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ABSTRACT

The Haihe River is characterized by high ammonia pollution. Therefore, it is necessary to determine
how environmental factors, such as heavy metals in the river limit the spatial distribution of
ammonia-oxidizing microorganisms. In this study, the relationships between five heavy metals and
ammonia-oxidizing microorganisms were studied. The results showed that under high ammonia, low
oxygen and high concentrations of suspended particles, ammonia-oxidizing bacteria (AOB) ranged
from 10'3 to 10*8 gene copies/mL and ammonia-oxidizing archaea (AOA) ranged from 10> to 10*°
gene copies/mL. The average metal concentrations in water were 23.57 (Cr), 21.58 (Ni), 65.09 (Cu),
622.03 (Zn) and 10.16 (As) ug/L, with those of Zn, Cu and Cr being higher than the US EPA criteria.
Scatter plots of microbial abundance and metals indicated that both AOA and AOB were limited by
heavy metals, but in different ways. As had an inhibitory effect on AOB, while Ni and Zn promoted
AOA, and the other metals investigated showed no significant correlation with microbial abundance.
Overall, our results indicated that the effects of heavy metals on ammonia-oxidizing microorganisms
in water are complex, and that the final effect is determined by the physiological role of each element
in the microorganisms, as well as environmental conditions such as complexation of organic matter,
not simply the total metal concentration.

ammonia-oxidizing archaea (AOA) greatly expanded our

Introduction

understanding of ammonia oxidation (Francis et al., 2007).
The distribution of AOA and AOB is related to envi-
ronmental conditions such as ammonia level, dissolved

Ammonia-oxidizing microorganisms are key drivers of
ammonia oxidation, which is an important process in
the nitrogen cycle. Ammonia-oxidizing bacteria (AOB)
have been studied for many years and are known to
be widespread in soil, freshwater and marine systems.
Until recently, it was assumed that autotrophic ammonia
oxidation was restricted to ammonia-oxidizing bacteria.
However, this changed with the detection of a unique
ammonia monooxygenase gene on an archaeal-associated
scaffold (Venter et al., 2004) and on genomic fragments
of archaea (Treusch et al., 2005), and the discovery of

* Corresponding author. E-mail: bgshan@rcees.ac.cn

oxygen, acidity, temperature and salinity. The AOB popu-
lation has been found to be larger in fertilized ((NH4)>SO4)
than unfertilized soil (Okano et al., 2004); however, AOA
have been shown to be more tolerant to low ammonium
concentrations owing to their ammonia oxidation kinetics
(Martens-Habbena et al., 2009). It is likely that AOA toler-
ate a wide range of oxygen levels and that some ecotypes
are more suited to low-oxygen environments (Erguder
et al.,, 2009). However, the abundance and community
composition of AOB can change dramatically with the

gradient of oxygen (Schramm et al., 2000)} The role of pH
in determining the distribution of AOA andl AOB has been
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shown in many studies. Allison and Prosser (1993) found
that Nitrosospira cluster 2 was more abundant in lower pH
soil, while He et al. (2007) stated that archaeal amoA gene
abundance decreased with increasing soil pH. Moreover,
many studies have shown that salinity and temperature
influence the abundance or community structure of AOA
and AOB to a great extent (Erguder et al., 2009; Koops
and Pommerening-Roser, 2006).

Heavy metals comprise a common environmental factor
that plays a role in shaping the ecological niches of
ammonia-oxidizing microorganisms; therefore, they have
received increasing attention. The effects of Cu (Mertens et
al., 2010; Li et al., 2009), Zn (Mertens et al., 2009; Ruyters
et al., 2010), and Hg (Liu et al., 2010) on the ammonia-
oxidizing community have been well documented. AOA
and AOB have been found to possess different adapt-
abilities to environmental stress. It was reported that the
recovery of nitrification after 3-year Zn contamination was
meditated by AOB rather than AOA, which meant AOB
can adapt to Zn contamination better than AOA (Mertens
et al., 2009). Mertens et al. (2010) found the increased
Cu tolerance of the nitrifying community in long-term
Cu-exposed field sites was associated with changes in
community structure. However, in a Cu inhibitory exper-
iment, the abundance decrease of AOA was much less
than that of AOB, indicating that AOA was more tolerant
than AOB (Li et al., 2009). Hg pollution also changed the
composition of soil AOB to some extent and inhibited the
soil potential nitrification rate (Liu et al., 2010). It seems
that the response of the nitrifying community to heavy
metals relates to the metal content and metal type as well
as the exposure time.

In fact, the mechanisms through which heavy metals
impact microorganisms are complex. In addition to being
toxic at high levels, low levels of heavy metals can
inhibit the growth of microbes because some elements are
necessary in certain physiological processes (Stumm et
al., 1996). The ecological effects of heavy metals are also
closely related to the speciation of the elements, which
determines their bioavailability and mobility in the envi-
ronment (Briimmer et al., 2007). Most studies that have
been conducted to date have involved soil; therefore, the
behavior of heavy metals in the liquid phase needs more
attention. Metals in soil can be strongly bound by organic
materials such as humic and fulvic acids, and their mobility
is poor (Giller et al., 1998). In contrast, metals in aquatic
habitats have weaker binding effects and stronger mobility,
and interact more easily with microbes. Accordingly, it is
necessary to increase our knowledge of the effects of heavy
metals on ammonia-oxidizing microorganisms in aquatic
environments.

The Haihe River is one of the most important systems
in China. Beijing and Tianjin are located within its basin,
which is characterized by high population density, rapid
socioeconomic development and serious water pollution

caused by the discharge of industrial and domestic wastew-
ater. Water quality monitoring of the Haihe River has
revealed high ammonia levels and indicated that this has
become one of the most prominent water quality problems
in the river in recent years. Because ammonia-oxidizing
microorganisms play a significant role in the reduction of
ammonia, it is essential to understand their distribution and
how they respond to environmental factors such as heavy
metals. In this study, the Fuyang River, a typical river in the
Haihe River Basin, was selected as the study area. Heavy
metal concentrations in the water and the abundance of
AOA and AOB in the suspended solids were measured.
Our overall objective was to investigate the relationship
between ammonia-oxidizing microorganisms and heavy
metals through field survey data by statistical methods.

1 Materials and methods

1.1 Study area and sampling site

The Haihe River Basin is located in the north of China
and has an area of about 300,000 km? and a population
of 145 million. Beijing, Tianjin and many other cities
are in this river basin and its urbanization level is over
45%. In 2007, the amount of ammonia discharged into
the river by domestic sewage and industrial wastewater
was as high as 61,700 tons, and ammonia is always the
main factor found to be degrading the water quality. The
Fuyang River (36°23'-38°14’'N, 114°19’-116°7’E) is a
well-known tributary of the Haihe River (Fig. 1) that
receives the largest amount of ammonia. In addition, great
differences in heavy metal concentrations may exist in the
complex river system and large watershed of the Fuyang
River. Therefore, the Fuyang River was selected as the
sampling area.

The Fuyang River originates from mountains in Handan
and ends at its confluence with the Hutuo River. The length
of the main channel is 402 km. The New Fuyang River,
which was constructed for the purpose of flood diversion,
runs parallel to the downstream portion of the Fuyang
River. Additionally, the Xiao River, Wangyang Ditch and
Shaocun Ditch are tributaries of the Fuyang River that
receive domestic wastewater, pharmaceutical wastewater
and tannery wastewater, respectively, from Shijiazhuang.
The Li River is another tributary of the Fuyang River
system that receives a large amount of domestic and indus-
trial wastewater from Xingtai. In addition, the mainstream
of the Fuyang River primarily receives wastewater from
Handan and Hengshui. In 2007, a total of 0.52 billion
tons of wastewater were discharged into the river system,
among which domestic sewage and industrial wastewater
accounted for 50% each. This high pollution discharge

results in deterioration of water quality, yid ammonia 1S
the primary pollutant in most rivers.
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Fig.1 Study area and sampling sites (1-28). The solid line in the inset
is the boundary of the Haihe River Basin and the dashed frame represents
the spatial extent.

We divided the Fuyang River system into four parts
based on the four cities involved. A total of 28 sampling
sites were set over the entire river system, with 5 to 10
sample sites in each part. All the sites were numbered from
1 to 28, with sites 1 to 5 being located in Shijiazhuang, sites
6 to 15 in Hengshui, sites 16 to 23 in Xingtai and sites 24
to 28 in Handan (Fig. 1).

1.2 Sample collection and analysis

Sample collection was carried out in July 2011. Physic-
ochemical parameters including temperature, pH and
dissolved oxygen were measured using a handheld mul-
tiparameter instrument (YSI 556, Yellow Springs, USA).
Water samples were collected at the surface. All samples
were divided into two parts, one that was filtered using a
Millipore filter (© 0.45 wm) and stored for chemical anal-
ysis in 50 mL acid-washed polyethylene sample bottles
after acidification with 1 mL 1:1 (V/V) deionized water
diluted H,SOj, and another that was stored in 500 mL pre-
sterilized polyethylene sample bottles for DNA extraction.
All samples were frozen and stored at —18°C immediately
upon returning from the field.

Samples were analyzed for Cr, Ni, Cu, As and Zn
using an Inductively Coupled Plasma Mass Spectrometer
(ICP-MS) according to standard methods (Clesceri et al.,
1998). Selection of these five metals was made based
on the industrial structure in the Fuyang River Basin,
where tannery, machine manufacturing, pharmacy and

livestock operations are intensive. Cr content is high in
the tannery wastewater, Ni mainly comes from machine
manufacturing wastewater, Cu and Zn are abundant in
pharmaceutical wastewater, and As discharge is high in
livestock wastewater. Total organic carbon (TOC) was
measured with a TOC analyzer (Shimadzu TOC-VCPH,
Kyoto, Japan) and was calculated by subtracting the
inorganic carbon from the total carbon. Ammonia was
measured using a SmartChem® 200 discrete chemistry
analyzer (Westco Scientific Instruments, USA) following
US EPA method 350.1, in which the ammonia nitrogen
content is determined by semi-automated colorimetry.

We used real-time quantitative PCR, which mea-
sures microbial abundance through DNA copy numbers
(Ginzinger, 2002), to measure the abundance of ammonia-
oxidizing microorganisms. To accomplish this, DNA was
extracted from particles suspended in the water. Briefly,
particles in the water samples were collected by vacuum
filtration using a Millipore filter (® 0.45 um). When
the solute no longer dripped down, filtering was stopped
and the volume of filtered water was recorded. The filter
membrane was weighed before and after filtering, and the
difference was divided by the volume of filtered water,
which gave the concentration of suspended particles. The
particles were then transferred from the filter to a tube for
DNA extraction using a blade, and a FastDNA SPIN kit for
soil (MP Biologicals, USA) was used for DNA extraction.

Primer pairs Arch-amoAF/Arch-amoAR (Francis et al.,
2005) and amoAlF/amoA2R (Rotthauwe et al., 1997)
were used for real-time PCR quantification of bacterial
and archaeal amoA genes, respectively. We determined
the abundances of AOA and AOB through real-time PCR
using an iCycler iQ5 Thermocycler (Bio-Rad, USA) with
the fluorescent dye SYBR-Green I. Amplification was
performed according to the method described by Zhang
et al. (2009) using 25-pL reaction mixtures that contained
12.5 uL SYBR® Premix Ex Taq™ (Takara Biotechnology,
Japan), 0.5 uL of each primer (10 umol/L), 1 pL bovine
serum albumin (25 mg/mL), and 2 uL of 10-fold diluted
or undiluted extracted DNA template (1-10 ng). Three
replicates were analyzed for each sample. The plasmid
DNA of known copy number of was tenfold serially
diluted and analyzed in duplicate to generate an external
standard curve. PCR efciencies were larger than 90% and
correlation coefcients for standard curves were larger than
99%. The DNA samples and standards were analyzed on
the same plate and the results were analyzed using the
iQ™ 5 software (Bio-Rad, Richmond, USA).

1.3 Data treatment

The relationship between the abundance of the microbes
and heavy metal concentration was analyzed through scat-
ter plots. The Kolmogorov-Smirnov test for normality of

the data was applied to determine if the datp-were-rormaly———

distributed and non-normal data were lpg-transformed.
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Pearson’s correlation coefficient was then calculated for
data that were normally distributed, while those that could
not be normally transformed were analyzed using Spear-
man’s rho (Tabachnick and Fidell, 2007). In order to detect
the correlation between the heavy metals and ammonia ox-
idizers on the whole, principle components analysis (PCA)
was applied to the heavy metals and then based on the
factor scores, multiple linear regression (MLR) was carried
out between heavy metal factors and ammonia oxidizers.
The concentrations of heavy metals and other parameters
of each sampling site were described based on the mean,
maximum and minimum values and standard deviation. A
box plot was employed to display the microbial data. All
statistical analyses were performed using SPSS 17.0 for
Windows.

2 Results

2.1 Physicochemical characteristics

The physicochemical properties of the water samples indi-
cated that the Fuyang River had high levels of ammonia
and obvious hypoxia (Table 1). The average ammonia
concentration was 17.71 mg/L, which is much higher than
the Chinese water quality standard of 2 mg/L. Additionally,
the maximum value was 60.28 mg/L, indicating serious
ammonia pollution in the Fuyang River. The average
dissolved oxygen was only 1.4 mg/L, and although this
value varied greatly (CV = 78%), only six of the 28 sites
had levels greater than the limit of hypoxia (2 mg/L).
The suspended particle concentration in the water was
high, with a mean value of 197.20 mg/L and a maximum
concentration as high as 700.00 mg/L. The amount of
suspended particles was sufficient for DNA extraction. The
Fuyang River was also rich in organic matter because the
average TOC content of our samples (47.97 mg/L, median
43.35 mg/L) was much higher than the median TOC (7.0
mg/L) in rivers worldwide (Wetzel, 2001). The pH ranged
from 6.6 to 8.5, excluding site 19, which had an extremely

Table 1 Physicochemical properties of water samples

Statistical description

Mean CvV Min Max
Dissolved 14 78% 0.1 5.0
oxygen (mg/L)
pH? 7.6 5% 6.6 8.5
Suspended 197.20 70% 37.14 700.00
particles (mg/L)
TOC (mg/L) 47.97 60% 9.79 119.09
Ammonia (mg/L) 17.71 80% 0.92 60.28

2 The actual minimum pH is 2.37 at site 19; however, this was considered
as an outlier and therefore excluded from the statistical description.
CV: coefficient of variation.

low pH of 2.37 because of the discharge of acid wastewater
nearby. Overall, these findings indicate that the Fuyang
River is highly polluted.

2.2 Abundance of AOA and AOB

Figure 2 shows the distribution of AOA and AOB in the
Fuyang River. AOA abundance varied less than AOB, and
AOA were generally more abundant than AOB. The abun-
dance of AOA ranged from 10*° to 10*7 gene copies/mL,
but there was no significant difference among reaches. The
highest value was observed at site 27 (Handan Reach),
while the lowest was at site 6 (Hengshui Reach). However,
at most sites, the AOA abundance was between 10>! (25th
percentile) and 10°® (75th percentile) gene copies/mL.
AOB varied more than AOA, with values of 10! to 10*8
gene copies/mL being observed; however, the difference
among reaches was not significant. The minimum AOB
abundance was observed at site 19 (Xingtai Reach), while
the maximum value was observed at site 27 (Handan
Reach). The ratio of AOA to AOB was larger than 1 at
about 75% of the sites, and the greatest value of this
ratio was primarily observed in the Hengshui and Xingtai
reaches. In the natural environment, AOA are generally
more abundant than AOB (Wessén et al., 2011; Leininger
et al., 2006; Wu et al., 2010), and the abundance of AOA
(Mincer et al., 2007) and AOB (Stehr et al., 1995) in the
water column is commonly in the range of 10 to 10°
gene copies/mL, which is consistent with the results of the
present study.

2.3 Distribution of heavy metals

As shown in Fig. 3, the contents of As, Ni and Cr in the
upstream portion of the Fuyang River (Handan Reach)
were generally lower than in other reaches, while Zn
and Cu were distributed irregularly throughout the river
system. Moreover, the levels of Zn, Cu and Cr in the
water were higher than the US EPA criteria throughout
the river basin. The concentration of Cr ranged from 5.10
to 51.65 pg/L, with an average value of 23.57 pg/L. All
sites exceeded the Cr criteria recommended by the US EPA
except site 6 in Hengshui Reach and site 21 in Xingtai
Reach. The Cr content in Handan Reach was constant and
close to that of the criteria, while in other reaches the
variation was great. The Cu content ranged from 15.77
to 179.10 pg/L, and was much higher than the US EPA
criteria. The Zn content was especially high and greatly
exceeded the US EPA criteria of 120 pg/L. The range of
Ni levels was similar to that of Cr, but much lower than
the US EPA criteria. In Shijiazhang and Xingtai reaches,
there was obvious variation in Ni content. Specifically, the
highest level was observed at site 18 of Xingtai Reach.
The concentration of As remained relatively stable, with
a mean value of 10.16 pg/L, which was well below the US

EPA criteria of 150 pug/L. The highest As lgvetappeared 1
Shijiazhuang Reach, but the As contents ih Hengshui and
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Xingtai reaches were generally higher than in Shijiazhuang
and Handan reaches. Overall, our results showed that the
spatial variation of heavy metal content in the Fuyang
River was dramatic and the levels of some heavy metals
were high.

2.4 Correlation between metals and microorganisms

The K-S test indicated that all variables were normally
distributed (P > 0.05), and the correlationship between
physicochemical parameters and ammonia oxidizers was
not significant (P > 0.05, data not shown). While corre-
lation analysis indicated that As displayed an inhibitory
effect, Ni and Zn showed promoting effects and the
remaining heavy metals exerted no significant effect on
microorganisms (Fig. 4). Three heavy metals (As, Ni,
Zn) showed significant correlation with microbes, but the
multiple correlation coefficient (R?) was low (< 0.4). The
correlation type observed for AOA was positive, while that
for AOB was negative. The As content showed no signifi-
cant correlation with AOA abundance, but was negatively
correlated with AOB (P < 0.001). Cr and Cu were not
correlated with AOA or AOB. Positive correlations were
observed for Ni-AOA (P < 0.01) and Zn-AOA (P < 0.05),
indicating that increases in Ni and Zn in water can enhance

the growth of AOA. However, neither Ni nor Zn showed a
significant impact on AOB. It should be noted that when Zn
was lower than 500 ug/L, the variation in AOA abundance
was so great that it deviated from the general trend of the
overall data. Exclusion of these points during linear fitting
resulted in the significance and the R* value being much
greater (data not shown).

The results of PCA are shown in Table 2. According to
the factor loadings, factor 1 was mainly composed by Ni
and Cr and factor 2 was mainly composed by Cu, Zn and

or loadings obtained from a PCA carried out on the

Component matrix

Factor 1 (34.7%) Factor 2 (31.3%)

Heavy metals

Cr 0.703 —0.426
Ni 0.912 0.067
Cu 0.296 0.679
Zn 0.440 0.659
As 0.362 —0.696

The PCA produced 5 factors and only factor 1 and factor 2 had

eigenvalues larger than 1; value in the bracket is fartance proportion

explained by the factor.
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Fig. 3 Distribution of heavy metals in the Fuyang River. The dash is the

US EPA recommended water quality criteria (chronic toxic level) of each
metal in freshwater (US EPA, 2009). The criteria of Cu was calculated
from a model, and ranged from 6.5 to 21 pg/L. 21 ug/L was used in the
present study. The criteria of Cr is the chronic toxicity level of Cr(VI).

As. However, the cumulative extraction of the two factors
was only 66%, indicating weak correlation among the 5
heavy metals. According to the result of MLR (Table 3),
AOA can be well explained by the two factors because
ANOVA was significant (P < 0.01). Factor 1 (P <0.01) and
Factor 2 (P < 0.05) both positively correlated with AOA,
which meant the growth of AOA is promoted by heavy
metals in the Fuyang River on the whole. However, AOB
regression was not significant, indicating that AOB are less
influenced by heavy metals than AOA on the whole.

Table3 ANOVA results and regression coefficients of MLR carried
out between abundance of AOA and AOB and factor scores of heavy
metals
Ammonia oxidizers F B
Factor 1 Factor 2
AOA 7.306"* 0.263** 0.201*
AOB 1.811 —0.085 0.344

F is ANOVA result and B is the regression non-standard coeflicient.
* significant at P < 0.05; ** significant at P < 0.01.
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Fig.4  Scatter plots of metals and microorganisms. The straight line
is the linear fitting result, and scatter plots without lines indicate that the

correlation is not significant.

3 Discussion

Nitrification is considered to be a surface-based process
in water (Gantzer et al., 1988), and many studies have
found that suspended solids play an important role in
ammonia transformation in water (Brion et al., 2000; Xia
et al., 2009). In the Fuyang River, high levels of ammonia
and suspended substances have led to the water column
playing a significant role in the process of ammonia
transformation. Consequently, it is important to know the
abundance of ammonia-oxidizing microorganisms in sus-

pended materials and how they respond t¢ environmental
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factors such as heavy metals.

A physiological effect curve of essential and nonessen-
tial elements (Stumm et al., 1996) can be used to explain
the correlation results. Taking the element concentration as
the horizontal ordinate gives a physiological effect curve of
an essential element with two phases. Specifically, when
the concentration is lower than the optimum value, which
is always the water quality criteria, increasing concentra-
tion will be favorable, while when the concentration is
above the optimum value, increasing concentrations will
be toxic. Nonessential elements are much simpler, with
toxic effects increasing with their concentration in a linear
fashion.

As is a well-known toxin and it can be treated as a
non-essential element. In the present study, As showed
significant inhibitory effects toward AOB that conformed
to the physiological effect curve. As primarily occurs as
As(V) in ASOi_ and as As(Ill) in AsO?". Structurally,
arsenate is highly related to POi‘; thus, its toxicity mainly
results from its interference with the metabolism of the
major bioelement, phosphorus (Nies, 1999). During es-
tablishment of As criteria, the US EPA mentioned that
this criterion was derived from data for As(IIT) (US EPA,
2009). However, As(V) may be the main form present in
the Fuyang River, which would explain why an inhibitory
effect appeared even though the As content was far below
the criteria.

It is surprising that Cr had no effect on ammonia-
oxidizing microorganisms since it is generally considered
a toxic metal with no beneficial effects on microbes (Nies,
1999). This lack of effect may be attributed to the species
of Cr and their concentrations. Cr primarily occurs as
Cr(VI) in the divalent oxyanion chromate and as Cr(III)
in the trivalent cation. The US EPA established chromium
criteria for aquatic life based on the species. In freshwater,
the criterion continuous concentration (chronic toxic level)
for Cr(VI) is 11 pg/L, while that for Cr(III), which is less
toxic, is 74 ug/L (US EPA, 2009). Although the Cr content
of many sites in the Fuyang River exceeded the Cr(VI)
criteria, all had levels well below the Cr(IIl) criteria.
Moreover, hexavalent Cr compounds (mainly chromates
and dichromates) are much more mobile in soil/water
systems than trivalent Cr compounds. The trivalent state is
generally considered to be the stable form in equilibrium
with most soil/water systems (Losi et al., 1994). In the
Fuyang River, Cr probably primarily occurred in the form
of Cr** and therefore did not inhibit ammonia-oxidizing
microorganisms.

Nies (1999) pointed out that Cu has a dual charac-
ter toward organisms. Specifically, its toxicity is based
on the production of hydroperoxide radicals (Rodriguez-
Montelongo et al., 1993) and on interaction with the
cell membrane (Suwalsky et al., 1998). However, Cu
is also an essential element for microbes that plays a
key role in many enzymatic processes. In both bacterial

and archaeal ammonia oxidation, the enzyme ammonia
monooxygenase, which catalyzes the oxidation of ammo-
nia to hydroxylamine (NH,OH), contains Cu and possibly
Zn (Glass and Orphan, 2012). As a result, we can use the
physiological effect curve of essential elements to predict
how Cu will affect microorganisms in the Fuyang River.
Cu was expected to inhibit microbial growth because the
Cu content in the river was much greater than the crite-
ria. However, the correlation between Cu and microbial
abundance was not significant. This discrepancy may have
occurred because free metal ions are generally the most
toxic metal species owing to their high bioavailability
(Tessier and Turner, 1995), and Cu easily forms complexes
with organic matter in water (logK 7.7) (Wells et al., 1998),
resulting in decreased levels of free ions. Since organic
matter is abundant in the river, the complexation should
be strong and free Cu ions in the Fuyang River likely
decreased to the optimal range of the physiological curve;
thus, no inhibitory effect was observed.

Ni can be treated as an essential element because Ni-
mediated catalysis is necessary for physiological processes
such as splitting molecular or atomic hydrogen into pro-
tons and electrons (Nies, 1999). Ni likely had a promoting
effect on microorganisms because the Ni content in the
Fuyang River was below the criteria. Specifically, the con-
centration fell in the limiting region of the physiological
effect curve and displayed a positive effect on the growth
of ammonia-oxidizing microbes.

Zn is a component in a variety of enzymes and DNA-
binding proteins that appears to be essential to life (Nies,
1999). As aresult, Zn also corresponds to the physiological
curve of essential elements. Although it is less toxic than
other metals, the concentration of Zn in the Fuyang River
was extraordinarily high and greatly exceeded the US EPA
criteria. However, this metal showed a promoting effect on
AOA. The free metal ions theory mentioned above likely
accounts for this phenomenon. The conditional stability
constant (logK) of Zn to form complexes with organic
matter in water ranges from 6.8 to 11 (Wells et al., 1998;
Tan et al., 1971; Bruland, 1989), which means that organic
ligands are capable of forming strong complexes with
Zn and reducing free Zn ions to extremely low levels.
Therefore, free Zn ions for ammonia oxidation are still
limiting, and the positive correlation between them is
understandable.

At Zn levels < 500 pg/L, the AOA abundances at some
sites were unusually high. This was likely because the
organic content at these sites was lower than at others,
which decreased the Zn complexation and led to more free
Zn ions being available for the growth of AOA. Further
analysis of sites with Zn levels < 500 ug/L revealed a
significant negative relationship between TOC and AOA
(Fig. 5), which confirmed our assumption to some extent.

Interestingly, among the significant relationships be-

tween metals and microorganisms, posifive effects (Ni
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Fig. 5 Relationship between TOC and AOA abundance. The data points

in the dashed box, which had Zn concentrations < 500 ug/L, correspond
to the points of the inset scatter plot. The straight line in the inset plot is
the result of linear fitting.

and Zn) only occurred in AOA, while negative effects
(As) only occurred in AOB. This may have been because
archaeal membranes are typically less permeable to ions
than bacterial membranes (Kandler and Konig, 1998). This
distinction makes archaea more tolerant to stress than
bacteria (Valentine, 2007). Li et al. (2009) found that AOB
were more sensitive to Cu contamination in the soil than
AOA. These results coincide with those of our study, even
though the inhibitor in the present study was arsenic in the
water.

The multiple correlation coefficients (R?) were low
for all significant relationships. This was because many
factors, including organic matter in water, can affect the
species and toxicity of heavy metals in the field environ-
ment. In addition to forming complexes, organic matter
also has a redox effect on metals. Redman et al. (2002)
found the organic matter facilitated the oxidation of As(III)
to As(V), which have different toxicities. The pH and
redox potential are also significant factors that impose
important controls on metal species and the process of
complexation (Stumm et al., 1996). The pH in the Fuyang
River varied, although the extent was relatively small.
However, dissolved oxygen, which has a great effect on
redox potential, displayed distinct gradients across the
watershed. Therefore, the physiological effects of heavy
metals would be different even if the total concentration
in water was the same.

The interaction among different metals may also a factor
affecting the results of correlation analysis as well as
MLR. The combined effect of heavy metals is complex and
depends on the components of the mixtures as well as the
organisms affected. It has been reported that Cr, Cu, Ni and
Zn produced synergistic toxicity to the estuarine copepod
(Hagopian-Schlekat et al., 2001). Cu and Zn were syner-
gistic against the dinoflagellate but antagonistic against the
diatom (Brk and Jensen, 1976). For microorganisms, the

sum of toxicity of Ni and Cu individually was less than the
combination of the two (Babich and Stotzky, 1983), and
environmental factors such as pH can affect the microbial
toxicity of heavy metals (Gikas, 2008). In this study, the
synergism or antagonism among Cr, Ni, Cu, Zn and As
may lead to greater variance of AOA and AOB abundance
than that when considering these metals individually, and
we can attribute the weak correlationship between the
heavy metals and ammonia oxidizers to this in part.

4 Conclusions

We investigated the abundance of ammonia-oxidizing mi-
croorganisms and content level of heavy metals in the
Fuyang River. The limiting effect of heavy metals on the
distribution of AOA and AOB was analyzed through sta-
tistical methods. Our results showed that AOA abundance
varied less than AOB, and AOA were generally more
abundant than AOB. Compared with criteria recommended
by the US EPA, Zn, Cu, Cr were high and As, Ni were
low in the Fuyang River. However, correlation analysis
indicated that As displayed an inhibitory effect, Ni and Zn
showed promoting effects and the remaining heavy metals
exerted no significant limiting effect on microorganisms. It
was inferred that the physiological roles and environmental
conditions, especially the organic matter in water, play an
important role in the final effects of heavy metals.
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