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Abstract

Phytoremediation of triazophos (O, O-diethyl-O-(1-phenyl-1,2,4-triazole-3-base) sulfur phosphate, TAP) pollution by Canna indica
Linn. in a hydroponic system has been well studied, whereas the microbial mechanism on TAP degradation is still unknown. The
variation in microbial community compositions was investigated by analyzing phospholipid fatty acids (PLFAs) profiles in microbes
under TAP exposure. The TAP exposure resulted in an increase in proportions of fatty acid 16:0 and decrease in fatty acid 18:2w9,12c,
indicating that TAP may stimulate the reproduction of microorganisms and inhibit the growth of fungi to some degree. Significant
correlation was found between the ratio of fungi to bacteria and TAP removal (> = 0.840, p < 0.01). In addition, the microbial
community in the phytoremediation system with C. indica was dominated by Gram negative bacteria, which possibly contributed to
the degradation of TAP. These results indicated that TAP might induce the colonization of bacteria in the hydroponic system planted
with C. indica, and lead to a discrimination of microbial community, which might be one of the mechanisms on TAP dissipation in

phytoremediation system.
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Introduction

Triazophos (O, O-diethyl-O-(1-phenyl-1,2.4-triazole-3-
base) sulfur phosphate, TAP) is an organophosphorous
pesticide, commonly used for insects control in many
developing countries. For past several years, the overuse
of TAP in Southeast China has brought severe pollution
in surface water, soil, food and biota (Shen et al., 2005;
Zhong et al., 2006). According to the International Union
of Pure and Applied Chemistry (IUPAC), TAP may harm
non-target organisms as an acetyl cholinesterase inhibitor
and neurotoxicant, even causing threats to human health
through food chains. It also damages the metabolism
enzyme, immune related genes, and membrane proteins
of non-target organisms (Zhong et al., 2005; Ma et al,,
2007). Therefore, studies on the residues and dissipation
of TAP have been of great environmental concern (Rani et
al., 2001; Wang et al., 2005). TAP could be easily uptaken
and degraded by plants (Li et al., 2008). This characteristic
may be valuable when using phytoremediation to eliminate
TAP pollution from the environment.

Phytoremediation technology, which utilizes plants to
uptake, transform, stabilize, evaporate, and degrade pol-
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lutants (Schnoor et al., 1995), has proved to be a useful
method to transport and transform pollutants from the
environment (Yu and Gu, 2006; Petroutsos et al., 2008).
In addition to research on the role of plants in phytoreme-
diation, degradation of organic pollutants in rhizosphere
has also been investigated. It is commonly accepted that
exudates released by plants, as well as the addition of
organic contaminants, could promote the activities and re-
production of microbes (Fan et al., 2007; Lin et al., 2008),
and result in an acceleration of contaminants degradation
by providing carbon and/or energy source to microbes
in ambient environment, thereby subsequently affect the
mineralization of pollutants (Nakamura et al., 2004).

Our previous study determined the TAP degradation in
a hydroponic system with Canna indica Linn., in which
11% of TAP dissipation was contributed by microbes, and
microbes played an important role in TAP phytoremedi-
ation (Cheng et al., 2007). But the microbial community
structure and its variation were unknown. It is necessary
to evaluate shifts in microbes during tatton;
to help us better understand the midrobial mechanism
involved. To analyze the phospholipid fatty acids (PLFAs)
profile of microbes is an emerging techrjology that recently
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replaces the traditional bacterial diversity techniques, to
divulge the fingerprint of microbial community structure
at the phenotypic level (Kaur et al., 2005). It has been
commonly used to monitor microbes in contaminated
soils (Frostegard et al., 1993). PLFAs analysis can re-
flect microbial community changes that may contribute
to the phytoremediaiton of nonlinear degradation of pen-
tachlorophenol (PCP) by Lolium perenne L. (He et al.,
2007). Antizar-Ladislao et al. (2008) also analyzed the
PLFAs to identify Gram positive (GP) bacteria and showed
GP dominated the mineralization of polycyclic aromatic
hydrocarbons (PAHs). Therefore, the analysis of PLFAs
profiles of microbes was employed in this study to in-
vestigate the microbial variation in the phytoremediation
system, and the relationship between TAP dissipation and
microbes was also evaluated.

1 Materials and methods

1.1 Materials and treatments

Field-scale experiments were set in the experimental
base of Institute of Hydrobiology, Chinese Academy of
Sciences, China. C. indica was selected for its nice
resistance to heavy metal stress (Cheng et al., 2002),
as well as the potential to degrade TAP (Cheng et al.,
2007). Seedlings of C. indica were pre-cultivated in 1/10
Hoagland nutrient solution for 7-10 days and then placed
in concrete tanks (50 cm X 50 cm X 50 cm) containing 50
L nutrient solution. A total of (926 + 33) g fresh weight of
C. indica seedlings were grouped and cultivated in tanks at
25-35°C and natural illumination (14 hr day/10 hr night).
Water loss from evaporation and transpiration by plants
was compensated by adding tap water every other day.

TAP (EC, 80%, Deshijia Pesticide Consultation Cen-
ter, Shandong, China) was used for the treatment. Three
treatments were set, and each with 3 replicates, including
the control without TAP, but with C. indica planted; the
treatment (T) with 1 mg/L. TAP, but without plants; and
the treatment (TP) with 1 mg/LL TAP and with C. indica
planted.

1.2 Sample analysis

Water samples were collected on day 0, 7 and 15 for TAP
analysis. They were pretreated by the methods of Zhang
et al. (2005). Samples were centrifuged at 8000 r/min at
25°C for 30 min and the concentrations of TAP in the
supernatants were measured by high-performance liquid
chromatography (1100 serial HPLC, Agilent, USA) using
a RP-C18 column (Waters XTerra, 150 mm X 3.90 mm
%X 5.00 um, Waters Co., USA), and a mixture of water-
methanol (3:7) was as a fluent. The diode-array detector
wavelength was 246 nm, and the retention time of TAP was
3.26 min. The standard deviation (SD) of ten times analysis
of the same concentration was 0.081, and the coefficient of
variance (CV = SD/x) was 1.50%, which was involved the
error limitation.

PLFAs in microbes from water samples were collected
and pretreated following the method of Brinis et al. (2004).

Ten litters of water sample from each tank was collected
on day 7 and 15. In order to eliminate large zooplankton,
water samples were pre-filtered on a plankton-net (64
um pore size) prior to filtrations on a fiber filtration
film (0.22 wm pore size, 50 mm diameter). The filtration
films were then preserved in 10 mL phosphate buffers at
—4°C before extraction that followed the method provided
by Frostegard et al. (1993).

Analysis of fatty acid methyl esters was performed
on a gas chromatograph using flame ionization detection
(GC-2014, Shimadzu, Japan), which was fitted with an
manual injector. A polar capillary column (0.25 um d.f. X
30 m length X 0.25 mm i.d., Wonda CAP 5, Shimadzu,
Japan) was used to separate PLFA, with spitless mode.
The temperature program used was 80°C for 1 min then
increasing to 160°C at 20°C/min, and to 280°C at 4°C/min,
held for 5 min. The concentrations (mole percentage) of
individual fatty acids in water samples were determined
from the peak areas of each fatty acid relative to the peak
area of the internal standard.

1.3 Signature PLFAs analysis

PLFAs are typical components of cell membranes, thus
the PLFAs analysis are usually subjected to quantify viable
bacterial biomass. According to Rajendran et al. (1992,
1997), the ratio of frans/cis monounsaturated fatty acids
(MUFASs) (the mol% of 18:1w9t to that of 18:1w9c¢c) is
commonly used to indicate the environmental stress on
microorganisms, whereas the ratio of MUFAs (the sum
mol% of 18:1w9c¢, 18:1w9t and 16:1w9c¢) to branched fatty
acids (the sum mol% of i15:0, al5:0, i116:0 and 117:0) is
subjected to relative abundance of aerobic to anaerobic
microbes. The ratio of fungal fatty acid (the mol% of
18:2w9) to bacterial fatty acids (the sum mol% of i115:0,
116:0, al5:0, cy17:0, cy19:0, 15:0, 17:0, 16:1w9c, 117:0,
and 18:0) reflects their biomass (Frostegard et al., 1993).
And fatty acids 115:0, al5:0, 116:0 and 117:0 are typical
for GP bacteria, while 16:1w9c, 18:1w9c, 18:1mw9t, cy17:0
and cy19:0 represent Gram negative (GN) bacteria (Zelles,
1999).

1.4 Statistical analysis

Present data were the mean values with standard devi-
ation of three replicates. The differences of TAP removal
percentages in T and TP treatments were analyzed by
independent-samples 7' test. The mole percentages of
individual PLFA and signature fatty acids in different
treatments were compared using analysis of variance
(ANOVA). The mean values were compared using least
significant difference (LSD) test. In addition, simple cor-
relation was calculated to study the relationship between
PLFAs and TAP removal efficiencies. The above analyses

were performed using the Statistical FPackage for Social
Sciences (SPSS 11.5 for Windows) (SPSS Inc., USA) at
0.05 levels.

Microbial community structure refle¢ted by PLFAs pat-
terns were analyzed by principal component analysis-by:
Statistica 6.0 (StatSoft Inc., USA).
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2 Results and discussion

2.1 TAP degradation

After 7 and 15 days exposure, TAP concentrations in
unplanted (T) and planted (TP) treatments are shown in
Table 1. Statistical analysis revealed that TAP levels in TP
treatment were remarkably lower than those in T treatment
on day 7 (p < 0.05) and on day 15 (p < 0.01). The degra-
dation rate constant of TAP in the T and TP treatments
was 0.04 and 0.12, and its half-life was 17.3 and 5.8 days,
respectively. TAP degradation was much more rapidly than
that reported by Cheng et al. (2007), which maybe ascribed
to field conditions with higher temperatures.

2.2 Microbial community reflected by PLFAs

From day 7 to day 15, a total of 24 kinds of PLFAs,
ranging from CI11 to C20, were identified (Table 2).
All samples were mainly characterized by unsaturated
fatty acids (39%—-53%), saturated fatty acids (29%—44%),
branched and cyclic fatty acids (16%—25%), as well as
hydroxyl fatty acids (< 1%). The major PLFAs 16:0,

18:1w9t, 18:1w9¢ and i115:0 of microorganisms in control
constituted approximately 65% of the total PLFAs on day
7, while those in T and TP treatments were 82% and 68%,
respectively. However, the components of fatty acids in
treatments spiked with TAP changed on day 15, and the
abundance of major PLFAs were 75% of the total PLFAs
in T treatment and 70% in TP treatment, respectively.

As shown in Table 2, the percentage of individual PLFA
varied under TAP exposure. Fatty acid 16:0 concentrations
were significantly higher in T treatment than those in
control (p < 0.05). While fatty acid 18:2w9,12c concen-
tration was extremely lower in T treatment than that in
control on day 15 (p < 0.01). Fatty acid 18:2w9,12c is a
typical biomarker for fungi (Rajendran et al., 1997). The
reduction of 18:2w9,12¢ may result from the toxicity of
organophosphorus pesticide to fungi (Tu, 1970). Mean-
while, individual PLFA such as saturated fatty acids 11:0,
17:0 and 18:0, as well as cyclic fatty acid cy19:0 exhibited
different concentrations in both TAP treatments, compared
to those in control (Table 2), whereas branched fatty acids
116:0 on day 15 and i17:0 on day 7 were more abundant
in TP treatment (p < 0.05). Moreover, fatty acid 19:0 was

Table 1 Triazophos (TAP) concentration and removal percentage in the treatment without plant (T) and with plant (TP)

Treatment Initial TAP Day 7 Day 15

conc. (mg/L) TAP conc. (mg/L) Removal (%) TAP conc. (mg/L) Removal (%)
T 0.986 (0.041)* 0.765 (0.055) 224 0.528 (0.05) 46.5
TP 1.030 (0.053) 0.545 (0.070)* 47.1 0.174 (0.056)%* 83.1

 Standard deviations in parenthesis.

* Significant difference at 0.05 level; ** significant difference at 0.01 level.

Table 2 Phospholipid fatty acids (PLFAs) concentrations in triazophos (TAP) treatments and control (C) (mol%)

PLFAs Control TAP treatment without plant TAP treatment with plant
Day 7 Day 15 Day 7 Day 15 Day 7 Day 15
Saturated
11:0 0.63 (0.28)* 0.31 (0.09) 0.13 (0.03)* 0.16 (0.05) 0.15 (0.04)* 0.14 (0.05)*
12:0 1.48 (0.40) 0.38 (0.09) 0.21 (0.03)* 0.34 (0.14) 1.09 (0.28) 0.53 (0.11)
13:0 0.50 (0.23) 0.27 (0.10) 0.11 (0.01)* 0.14 (0.01) 0.17 (0.02) 0.18 (0.12)
14:0 4.82 (1.91) 3.28 (0.55) 2.45 (0.20) 2.67 (0.76) 3.72 (0.22) 2.58(0.32)
15:0 1.19 (0.19) 1.44 (0.08) 1.71 (0.49) 1.81 (1.21) 1.48 (0.50) 1.60 (0.23)
16:0 25.37(3.29) 25.57 (1.30) 39.13 (4.51)* 35.52 (4.92)* 29.66 (5.37) 27.52 (1.03)
17:0 0.56 (0.03) 1.56 (0.27) 0.59 (0.17) 0.67 (0.24)* 0.41 (0.05)* 0.60 (0.10)*
18:0 4.55 (1.86) 5.75(0.93) 1.11 (0.08) 1.82 (0.53)* 2.33(0.82) 2.82(0.15)*
19:0 0.48 (0.09) 0.35 (0.19) n.d. n.d. n.d. n.d.
20:0 0.39 (0.17) 0.36 (0.02) n.d. 0.53(0.43) 0.29 (0.14) 0.28 (0.07)
Unsaturated
18:1w9c 8.16 (3.20) 8.23 (1.66) 3.03 (2.20) 4.72 (2.37) 6.98 (1.79) 14.29 (7.14)
18:1w9t 24.72 (3.60) 22.65 (4.43) 31.59 (5.38) 29.76 (5.51) 21.41 (1.65) 23.58 (5.57)
16:109c 1.61 (0.33) 2.03 (0.99) 1.95 (1.74) 2.42(1.43) 3.70 (1.05) 1.23 (0.26)
18:2w9,12¢ 6.38 (2.27) 11.57 (1.27) 2.32(1.59) 3.85 (1.37)** 5.50 (0.68) 8.66 (0.61)*
Branched and cyclic
cyl7:0 0.84 (0.22) 0.64 (0.10) 0.81 (0.03) 1.76 (1.06) 0.76 (0.27) 0.68 (0.08)
cy19:0 0.45 (0.11) 0.75 (0.19) 0.28 (0.35)* 0.56 (0.30) 0.31 (0.16) 0.39 (0.24)
i15:0 7.33 (2.10) 7.83(0.98) 8.33 (1.99) 5.47 (4.81) 9.82 (1.52) 4.87 (4.21)
al5:0 5.27 (2.25) 3.24 (0.60) 2.70 (0.59) 3.88 (3.96)* 6.26 (0.56) 5.03 (3.79)
i16:0 3.96 (0.26) 2.37(0.17) 2.21 (141 1.94 (0.45) 3.43 (0.47) 2.90 (0.14)*
i17:0 0.58 (0.01) 0.93 (0.19) 0.87 (0.61) 1.89 (0.73) 1.63 (0.49* 47634
Hydroxyl
12:0 (20H) n.d. n.d. 0.14 n.d. n.d. n.d.
12:0 (30H) 0.73 (0.09) 0.72 (0.30) 0.48 (0.36) 0.26 (0.10) 0.92 (0.42 0.73 (0.57)
14:0 (30H) 0.63 0.26 n.d. n.d. 0.69 (0.15 n.d.
16:0 (20H) n.d. n.d. n.d. n.d. 0.94 n.d.

2 Standard deviations in parenthesis; n.d.: not detectable.
* Significant difference at 0.05 level compared with control; ** significantly difference at 0.01 level compared with control.
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absent in both TAP treatments. These results indicated a
shift in the microbial community induced by TAP.

The relationship between the concentrations of indi-
vidual fatty acid and the TAP removal percentages were
analyzed. There was a negative relationship between the
concentrations of fatty acid 16:0 and the TAP removal
percentages (> = —0.733, p < 0.01), while the relationship
between the concentrations of fatty acid 18:1w9c and the
TAP removal percentages were positive (7> = 0.755, p <
0.01). Fatty acid 16:0, which is found in cell membranes
of most microorganisms, is often used to represent the
microbial biomass in soil conditions (Salomonava et al.,
2003). Our results indicated that fatty acid 16:0 concentra-
tions in hydroponic system were significantly affected by
the dissipation of TAP. Thus, TAP degradation under field
condition seemed to be controlled by the population of
microbes. Whereas the shift in fatty acid 18:1®w9c, which is
commonly found in GN bacteria (Salomonava et al., 2003),
indicated that microbial community may have changed
during the exposure.

2.3 Signature microbial community changes during
cultivation

Signature PLFAs generally provide an estimation of
certain groups of microorganisms, due to their specific
component of cellular membrane (Kaur et al., 2005).
Microbial community parameters, including distribution
and growth index of microbes, are shown in Fig. 1.

The ratio of trans/cis monounsaturated fatty acids in
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microbes from all the treatments were investigated (Fig.
1A). The ratios were significantly higher in T treatment
than those in control on day 15 (p < 0.05), whereas
no difference was observed between the control and TP
treatments, probably caused by the fact that C. indica
may have weakened the stress of TAP on microbes by
releasing and/or inducing phosphatase to degrade TAP
(Cheng et al., 2007). Heipieper et al. (1996) ascribed this
isomerization of trans to cis unsaturated fatty acids as one
such adaptation mechanism that was induced by increased
membrane fluidity in microbes owing to environmental
stress, such as heavy metal stress (Frostegard et al., 1993).

There was no difference on the ratio of MUFAs to
branched fatty acids between both TAP treatments and the
control on day 7 and day 15 (p > 0.05) (Fig. 1B). However,
the ratio in the TP treatment increased remarkably from
day 7 (1.53) to day 15 (2.80) (p < 0.05). Oxygen released
by the root of plant would be the reason, and it simulated
the reproduction of aerobic microorganisms (Shimp et al.,
1993), which would facilitate the breakdown of TAP (Lin
and Yuan, 2005).

The ratios of fungi to bacteria in all treatments ranged
from 0.025 to 0.14 (Fig. 1C), which were within the
range of 0.02-0.56 in the literature (Antizar-Ladislao et
al., 2008). Lower proportions of fungi were found in T
treatment, suggesting that TAP might induce the repro-
duction of bacteria and/or inhibit the growth of fungi to
some degree. Similar result was also observed by Vig et
al. (2008), who reported a decrease in fungi population in
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soils under 600 g/ha of TAP dosage. Depressing effects
on fungi were also documented after the application of
some other organophosphorus insecticides (Tu, 1970). It
appeared that organophosphorus pesticide may be more
harmful to fungi than bacteria. The relationship between
the ratios of fungi/bacteria and TAP removal percentages
was significant (> = 0.840, p < 0.01). There was little
change in fungi/bacteria ratios in TP treatment, compared
with those in control. C. indica seemed to decrease the TAP
inhibition effect on fungi growth in this experiment.

There was no significant difference between the ratios of
GP/GN in T treatment and in control (p > 0.05) (Fig. 1D).
However, microbes in TP treatment responded differently.
The ratio in TP treatment on day 7 was 1.3 times of that
in control and 1.8 times as high as that for T treatment,
demonstrating a significant difference (p < 0.05) in propor-
tions of GP and GN in TP treatment. The ratio of GP/GN
after TP treatment decreased to the control level on day
15, suggesting a significant shift in the composition of GP
and GN bacteria. The greater fractions of GN bacteria on
day 15 may originate from the degradation of TAP, which
was confirmed by the correlation analysis of fatty acid
18:1w9¢c and TAP dissipation. The result also coincided
with research on isolation and identification of some TAP-
degrading bacteria. Wang et al. (2005) and Dai et al. (2005)
confirmed that Klebsiella sp. E6 and Ochrobactrum sp.
mp-4, GN bacteria, were capable to degrade TAP. Similar
changes in GP/GN ratios were also found in response to
other contaminants (Frostegard et al., 1993; Klamer and
Baath, 1998). As reported by Guckert et al. (1986), the
greater survival of GN bacteria may be linked to the pres-
ence of cyclo fatty acids in the cell membrane, as well as
the outer lipopolysacchride layer, which would better resist
stress from the environment (Kaur et al., 2005). However,
the ratio of GP/GN increased while PAHs concentration
decreased in the composed mixtures, indicating that GP
bacteria were probably responsible for PAHs degradation
(Antizar-Ladislao et al., 2008). Different organic contami-
nates may result in different changes of GP/GN ratios.
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2.4 Microbes community structure reflected by PLFAs
patterns

Changes of PLFA patterns that are exemplified by the
principal component analysis (PCA) loading plot help us to
better understand the structure of the microbial community
involved. The influence of TAP on PLFAs patterns were
analyzed in separate PCA (Fig. 2).

The first principal component (PC1) and second prin-
cipal component (PC2) explained in sum 47.6% of the
variance and discriminated the samples between control,
T and TP treatments. On day 7, the scattered points of T
and TP treatments were clearly separated from those of
the control along PC1, but not apart along PC2. However,
after several days of cultivation (on day 15) the points
in both T and TP treatments were close to those of the
control along PC1, but separated from the control along
PC2 (Fig. 2a). Considering PC1 accounted for larger
proportions of the total variance than PC2, it might be
concluded that microbial community structure in both
TAP treatments were discriminated from that of control
on day 7. Subsequently, the discrimination in microbial
community structure weakened with the degradation of
TAP in the hydroponic system (Table 1). Compared with
T treatment, scattered points representing the microbial
community structure in TP treatment were much closer to
those of control, and the variation in microbial community
structure between the three treatments on day 7 were more
obvious than those on day 15. Both results indicated that
the reproduction of microbes changed under the stress of
TAP, and the difference was reduced with C. indica planted
in TP treatment.

Figure 2b shows the distribution of microbial commu-
nity structures in the three treatments. As seen from the
plot, PLFAs 16:0 and 18:1w9t on the right side accounted
for much of the scores along PC1, and they were the more
abundant fatty acids in all of the treatments as indicated by
Table 2. On contrary, PLFAs 19:0, 11:0 and 13:0 located
on the left side of the plot represented less abundant fatty
acids in treatments. Additionally, PLFAs representing GN
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Fig. 2 Principal component analysis of PLFAs in the hydroponic system. (a) PLFA patterns (control: 7 and 15 represent the sathpling day); (b) loading

values of individual PLFAs.
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bacteria were distributed mainly on the left-down and
right-up side of the plot, whereas those of GP bacteria were
located on the opposite side of the plot.

3 Conclusions

The overall result indicated shifts in microbial commu-
nity structure during TAP degradation. As an important
contributor in TAP dissipation, microbes in T treatment
suffered more stress than those in TP treatment, especially
fungus in the system. It was evident that the hydropon-
ic system was characterized by microbial communities
dominated by GN bacteria. Additionally, there was dis-
crimination in microbial community structure under the
stress of TAP from the PCA analysis. Nevertheless, the cul-
tivation of C. indica in TP treatment may have weakened
the stress on microbes, to performance the degradation of
TAP. Such result was explained as simultaneous interac-
tions between microbes and plants in phytoremediation,
which would facilitate the dissipation of organic chemi-
cals.
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