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Abstract: In order to explore the nitrogen removal process in
constructed wetlands (CWs), the moisture, ammonia nitrogen
(NH, *-N), nitrate nitrogen ( NO, -N) and nitrification
intensity in three wetland plant rhizosphere soils ( Acorus
calamus, Typha orientalis, Iris pseudacorus) were investi-
gated at a relatively normal temperature range of 15 to 25 C.
The relative abundance of ammonia-oxidizing bacteria ( AOB)
and ammonia-oxidizing archaea ( AOA) were also achieved
using fluorescence in situ hybridization (FISH). It is found
that 7. orientalis achieves the highest nitrification intensity of
2.03 mg/(h - kg) while the second is I. pseudacorus (1. 74
mg/(h-kg) ), and followed by A. (1.65

mg/(h -kg)) throughout the experiment. FISH reveals that

1

calamus
the abundance of bacteria (10" g~' wet soil) is higher than
that of archaea (10° g " wet soil), and AOB are the dominant
bacteria in the ammonia oxidation process. The abundance of
AOB in the rhizosphere soils from high to low are T. orientalis
(1. 88 x 10" g™"), I pseudacorus (1.23 x 10° g™'), A.
calamus (5.07 x 10° ¢”") while the abundance of AOA from
high to low are I. pseudacorus (4.00 x 10° g™'), A. calamus
(3.52x10° g7"), T. orientalis (3.48 x10° g'). The study
provides valuable evidence of plant selection for nitrogen
removal in CWs.
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ammonia-oxidizing archaea;

Constructed wetlands (CWs), which are mainly com-
prised of substrate plants, microorganisms and wa-
ter, exert a synergistic effect involving physical, chemi-
cal and biological mechanisms to remove contaminants
"1 At present, CWs have
been widely used to treat various wastewater and restore
polluted water bodies”™ .

and improve the water quality'
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Plants are important organic components of CWs for
wastewater treatment, which can not only filter and re-
move suspended solids but also absorb heavy metals from

1

wastewater’”’ . The wetland plant also has the functions of

oxygen transport and diffusion, hydraulic transmission
enhancement and maintenance'® . For microorganisms, in
addition to providing an adhesion interface, the wetland
plant can improve microbial activity and ecological distri-
bution by producing root exudates'” .

Nitrification and denitrification promoted by microor-
ganisms are the main nitrogen removal mechanisms in
CWs'™,
tion, which includes two stages of ammonia oxidation
and nitrite oxidation. Ammonia oxidation, also called
sub-nitrification, is not only the first reaction step but al-
so the limited step of nitrification'”. Studies have shown
that ammonia-oxidizing microorganisms are dominant in
the ammonia oxidation process. Ammonia-oxidizing bac-
teria (AOB) were generally regarded as the executors of
ammonia oxidation. However, with the development of
molecular biology techniques, the researchers have found
that ammonia-oxidizing archaea (AOA) also have the ca-
pability of ammonia oxidation'"". t
that AOA may be more significant than AOB in depleting
nutrients in CWs. Caffrey et al. " reported that AOA
were widely distributed in the soil, hot springs, and espe-
cially in marine ecosystems. Much work has been done to
study ammonia-oxidizing microorganisms in different eco-

Nitrification is the process of ammonia oxida-

Fan et al. inferred

2 3
oceans'”, lakes'”, other water

4 5 6
U4 grasslands', forests''”,
paddies''”), but less is known about the ammonia oxidi-
zing microorganisms in CWs.

In this study, ammonia-oxidizing microorganisms in

. 9
systems ( rivers',

bodies and sediments rice

wetland plant rhizosphere soil ( Acorus calamus, Typha
orientalis, Iris pseudacorus) at relatively normal temper-
atures (15 to 25 C) were investigated by measuring
moisture, ammonia nitrogen (NH, -N), nitrate nitrogen
(NO; -N) and nitrification intensity, along with the rela-
tive abundance of AOB and AOA, which was achieved
using fluorescence in situ hybridization ( FISH). All of
these studies aim to provide valuable references for under-
standing the relationship between ammonia-oxidizing mi-
croorganisms and the nitrogen removal mechanism in
CWs.
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1 Materials and Methods

1.1 Experimental materials

The perennial and emergent water plants of A. cala-
mus, T. orientalis and I. pseudacorus are quite common
in Jiangsu Province, China. Due to their strong reproduc-
tive capacity and adaptability, they are commonly used in
CWs. Therefore, A.
1. pseudacorus were chosen as test plants in this study.
The plants were purchased from Shuyang, Jiangsu Prov-
ince, and then the same healthy growing plants were cho-
sen to conduct the experiment.

calamus, T. orientalis and

1.2 Experimental design and operation

After being cleaned, different wetland plants were re-
spectively cultivated in three identical devices ( The height
and diameter of devices were 0.6 m and 0.35 m) which
were provided with a 0. 2-m-thick gravel layer topped
with the same soil to cover the plant root. To meet nutri-
tional conditions for growth, the wetland plants were irri-
gated every 3 d with a special nutrient solution. The ex-
periment lasted for 45 d. The plants were carefully re-
moved from the system every 7 d, followed by shaking of
the roots and obtaining the soil adhered to the root sur-
face, and the air temperature and soil temperature were
also recorded. Then, part of soil was used to measure
moisture, NH, -N, NO, -N and nitrification intensity,
and the other part after being pre-treated, was used to de-
tect the abundance of total bacteria, total archaeca, AOB
and AOA by FISH.

1.3 Determination of physical and chemical proper-
ties of soil

Physical and chemical properties of the soil were meas-
ured following national environmental standards. The dry
method, Nessler’s reagent spectrophotometry and phenol
two sulfonic acid spectrophotometry were used for mois-
ture, NH, -N and NO, -N, respectively. The nitrification
intensity was determined by the method of increasing the

NO; -N content before and after cultivation”!

1.4 Fluorescence in situ hybridization ( FISH) tech-
nology procedure

1) Slides and sample pretreatment. After ultrasonic
cleaning for adhesion, the slides were soaked for 30 s
with the working solution of v( APES) : v( acetone) =1:50
and then preserved in the sterilization box at 4 C. For the
samples ’pretreatment, after the soil collected in polyeth-
ylene pipe, distilled water was added before the Vortex to
obtain the soil-microorganisms mixture, 4% paraformal-
dehyde with volume ratio 1: 1 was then added and fixed at
4 C for 24 h. The treated sample was washed with a
phosphate buffer solution (PBS) and centrifuged at 1 x
10*t/min twice. The supernatant was then discarded, and

suspension was finally stored in 1 mL of a mixed liquor
of v(PBS): v(ethanol) =1:1.

2) Coating sample, heat fixation and dehydration'”™".
Before heated at 37 C for 2 h, 10 L of the treated sam-
ple was uniformly coated on the above slide with 10 mm
x 10 mm. The sample was dehydrated with an ethanol
gradient (50% , 80% and 96% ) at room temperature for
3 min, followed by natural drying.

3) Hybridization and staining'”'?*'. After putting the
hybridization solution containing the probe on the sam-
ple, the sample was hybridized at a constant temperature
of 46 C (total bacteria for 5 h, the remaining microor-
ganisms for 2 to 3 h), followed by elution for 20 min. 10
ulL of 4', 6-diamidino-2-phenylindole (DAPI) which was
diluted with methanol to 2 wL/mL was then coated onto
the sample before staining for 20 min. The rinsed and
dried sample was then sealed with cover clips. This step
should be carried out in a dark environment.

4) Microscopic examination and counting. An OLYM-
PUS-BX41 fluorescence microscope was used to observe
the 20 fields of vision. Count was conducted using Im-
age-Pro Plus 6. 0 software. Each sample was counted
twice, and the average value was used to calculate the
abundance of microorganisms per gram of soil.

Targetting microorganisms in the experiment, the probe
sequence and the corresponding hybridization conditions
are shown in Tab. 1. The probe was synthesized by the
Shanghai Biological Engineering Company and marked by
5°Cy3. The excitation light was red.

Tab.1 16S rRNA oligonucleotide probe sequence
Formamide
Prob 5°-3
name Trobe sequence ( ) concentration/%
Total bacteria-
T T TAGGAGT (231
EUB338 GCTGCCTCCCGTAGGAG 20
Archaca- - T CCCCGCCAATTCCT 35024
ARCH915
AOB-NSO190  CGATCCCCTGCTTTTCTCC 55121251
AOA-CREN537 TGACCACTTGAGGTGCTG 201261

Note: The probe concentration was 50 ng/uL.

1.5 Data processing

Pearson correlation analysis was used to characterize
the effect of the soil micro-environment on nitrification.
Statistical analyses were performed using SPSS Statistics
19.0 for Windows. The image was conducted with Origin
9.0.

2 Results and Discussion
2.1 Nitrification intensity

Nitrification is always a limited step of nitrogen remov-
al due to insufficient dissolved oxygen in CWs""'. The
performance of nitrogen removal is an important factor for

[28]

further applications of constructed wetlands As seen

in Fig. 1, for nitrification intensity, 7. orientalis achieved
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the highest nitrification intensity (2. 03 mg/(h - kg))
while the second was I. pseudacorus (1.74 mg/(h - kg)),
followed by A. calamus (1.65 mg/(h - kg)) throughout
the experiment. It indicates that wetland plant species
were one of the decisive factors in the rhizosphere soil ni-
trification intensity. Although the plants have the func-
tions of oxygen transfer and diffusion'®’, the capacity of
oxygen transport depends on the plant species'™ . More
importantly, different wetland plants further affect the de-
velopment of bacterial community structure by transpor-

ting oxygen and releasing organic carbon™, which cau-
ses differences in nitrification intensity.
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Fig.1 Nitrification intensity of the plant rhizosphere soil

In addition, the variation in nitrification intensity in all
wetlands were basically consistent with the temperature.
Early on the experiment (O to 14 d), the soil temperature
increased with the increase of air temperature, and corre-
spondingly, the nitrification intensity showed the same
trend. During the following experimental period (14 to 21
d), there was a sharp decline in temperature, significant-
ly inhibiting the nitrification intensities of 7. rientalis and
L. pseudacorus, while no effect was found on A. calamus.
After that, due to the increase in temperature, the nitrifi-
cation intensity increased steadily and no recurrent case
was observed again. The effect of the temperature on the
nitrification intensity was obvious and this is in accord-
ance with Huang et al""® .

2.2 Ammonia oxidizing microorganisms in rhizo-

sphere

DAPI staining can eliminate the interference of soil par-
ticles and make the microscopy results more accurate.
The effect of bacterial DAPI staining is shown in Fig. 2
(a). The fluorescence microscopic images under FISH
preliminarily demonstrated that the abundance of AOB
was higher than that of AOA (see Figs.2(b) and (c)).
After microscopic counting, the abundances of AOB and
AOA with extended time are shown in Fig. 3 and Fig. 4,
respectively.

The three plant rhizosphere soils varied greatly in the
abundance of AOB and less in the abundance of AOA dur-

(a)
(b)

(¢
Fig.2 AOB and AOA in the plant rhizosphere soils under
FISH. (a) DAPI staining of bacteria; (b) AOB; (¢) AOA
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Fig.3 The abundance of AOB in the plant rhizosphere soil

ing the experiment ( see Fig. 3 and Fig. 4). The abun-
dance of AOB in the three plant rhizosphere soils was
much higher than that of AOA, revealing that AOB were
the dominant microorganisms in the ammonia-oxidizing
process. Although AOB and AOA widely cohabit in eco-
systems, the growth environment of AOA is much stricter
than that of AOB, which leads to significant differences
in their relative abundance and contribution. Prosser et
al. "' reported that AOA had a close relationship with
ammonia and greater sensitivity to inhibition with a high



Nitrification intensity and ammonia-oxidizing bacteria and archaea in different wetland plant rhizosphere soils

469

16 425
141 420
TR {15
=] L
o lor —w—A. calamus ik g
<OC —o—T. rientalis ®
< 8r —a—[. pseudacorus 13 g
3 —o—Soil temperature =]
2 6r —%—Air temperature 10 &
]
ER 1-5
<
2F 4-10
0 1 1 L 1 L _15

1 1
0 7 14 21 28 35 42 49
Time/d

Fig.4 The abundance of AOA in the plant rhizosphere soil

ammonia concentration. AOA was generally predominant
in acidic soils™™"'. The abundance of AOB from high to
low was T. orientalis, I. pseudacorus, A. calamus, which
was consistent with the sorting of the nitrification intensi-
ty. The phenomena demonstrated that the 7. orientalis
rhizosphere soil environment was more in favor of nitro-
gen removal.

The AOB abundance of T. orientalis was the highest
and it increased the most quickly with the increase in tem-
perature, revealing that T. orientalis thizosphere at a rela-
tively high temperature was more suitable for ammonia-
oxidizing microbial growth. On the other hand, A. cala-
mus had the lowest abundance of AOB, compared to the
significant increase in abundance of AOB with T. oriental-
is and I. pseudacorus. The differences of ammonia-oxidi-
zing microbial abundance in the three plant rhizosphere
soils indicated that the wetland plant species had a signifi-
cant impact on ammonia-oxidizing microbial abundance.
This may be due to the fact that AOB are aerobic, while
plants species can cause variations in oxygen release'™"

The trends of ammonia oxidizing microbial abundance
in different plant rhizosphere soils were basically consist-
ent with the temperature (see Fig. 3 and Fig. 4), which
revealed that the effect of temperature on ammonia-oxidi-
zing microbial abundance was also significant. Similar
trends of the nitrification intensity with the temperature
indicated that ammonia-oxidizing microorganisms decided
nitrification intensity and indeed played an important role
in the process of NH, -N transformation'*'.

2.3 Relative abundance of ammonia-oxidizing micro-
organisms

The average values of bacteria, archaeca, AOB and
AOA throughout the experimental period are shown in
Fig. 5. Error bars represent the standard deviations (n =
6). For I. pseudacorus, A. calamus and T. orientalis, the
ratios of archaea and bacteria were approximately 1: 11,
1:6, 1:17, respectively, indicating that the abundance of
archaea was significantly less than that of bacteria. Simi-

larly, the proportions of AOA and AOB were 1: 3,
1:1.5, 1:5.4 for three wetlands, respectively, indicating
that the abundance of AOB was significantly higher than
that of AOA. Strauss et al. " reported that AOB were
often found to dominate in soil. Although AOB accoun-
ted for 11. 7%, 9.4% and 14. 8% of the total bacteria
which was the dominant microorganism in the ammonia
oxidation process, AOA accounted for 41. 1%, 38.0%
and 47.0% of archaea for tree wetlands, respectively, re-
vealing that the contribution of AOA to ammonia oxida-
tion also cannot be ignored.

250
[ IBacteria; ] AOB; 7 Archaea; I AOA;

200

Li

I. pseudacorus A. calamus

—_

W

(=]
T

wn
(=]
T

Abundance of microorganism/(10° g™")

B

T. orientalis

Fig. 5 Relative abundance of ammonia-oxidizing microorgan-
isms in plant rhizosphere soils

Comparing the abundance of different wetland plants,
bacteria from high to low was T. orientalis (1.27 x 10"
g "), I pseudacorus (1. 05 x 10" g"), A. calamus
(5.39 x 10" g7'), while archaea was I. pseudacorus
(9.74 x 10° gfl), A. calamus (9.26 x 10° gfl), T. ori-
entalis (7.40 x 10° g’l). Meanwhile, the abundance of
AOB from high to low was T. orientalis (1. 88 x 10"
g_]), I pseudacorus (1. 23 x 10" g '), A. calamus
(5.07 x 10° g’1 ), while the abundance of AOA from
high to low was 1. pseudacorus (4.00 x10° g™"), A. cal-
amus (3.52x10° g7'), T. orientalis (3.48 x10° g™").
The results indicate that the rhizosphere environment of
T. orientalis is more suitable for bacteria.

2.4 Effects of soil micro-environment on nitrification
intensity and ammonia-oxidizing microorganisms

Some indicators had greater impacts on the wetland
plant rhizosphere soil nitrification intensity. The rhizo-
sphere soil nitrification intensities of I. pseudacorus and
T. orientalis had significantly positive correlations with
soil temperature (R =0.862, P =0.027; R=0.833, P =
0.039). In addition, the rhizosphere soil nitrification in-
tensities of A. calamus and T. orientalis were also signifi-
cantly positively correlated with NO, -N content (R =
0.868, P=0.025; R=0.813, P=0.049). However,
the influences of moisture content and NH, "-N content
on nitrification intensity were not evident.
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Tab.2 The correlation of soil micro-environmental indicators and nitrification in the plant rhizosphere soil
- - NH. - N .
Wetland . Soil Moisture 4 NO; -N content Nl.trlfICB:IIOIl
lant Correlation temperature content content intensity
an
P R P R R P R P R P
Nitrificati
heation 1y et 0,027 —0.379 0.458  0.156  0.767  0.454  0.366
intensity
1. pseudacorus
AOB 0.696 0.124 -0.051 0.923 0.015 0.977 0. 686 0.133 0.612 0.197
AOA 0.769 0.074 -0.362 0.480 -0.039 0.941 0.561 0.247 0.815" 0.048
Nitrificati
heation g s 0,310 0,439 0.384  0.316  0.541  0.868°  0.025
mtensuy
A. calamus
AOB 0.879* 0.021 0.266 0.611 0.636 0.125 0.626 0.184 0.692 0.128
AOA 0.631 0.179 0.239 0. 648 0.395 0.439 0.256 0. 625 0.392 0.442
Nitrificati
Hleation 1, e33e 0,039 0.082  0.862  -0.130  0.782  0.813°  0.049
mtensuy
T. orientalis
AOB 0.688 0.131 0.443 0.132 -0.464 0.397 0.530 0.280 0. 685 0.133
AOA 0.711 0.113 -0.109 0.837 -0.177 0.738 0.354 0.491 0.508 0.303

Notes: R represents the correlation coefficient; P represents test value;

The correlations of ammonia-oxidizing microbial abun-
dance and soil temperature indicated that only the AOB
abundance in A. calamus rhizosphere soil had a signifi-
cantly positive correlation with soil temperature ( R =
0.879, P=0.021), while no obvious correlations were
observed in I. pseudacorus and T. orientalis systems. A
possible explanation may be that the impact of tempera-
ture on ammonia-oxidizing microbial growth and metabo-
lism gradually lost the dominant position under moderate
temperatures, and other factors began to become high-
lighted, making the effect of the environment on ammo-
nia oxidation more complex. As the temperature in-
creased, the activity of ammonia-oxidizing microorgan-
isms was enhanced, while other factors were also affect-
ed, such as the reduction in the concentration of dissolved
oxygen'”. Meanwhile, the rapid and abundant reproduc-
tion of ammonia-oxidizing microorganisms in soil also
leads to a reduction in oxygen concentration, thus resul-
ting in the inhibition of microbial activity. In addition,
nitrification was a process that produced acid which can
reduce soil pH value. With the increase of soil nitrifica-
tion intensity, the living environment of ammonia-oxidi-
zing microorganisms was affected, causing the inhibition
of the abundance and metabolic activity of ammonia-oxi-
dizing microorganisms.

The correlations of ammonia-oxidizing microbial abun-
dance and nitrification intensity revealed that the AOA
abundance in the I. pseudacorus rhizosphere had a signifi-
cantly positive correlation with nitrification intensity (R =
0.815, P =0.048), which reflected the unneglectable
role of AOA in the ammonia oxidation reaction.

3 Conclusions

1) The wetland plant species had an important impact
on ammonia-oxidizing microbial abundance. T. orientalis
the highest intensity  (2.03
mg/(h - kg)) while the second was I. pseudacorus (1.74

achieved nitrification

s

represents significant correlation at 0. 05 level.

mg/(h -kg)), followed by A. calamus (1.65 mg/(h-kg)).

2) The rhizosphere environment of T. orientalis was
more suitable for the growth of bacteria. The abundances
of microorganisms in the rhizosphere soils from high to
low were bacteria, AOB, archaea and AOA.

3) AOB was the dominant microorganism in the am-
monia oxidation process. The abundance of AOB was
nearly an order of magnitude higher than that of AOA.
The abundance of AOB from high to low was T. orientalis
(1.88 x10" g™"), I pseudacorus (1.23 x10" g™"), A.
calamus (5.07 x 10° g¢™') while the abundance of AOA
from high to low was I. pseudacorus (4.00 x10° g7'),
A. calamus (3.52 x 10° g’l), T. orientalis (3. 48 x 10°

g .
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