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Abstract Microbial processes play a vital important role in
the removal of contaminants in constructed wetland (CW).
However, the microbial physiology and community structure
can be influenced by environmental conditions. In this study,
four pilot-scale integrated vertical-flow constructed wetlands
(IVCWs) were employed to treat domestic and nitrified waste-
waters. The microbial properties, along with their response to
wastewater quality characteristics and seasonal variation, were
determined. The results showed higher Shannon—Weiner di-
versity (H) and evenness (E) index of fatty acids (FAs), and
relative abundances of signature FAs in down-flow cells and
in the systems fed with domestic wastewater (DW). The
relative abundances of fungi and gram-negative and aerobic
bacteria were greater in up-flow cells. The dominant anaerobic
bacteria found in most cells might be accounted for the pre-
vailing anaerobic environment within the wetland beds, which
could mean that the system fed with nitrified wastewater
(NW) should perform better in nitrogen removal. The redun-
dancy analysis (RDA) showed that pollutant concentrations,
especially organic matter, influence the FA compositions
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greatly, and the most significant difference of microbial com-
munity structures was detected in down-flow cells fed with
DW and up-flow ones with NW. The branched FAs, which
could be used to represent anaerobic bacteria, were observed
in down-flow cells treating DW and had a significant positive
correlation with chemical oxygen demand (COD) concentra-
tion, probably suggesting the important role of anaerobic
bacteria in organic matter degradation in the IVCWs. Seasonal
variation, however, did not greatly influence the microbial
community structure in the [IVCWs.

Keywords Integrated vertical-flow constructed wetlands
(IVCWy) - Fatty acid methyl ester (FAME) - Signature FAs -
Microbial community - Domestic wastewater (DW) - Nitrified
wastewater (NW) - Water quality characteristics

Introduction

Owing to some well-recognized advantages, such as low cost
for construction, operation, and maintenance; acceptable and
sustainable performance; easy management; environmental
friendliness, etc., constructed wetlands (CWs) have been ap-
plied more and more frequently for treatment of various
wastewater sources (Kadlec and Knight 1996; Zhi and Ji
2012). The function of a CW tightly depends on interactions
of substrates, plants, and associated microorganisms, which
are primarily responsible for water quality improvement
(Kadlec and Knight 1996; Faulwetter et al. 2009). Among
them, microorganisms, with high variability due to a range of
microbial habitats in CW, are generally believed to be the key
determinant of pollutant transformation and degradation, and
microbial community plays a fundamental role in regulating
these processes (Kadlec and Knight 1996; Ahn et al. 2007).
Therefore, explorations on microbial community and its
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influencing factors could reveal the “black boxes” of pollutant
removal mechanisms in CW.

To date, the knowledge on microorganisms in CW is still
largely derived from assumptions and indirect evidences
(Faulwetter et al. 2009; Zhang et al. 2010). Furthermore,
microbial community can be very sensitive to environmental
variations, and its structure can shift in concert with the
alterations of some environmental factors, such as pH, tem-
perature, dissolved oxygen (DO), substrate, vegetation, avail-
ability of organic carbon, etc. (Arroyo et al. 2013; Zhao et al.
2010). Therefore, microbial community structure is a good
indicator for the status of the CW ecosystem and may be
employed to monitor and assess biotic processes (Pronk
et al. 2009). Indeed, the microbial diversity and plasticity of
a CW system can provide a buffer against fluctuations in
environmental conditions and may be critical for its proper
function and maintenance (Ibekwe et al. 2003). Thus, evalu-
ating the microbial compositions and their alteration can pro-
vide an insight into the responses of a CW system to variations
of operational and environmental conditions.

Lipids are the primary components of cellular membranes,
which are composed of a number of compounds with struc-
tural and functional diversities, and their composition can be
applied to characterize microbial community structure and
assess the physiological conditions experienced by microor-
ganisms (Alef and Nannipieri 1995; Zelles 1999a). As a
sensitive and reproducible biochemical method, fatty acid
(FA) analysis is usually employed to detect environmental
status and stress in an ecosystem (Zelles 1999a). Alterations
of microbial physiological parameters and community com-
position caused by environmental variation can be reflected in
FA profiles, which is useful to quantify responses of microor-
ganisms to environmental stress (Steer and Harris 2000; Zelles
etal. 1994; Zelles 1999b). The FA method has been common-
ly applied to analyze microbial community composition in
soils (Frostegard et al. 2011) and has been successfully used to
assess the characteristics of microbial communities in CWs in
recent years (Zhou et al. 2009; Weaver et al. 2012; Tao et al.
2012; Wu et al. 2013).

Domestic wastewater and nitrified wastewater (e.g., efflu-
ent from activated sludge treatment plant, agricultural runoff,
etc.) are two typical wastewaters with different characteristics
that are frequently treated using CWs in China (Wu et al.
2008). The microbial features in CWs dealing with these
wastewaters may be distinct due to the influence of water
quality properties; however, available information is very
limited.

Accordingly, in this study, four pilot-scale integrated
vertical-flow constructed wetlands (IVCWs) were
established to treat domestic and nitrified wastewaters.
The main purposes include (1) comparing temporal and
spatial variations of microbial features and community
structures in the IVCWs and (2) evaluating the effect of

the wastewater quality properties on the microbial ecolo-
gy in the IVCWs.

Materials and methods
Experimental systems and the influent

The study was carried out in four pilot-scale IVCWs located
near Donghu Lake (30° 33’ N, 114° 23’ E), Wuhan, China.
The structure diagram of the IVCW has been presented in
Chang et al. (2012, 2013).

In April 2011, Arundo donax var. versicolor and Canna
indica were transplanted into down-flow and up-flow cells,
respectively, at a density of 9 stem m 2. After planting, do-
mestic wastewater (DW) and nitrified wastewater (NW) were
intermittently and evenly distributed into the IVCWs at a
hydraulic loading rate of 12.5 cm day '. The water quality
parameters of these two wastewaters are summarized in
Table 1.

Sample collection

The experiment was carried out from May 2011 to February
2012. Water samples were taken approximately weekly from
inlet and outlet of each IVCW system, and the substrate
sampling campaigns were conducted on four dates: August
22,2011 (Aug.), October 25, 2011 (Oct.), December 22, 2011
(Dec.), and January 5, 2012 (Jan.). Five substrate subsamples
were collected from the top 5—10 cm in each cell and placed in
a sterile plastic bag after removing root and macrofauna by
hand, then homogenized thoroughly by kneading and shaking
the plastic bag (ca. 500xg). The samples were immediately
transported to the laboratory and stored at —20 °C until
analysis.

Sample analysis
Water quality analysis

Physico-chemical parameters of the wastewater including pH,
dissolved oxygen (DO), temperature (T), and electric conduc-
tivity (EC) were measured in the field immediately after
collection with an Orion 5-star portable multimeter (Thermo
Fisher Scientific Company, USA). In the laboratory, total
nitrogen (TN), nitrate (NO; ), ammonium (NH,"), nitrite
(NO, ), and total phosphorus (TP) were analyzed according
to standard methods (APHA 1998). Chemical oxygen demand
(COD) was determined using a spectrophotometer (DR/2010,
Hach Co., Loveland, CO, USA).
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Table 1 Water quality characteristics of inlet and outlet and pollutant removal efficiencies of the IVCWs on the four substrate sampling dates (mean

values)
Parameter Domestic wastewater Nitrified wastewater

Aug. Oct. Dec. Jan. Aug. Oct. Dec Jan.

In Out In Out In Out In Out In Out In Out In Out In Out
T (°C) 258 260 206 204 100 9.7 52 4.8 260 260 205 203 98 9.5 5.4 59
pH 7.7 7.6 72 73 7.4 7.4 7.8 8.1 7.9 7.7 79 72 7.8 7.5 8.3 8.3
DO (mg 1) 0.8 1.5 1.4 1.7 0.6 2.1 1.4 2.6 4.8 23 6.0 29 6.8 3.1 7.6 44
EC (ps/cm) 382 555 396 610 470 660 420 600 355 505 390 570 475 630 428 560
COD (mg 1" 103 150 112 110 112 291 129 215 198 730 250 650 213 129 161 9.75
Removal efficiency (%) 85.4 90.2 74.0 83.3 63.1 74.0 394 394
TN (mg 1) 112 6.04 11.0 557 11.7 624 126 942 137 258 142 179 131 528 144 138
Removal efficiency (%)  46.1 494 46.7 25.2 81.2 87.4 59.7 42
NH," (mg I'") 799 551 476 459 6.12 523 578 7.00 0.01 000 0.18 003 005 0.12 038 0.07
Removal efficiency (%) 31.0 3.6 14.5 —21.1 - - - -
NO; (mg 1) 022 0.07 0.1 028 075 045 021 061 123 243 135 154 121 494 132 126
Removal efficiency (%) — - - - 80.2 88.6 59.2 4.5
NO, (mg I'h 0.05 0.00 0.00 0.00 0.00 000 0.00 009 008 008 005 0.15 005 0.02 009 0.01
TP (mg 1) 125 075 150 076 129 060 127 067 134 039 140 044 120 045 126 0.88
Removal efficiency (%)  40.0 49.3 535 472 70.9 68.6 62.5 30.2

Fatty acid analysis

FA analysis was conducted by ester-linked method described
by (Schutter and Dick 2000). Briefly, 5 g of substrate (fresh
weight) was incubated with 15 ml 0.2 M methanolic KOH at
37 °C in Teflon-capped centrifuge tubes for 1 h. During this
period, the sample was swirled for 30 s every 10 min and
ester-linked FAs were released and methylated. After incuba-
tion, 3 ml of 1 M acetic acid was added to neutralize the pH of
the suspension, and 5 ml of hexane was then added to extract
the fatty acid methyl esters (FAMEs) twice. The sample was
centrifuged at 4,800xg for 10 min to separate the organic and
aqueous phases every time, and the organic phases were
carefully combined, transferred to a clean glass tube, and
evaporated off under N,. The FAMEs were dissolved in
0.5 ml of 1:1 hexane:methyl-zert butyl ether for analysis. All
instruments involved were washed with methanol and hexane
three times, and all reagents used were chromatography grade.
FAMESs were separated using an Agilent 6890 Series capillary
gas chromatograph (Agilent Technologies), identified by
MIDI peak identification software (MIDI Inc., Newark, DE,
USA) according to their chromatographic mass spectral com-
parison and retention times, and quantified using a set of
standard 26-component qualitative Bacterial Acid Methyl Es-
ter (BAME) Mix (Supelco, USA) that ranged from C11 to
C20. FAs with a chain length of more than 20 were not
analyzed because they usually do not originate from microor-
ganisms (Zelles et al. 1992).

@ Springer

For each sample, FAME extraction and analysis were car-
ried out in triplicate. The nomenclature of fatty acid was
described by Frostegard et al. (1993), and the abundance of
individual FA is expressed to be its mole percentage (% mol)
in all FAs in each sample.

Diversity and equitability of the FAs

To assess the diversity of FAs, the ubiquitous Shannon—Wei-
ner index (H) was applied:

H:—zn:pi In pi

i=1

where 7 is the number of FAs detected and pi is the content
percentage of each FA (%) calculated by dividing the peak
height of one FA to the sum the ones detected in one sample.

The equitability of the FAs was evaluated using Pielou’s
evenness index (E) as follows:

E=H/InS

where H is the Shannon—Weiner diversity index and S is
the total number of FAs identified in the sample.
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Statistical analysis

The average values of water quality and microbial character-
istics of the two replicate IVCW systems were used for
calculation. Values of H and E and ratios of biomarker FAs
of different samples were compared using one-way univariate
analysis of variance (ANOVA) followed by least significant
difference (LSD) test using SPSS 17.0 software package for
Windows, and the difference was regarded to be significant
when p=<0.05.

In order to evaluate the distinction of microbial community
structure in samples and identify the influence of wastewater
quality characteristics, the linear model of ordination, redun-
dancy analysis (RDA), was implemented. The analysis was
performed by the software package Canoco for Windows with
version 4.5. In the analysis, species were referred to the
relative abundance of individual FA in samples and environ-
mental variables involved quantitative (water qualities) and
dummy (plant species) variables.

Results

Wastewater quality characteristics and pollutant removal
efficiencies

The water quality characteristics and treatment performance
of'the IVCW systems on the four substrate sampling dates are
shown in Table 1.

Effective removal for organic substance in DW was
achieved even in January with water temperature being just
around 5 °C, while the lower removal efficiencies obtained for
NW might be due to low influent concentrations. The removal
of nitrogen and phosphorus was more efficient for NW than
that for DW except in January.

FAME compositions

Almost all the 26 kinds of FAs were detected in the substrate
(Fig. 1).

As a common and ubiquitous FA, palmitic acid (16:0)
showed the highest proportion, especially in up-flow cells.
Besides, FAs 14:0, 115:0, al15:0, 16:1w9, and 18:0 were also
enriched. These dominant FA species accounted for 60.4—
71.8 % of the total FAs in down-flow cells fed with DW,
74.3-81.5 % in down-flow cells fed with NW, 77.4-87.8 % in
up-flow cells fed with DW, and 82.5-90.8 % in up-flow cells
fed with NW, respectively. Relative abundances of FAs 16:0
and 18:0 in down-flow cells fed with DW were significantly
lower than those in other cells.

The Shannon—Weiner diversity index (H) of FAs ranged
from 1.44 to 2.51 (Fig. 2), with the highest value observed in

the down-flow cells treating DW, while the lowest value in the
up-flow cells treating NW. Concerning the wastewater type,
higher H values for FAs were attained in the [IVCWs fed with
DW.

Values of 0.44 to 0.77 for evenness index (E) of FAs were
obtained. Similarly, higher equitability was observed in the
down-flow cells and systems dealing with DW. However, no
consistent variations with operation time were observed for
the values of A and E.

The FAs could be grouped according to their chemical
structures, and the relative amounts of FA groups are depicted
in Fig. 3.

As seen in Fig. 3, saturated FAs were present at the
highest percentages in all samples, followed by branched
and monounsaturated FAs. Just small amounts of cyclo-
propane, hydroxyl, and polysaturated FAs were identified,
with the relative abundances of 0.5-4.0, 0.1-2.8, and 0.1—
2.0 %, respectively.

The proportion of odd-numbered saturated FAs in down-
flow cells fed with DW, constituting 17.0-22.5 % of the total
FA content, was significantly higher than that in other cells.
On the other hand, the even-numbered saturated FAs had the
lowest abundance, which, on the contrary, were predominant-
ly present in up-flow cells treating NW. The down-flow cells
had a larger relative amount of branched and cyclopropane
FAs than the up-flow ones. Noticeably, similar compositions
of FA groups were observed for up-flow cells fed with DW
and down-flow ones fed with NW.

Signature FAs

Signature FAs can be used to characterize and diagnose
different groups of microorganisms, and their ratios can
characterize the relative dominance of microbial groups
and metabolic status of microorganisms (Findlay et al.
1990; Zelles 1999b). Among these FAs detected,
18:2w9c can be used as fungal signature FA, and 12:0
20H, 12:0 30H, i15:0, al5:0, 15:0, 14:0 30H, i16:0,
16:1w9, i117:0, cyl17:0, 17:0, 18:1w9c, 18:1w9t, and
cy19:0 are indicative of bacteria according to previous
references (Tunlid et al. 1989; Frostegard et al. 1993).
Regarding diagnostic FAs of bacteria, branched FAs
i15:0, al5:0, 116:0, and i17:0 are employed as general
indicators of Gram-positive (G") bacteria (Rajendran
et al. 1997), while 12:0 20H, 12:0 30H, 14:0 30H,
16:1w9, cyl7:0, 18:1w9c¢, 18:1wIt, and cy19:0 are pri-
marily associated with Gram-negative (G ) bacteria
(Wollenweber and Rietschel 1990; Zelles 1999b). In ad-
dition, monounsaturated fatty acids (MUFAs) are typically
contained in aerobic bacteria, whereas branched FAs are
primarily contained in anaerobic bacteria; therefore, the
ratio of MUFAs/branched FAs can be indicative of the
relative amounts of aerobic to anaerobic bacteria

@ Springer
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Fig. 3 Compositions of
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induced by environmental stress (Heipieper et al. 1996);
thus, a higher ratio indicated stronger stress.

The ratios of signature FAs of microorganisms in the
IVCWs are depicted in Fig. 4.

As shown in Fig. 4, the ratios of fungi/bacteria ranged
between 0.001 and 0.078, and the values obtained in up-
flow cells were significantly higher than those in down-
flow ones. Regarding the distinction derived from waste-
water type, higher relative abundance of fungi was mostly
found in units fed with NW. The ratios in all cells varied
with operation time similarly, such as declined in Dec.
and increased in Jan., demonstrating the impact of sea-
sonal variation.

In down-flow cells, the relative abundances of G* biomark-
er FAs were all higher than those of G, indicating a predom-
inance of G bacteria (Fig. 4b), while the G~ bacteria prevailed
over G" bacteria in up-flow cells in most cases. In addition, the
ratios of G to G~ bacterial FAs almost decreased markedly
with the operation time, suggesting a shift in composition to
less G'-dominated or G -dominated bacterial community
with the decreasing temperature.

Most of the ratios of MUFAs to branched FAs were
found to be less than 1.0, which demonstrating a larger
proportion of anaerobic bacteria in the IVCWs, especially
in down-flow cells. Higher values observed in down-flow
cells compared to up-flow ones probably indicated more
anaerobic bacteria-dominated microbial communities.
However, no consistent and significant differences were
observed between the ratios of the IVCWs fed with dif-
ferent wastewaters. Moreover, these ratios almost showed
an ascending trend with the operation time.

DW NW

Down-flow

The ratios of 18:1w9t to 18:1w9c ranged from 0.58 to
3.22, with the lowest values mostly found in up-flow cells
treating NW.

Microbial community structure in the IVCWs

Different FA compositions with biological specificity were
derived from various biochemical metabolisms of different
microbial groups; thus, microbial community structure can
be characterized by the compositions of signature FAs (Zelles
1999a; Green and Scow 2000).

Four functional groups were classified by Findlay et al.
(1990) according to the presence of biomarker FAs in micro-
organisms. Polyunsaturated FAs were biomarkers for
microeukaryotes (group I), while monounsaturated FAs were
indicative of aerobic prokaryotes (group II). Additionally,
branched FAs from C14—C16 represented Gram-positive and
anaerobic prokaryotes (group III), whereas branched and cy-
clopropane FAs from C17-C19 were associated with sulfate-
reducing bacteria (SRB) and other anaerobic prokaryotes
(group IV). Their compositions in the IVCWs at different
sampling times are shown in Fig. 5.

In down-flow cells, group III made up the highest propor-
tion, ranging from 25.0 to 35.2 % of the total FAs for IVCWs
treating DW and 16.2-35.0 % for the ones treating NW,
respectively, then followed by group II, which contributed
percentages of 9.0-18.3 and 9.2-19.1 % to the total FAs.
Nevertheless, in some cases, the relative abundances of group
I were higher than those of group III in up-flow cells. Relative
low contents of group I'V were detected, with the range of 1.1—
5.2 %. Very little magnitudes of group 1 were obtained,
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letter above the bars indicate no significant difference among values
(p>0.05)

especially in down-flow cells. Noticeably, the proportions of
the FAs as biomarkers for microbial functional groups in the
total FAs were the highest in the down-flow cells fed with
DW, which were greater than 46.0 %, while they were nearly
the lowest in the up-flow ones fed with NW, with the values of
less than 22.0 %.

Effects of wastewater quality characteristics on microbial
community structure

The results of redundancy analysis (RDA) of FAME data are
shown in Fig. 6 and Table 2.

As seen from Fig. 6, the first axis of the RDA explained
81.4 % of the variance in FA species and the second explained
9.3 %. The microbial community structures in different cells
varied with the wastewater quality properties, and the samples
collected at different operation times were roughly separated
into four groups according to the location. The correlations
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between species and environment parameters were significant
(Table 2). The microbial communities in samples were effec-
tively distinguished by the first axis, with the most significant
difference detected between those in down-flow cells dealing
with DW and up-flow ones with NW. Pollutant concentrations
in wastewater, especially COD, showed remarkable influ-
ences on microbial community. The COD concentration was
more closely associated with branched FAs, which more char-
acterized the samples from down-flow cells fed with DW. The
samples of up-flow cells fed with NW were confined to the
left quadrant and were characterized by only polysaturated
and some hydroxyl and saturated FAs, which correlated with
concentrations of NO; , NO, , and DO. In addition, DO
concentration was also a crucial determinant for microbial
community structure, and limited effect of plant species and
slight effect of water temperature were found.

Discussions

The variation of major microbial groups and metabolic status
of the microorganisms could be partly reflected by the ratios

Table 2 The results of RDA

Axes 1 2 3 4
Eigenvalues 0.814 0.093 0.024 0.016
Species—environment correlations 0987 0939 0.998 0.867

Cumulative percentage variance
Of species data 81.4 90.7 93.1 94.7
Of species—environment relation ~ 85.0 94.7 97.1 98.8

of biomarker FAs (Findlay et al. 1990; Amir et al. 2008). In
this study, a remarkably better TN removal performance was
achieved for NW except in January despite the low influent
COD/N, while an unsatisfactory NH, " removal for DW sug-
gested that denitrification was relatively liable to proceed in
the IVCWs. This could have resulted from the prevailing
anaerobic environment within the wetland beds indicated by
the larger proportion of anaerobic bacteria and caused primar-
ily by the intermittent feeding mode and continuous saturated
condition. DO concentration could significantly influence
microbial community structure (Fig. 6), and lower ratios of
aerobic/anaerobic bacteria in down-flow cell (Fig. 4) might
suggest a more prevailing anaerobic condition. The ratios of
MUPFAs/branched FAs obtained in this trial were largely lower
than those observed in a membrane bioreactor (Chang et al.
2011) and small-scale vertical-flow CWs established with
PVC columns (Li et al. 2010) in which aerobic bacteria were
dominantly present, but comparable to those recorded in other
IVCW systems treating eutrophic lake water (Zhou et al.
2009) or simulated domestic wastewater (Wu et al. 2013),
and a little lower than those reported by Tao et al. (2012)
treating domestic sewage employing [IVCW with intermittent
aeration addition. The elevated relative abundance of aerobic
bacteria in January might have partly resulted from the in-
creased DO level (Table 1), which was beneficial to nitrifica-
tion process but unfavorable to nitrate removal, and could
partly explain the less drastic decrease of TN removal effi-
ciency for DW as compared to NW at a low temperature
(Table 1).

Very low relative amounts of fungi were observed in the
IVCWs, especially in down-flow cells, probably due to the
higher pollution level and prevailing anaerobic condition
within the IVCW systems which were unfavorable to the
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growth of fungi (Rajendran et al. 1992; Rajendran et al. 1997).
Moreover, almost all organic compounds in the synthetic
wastewater were easily decomposable, facilitating the growth
of bacteria but not fungi (Kiisel et al. 1999). Nevertheless, the
greatly low proportion of fungi compared with bacteria in
these systems agreed with those references obtained in other
IVCWs (Zhou et al. 2009; Tao et al. 2012).

The relative abundance of G* bacteria in down-flow cells
was significantly greater than that in up-flow ones, which
agrees with Kamaludeen et al. (2003) who stated that the G
signature FAs increased with wastewater purification process.

As for the ratio of trans FA to cis FA (18:1w9t/18:1w9c),
much higher values than those determined in soils and aqui-
fers (Green and Scow 2000) and in CWs treating municipal
tertiary effluent (Jin and Kelley 2007) were obtained, demon-
strating much greater physiological stress suffered by micro-
organisms in the [VCWs, which might have probably resulted
from the considerably higher pollution level and prevailing
anoxia within the wetland beds (Guckert et al. 1986;
Rajendran et al. 1992; Rajendran et al. 1997). However, these
ratios were similar to those observed in [IVCWs treating do-
mestic sewage (Tao et al. 2012) and a little lower than those in
non-planted vertical flow CWs treating mixed wastewater of
eutrophic lake water and septic tank sewage (Li et al. 2010).

The microbial community structure in the IVCWs was
significantly influenced by the water quality characteristics.
Higher diversity and evenness of FAs and proportions of FAs
as biomarkers for microbial functional groups in down-flow
cells in comparison to up-flow ones might be owing to the
higher nutrient availability. Among the pollutants, COD con-
centrations showed the most notable effect on FA composi-
tions (Fig. 6). The highest diversity and evenness of FAs
obtained in down-flow cells of IVCW treating DW probably
resulted from the markedly greater easily biological available
organic substance contained in the wastewater. Actually,
available carbon source has been proven to be able to affect
microbial community structure greatly (Marschner et al. 2003;
Wu et al. 2009).

However, it was notable that the COD concentration was
more related to branched FAs which can be indicative of
anaerobic bacteria and more characterized samples from
down-flow cells treating DW (Fig. 6), probably suggesting
the significance of anaerobic decomposition in COD removal
for DW in the IVCWs. This was consistent with Wu et al.
(2013) who also dealt with DW using IVCWs and could
probably explain the efficient COD removal of the IVCW
systems despite the low DO level (Table 1).

Conclusions

(1) The Shannon—Weiner diversity and evenness index of
FAs and the abundance of biomarker FAs in the [IVCWs

@ Springer

fed with DW and in down-flow cells were markedly
higher than those in systems with NW and in up-flow
cells.

(2) The relative abundances of fungi and G and aerobic
bacteria were higher in up-flow cells than in down-flow
ones.

(3) Anaerobic bacteria were dominantly present in most
cells, which could partly explain the better TN removal
performance for NW.

(4) Pollutant concentrations, especially COD, imposed cru-
cial effects on the FA compositions.
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