemical and biological control were used for Salvinia management,

but using pesticide is not ecologically friendly. Reversely, plant application as bio-fillter

and nutrient removal in wastewater treatments are currently another option that is highly

beneficial. Some species of Salvinia have been used in various constructed wetlands for

wastewater treatment (Olguin et al., 2003; Mohah, 2006; Eugenia, 2007). It was

documented that Salvinia spp. had a high N removal, resulting in high N and protein

contents in the plant tissue makes this species ideal for use as a feed animal or fertilizer

after harvested (Leterme et al., 2009). However, under high N loading especially in

anoxic condition, NH4
+ is predominant form of inorganic N the plants may suffer from

mineral deficiency. S. natans grown at 10 mM and 15 mM NH4
+ decreased mineral

cation in the plant tissue and increased concentration of anion leading to cation-anion

imbalance (Jampeetong and Brix, 2009b). Similar results were found in the present study

showing a low K content in the plants grown in the medium with NH4
+ at concentration

as high as 5 mM and it dramatically decreased concentration of K in its roots when the

plants were supplied with NH4
+ at concentration of 10 mM and 15 mM. K deficiency and

other cations imbalance explain NH4
+ toxicity symptoms in plants supplied with high

NH4
+ concentrations. Thus, high amount of NH4

+ discharge from household and

agriculture area into natural water bodies may cause decaying plant material leading to

degradation of the environment. Management strategies to reduce nutrient input are

needed in association with conservation programes for example using wastewater
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treatment technologies together with wetland protection would help to improve water

quality and reduce the potential for proliferation of this species.

In summary, external NH4
+ concentration affected growth, morphology, NH4

+ uptake and

nutrient concentrations of S. cucullata. The plants grew well in the medium with NH4
+

concentration of 1 mM, but at higher concentration growth of the plants was suppressed

and they had short and few roots and chlorosis of leaves. At high NH4
+ concentration the

plants operate low affinity transport systems (LATS) and showed linear responses to

external concentrations that is energetically cost associated with futile ion cycling

resulting declined in plant growth. Furthermore, mineral contents in the plants tissue,

particularly K concentration were dramatically decreased in plants grown on NH4
+ at

concentration higher than 5 mM. In natural water bodies with levels of NH4
+ up to 1 mM,

this concentration may stimulate growth and can be an important cause of invasion, but at

higher NH4
+ concentrations the plants may suffer from NH4

+ toxicity leading to plant

decay and degradation of aquatic ecosystems. It was suggested that water quality control

by reduced nutrient input to the water bodies is a strategy can be done to govern the

population of S. cucullata.
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Legends to the figure

Fig.1 The relative growth rate (RGR) of Salvinia cucullata grown at different NH4
+

concentration (0.5, 1, 5, 10, 15 mM) Different letters above columns indicate significant

differences between treatments.

Fig. 2 Root length (a) and root number (b) (mean±SE) of Salvinia cucullata grown at

different NH4
+ concentration (0.5, 1, 5, 10, 15 mM). Different letters above columns

indicate significant differences between treatments.

Fig.3 NH4
+ uptake rate (μmol NH4

+ g-1 root dw h-1) (a) and NH4
+ concentration in leaves

(dark column) and roots (grey column) (μmol g-1 plant dw) of Salvinia cucullata

(mean±SE) grown at different NH4
+ concentration (0.5, 1, 5, 10, 15 mM). Different

letters above columns indicate significant differences between treatments.

Fig. 4 Concentrations of N (a, f), K (b, g), Ca (c, h), Mg (d, i) and P (e, j) in leaves and

roots of Salvinia cucullata (mean±SE) grown at different NH4
+ concentration (0.5, 1, 5,

10, 15 mM). Different letters above columns indicate significant differences between

treatments.
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