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a  b  s  t  r  a  c  t

In  this  study  we  investigated  the  environmental  factors  associated  with  biological  nitrogen  (N)  fixation
(BNF)  in  water,  sediments,  and  riparian  soil  along  a polluted  river  (Suquía  River  of  Córdoba,  Argentina).
Here,  we  screened  heterotrophic  nitrogen-fixing  bacteria  and  assessed  the  magnitude  of BNF  at  different
sites  of Suquía  River.  To  this  aim,  samples  of the  three  habitats  (riparian  soil,  water,  and  sediment)  were
collected  from  five  polluted  sites  and  one  reference  site during  low  and  high  flow  water  periods.  In
all  samples  the  abundance  of N-fixing  bacteria  was  evaluated  in solid  nitrogen-free  medium  and  the
biological  N fixation  was measured  by  nitrogenase  (Nase)  enzyme  activity  using  the acetylene  reduction
method.  To  identify  the  heterotrophic  N-fixing  taxa DNA  of  nine cultures  isolated  from  sites  with  different
Nase  enzyme  activity  was  extracted  and  the  16S  rRNA  gene  was  amplified  and  sequenced.  In addition,  the
ammonia  and  organic  carbon  (C)  content  in  all samples,  the  dissolved  O2 concentration  in  water,  and  the
water  content  in  riparian  soil  were  measured.  The  N-fixing  bacteria  were  detected  in  all  study  sites  and
habitats.  The  abundance  of  them  correlated  significantly  with  organic  C  content  in sediment,  and  with
water  and  organic  C  contents  in  riparian  soil,  whereas  in water  a negative  correlation  with  dissolved  O2

was  observed.  In  addition,  the water  and  sediment  Nase  enzyme  activity  varied  among  sites  during  low
flow  period  presenting  significant  correlation  with  ammonia  and  organic  C contents  in  sediment.  The
identified  taxonomic  groups  in  the  Suquía  River  are  related  to Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria,  and  Actinobacteria  although  the  N-fixing  capacity  of them  was not  established.
Altogether  these  findings  demonstrate  that  BNF  occurs  in  all habitats  of Suquía  River,  being  in  sediments

influenced  mainly  by the higher  organic  C  present  in  the most  polluted  sites,  while  in  riparian  soil the
organic  C  and  water  contents  were  the  major  abiotic  factors  that  control  the  abundance  of  N-fixing
bacteria.  In  Suquía  River  water  the density  of  N-fixing  bacteria  were  associated  with  low  dissolved  O2

concentration.  These  data  suggest  that  the  BNF  in  Suquía  River  is  a complex  process  that  depends  on
numerous  environmental  factors  that  act together.
ntroduction

Biological nitrogen fixation (BNF) plays a key role in the global

ycle of nitrogen (N) since it is the main process by which
tmospheric N is incorporated on the earth’s surface (Kavadia
t al., 2007; Farnelid and Riemann, 2008). BNF is carried out by
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prokaryotes called diazotrophs which contain nitrogenase (Nase)
enzyme responsible for fixing atmospheric dinitrogen into NH3,
which is immediately incorporated to organic compounds (Paul,
2007; Farnelid and Riemann, 2008). BNF offers a natural means of
providing N to the majority of ecosystems, but despite its impor-
tance in ecosystem function, ecological controls of N fixation are
relatively poorly understood (Vitousek et al., 2002).

The N fixation activity is an alternative metabolism subject to
a very wide variety of biotic (competitors for crucial resources

and grazers that restrict distribution and abundance of N-fixing
microorganisms) and abiotic controls (O2, bioavailable organic
compounds, ammonia) (Vitousek et al., 2002). Oxygen pressure
inhibits BNF, due to the lower oxidation state of N respect to O2.

dx.doi.org/10.1016/j.limno.2014.06.004
http://www.sciencedirect.com/science/journal/00759511
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herefore, O2 concentration is one of the main factors limiting
xation activity and many of the physiological and morpholog-

cal characteristics of diazotrophs are adaptations for protecting
he Nase enzyme against O2 (Wetzel, 2001; Paul, 2007; Farnelid
nd Riemann, 2008). Other limiting factor for N fixation activ-
ty is ammonia availability. Since BNF is a process that consumes
reat quantity of energy, microorganisms only fix N in absence of
ther sources of N that require lower energetic cost like ammonia
Paul, 2007). Furthermore, the availability of organic compounds
f low molecular weight regulates N fixation in heterotrophs since
rganic compounds are the source of carbon (C) and energy for
eterotrophic diazotrophs (Wetzel, 2001).

Aquatic ecosystems are very heterogeneous related to envi-
onmental conditions that regulate N fixation (Wetzel, 2001).
or instance, it has been established that most of BNF by het-
rotrophs occurs in sediments (Wetzel, 2001). Moreover, Farnelid
nd Riemann (2008) affirm that soil and sediment aggregates are
he main environments for heterotrophic N fixation due to their
levated organic matter content and low O2 concentration pro-
uced by microbial respiration. Also, it has been reported that
eterotrophic N fixation is closely associated with aquatic plant
oots. Most importantly, plants are known to reduce O2 concen-
ration, by reduction of root respiration, and to provide a source
f available carbon to soil and sediment diazotrophs (Černá et al.,
009).

At present, most of freshwater ecosystems are polluted and
everely modified by channelization and dams, among others
Carpenter et al., 1998), which are additional factors that could
ffect BNF. While other processes of N cycle have been widely
tudied in aquatic ecosystems, little attention has been placed on
NF, particularly in lotic ecosystems with marked flow fluctuations.
oreover, it is unknown how river channelization and pollution

nfluence BNF.
The Suquía River (Córdoba, Argentina), as most water courses

unning across big cities, receives complex pollutants from differ-
nt sources. Furthermore, its watercourse has been modified by
hannelization, and it is particularly vulnerable to pollution due
o its scarce and seasonal flow, short length and endorheic basin
Wunderlin et al., 2001; Merlo et al., 2011). For these reasons Suquía
iver is an excellent system to analyze the effect of multiple factors
n the process of BNF in a lotic ecosystem.

In this study we investigated the environmental factors associ-
ted with BNF in water, sediment, and riparian soil along Suquía
iver. Here, we report heterotrophic N-fixing bacteria screening
nd the magnitude of BNF at sites of Suquía River with different
egrees of pollution. We  hypothesize that BNF is lower in polluted
ites with elevated ammonia content, and higher in soil and sedi-
ent due to the larger availability of organic matter and lower O2

oncentrations.

aterials and methods

tudy area

The Suquía River of Córdoba province (Argentina) begins at the
an Roque Dam and flows mainly from west to east for about
00 km until Mar  Chiquita Lake. The watershed is located in a semi-
rid region, with a mean annual rainfall between 700 and 900 mm,
oncentrated from October to April. The mean temperatures are
0 ◦C in winter and 26 ◦C in summer. The San Roque Dam forms
n artificial lake where recreational activities have promoted the

rbanization of the lake shorelines and surroundings. Thirty km
ownstream from the dam, Suquía River enters to Córdoba city
1.29 million inhabitants). In the last 20 years, the city’s population
as almost doubled and growing industrialization has increased
a 48 (2014) 71–79

the risk of having toxic effluents discharged into the river. Near the
eastern edge of the city, the Suquía River receives the sewage dis-
charge from the Municipal Waste Water Treatment Plant (WWTP)
(Merlo et al., 2011) (Fig. 1).

The flow regime of Suquía River is of exclusively pluvial origin,
with a marked seasonality of the flow due to the irregular distri-
bution of rainfall. The water flow estimation in high flow period
(December to April), is greater than 15 m3 s−1; whereas in low flow
period (May–November) is 2.7 m3 s−1.

Sampling design

Five known sites with different degree of pollution (Merlo et al.,
2011 and Table 1) were selected along Suquía River: Córdoba city
western border: Site 1 (S1), Córdoba city downtown: Site 2 (S2),
Córdoba city eastern border: Site 3 (S3), Corazón de María village:
Site 4 (S4), and Río Primero city: Site 5 (S5). In addition one refer-
ence site (RS): La Calera city was included (Table 1 and Fig. 1).

Study sites were sampled during low and high flow periods,
August 2008 and March 2009, respectively. For each study site,
samples were randomly taken along a 100 m linear transect on
shoreline. Five samples of each habitat (water, sediment, and
riparian soil: 0–20 cm)  were collected in sterile containers. Water
samples were stored at 4 ◦C until analysis. Approximately 10 g of
soil and sediment samples were wet stored at 4 ◦C until the analy-
sis of Nase enzyme activity was performed. Then, soil and sediment
samples were air-dried for 24 h and sieved through a 2 mm mesh
and stored at 4 ◦C for the chemical analysis and N-fixing bacteria
screening according as described in Forster (1995). All the analysis
was performed within 24–48 h of the sample collection.

Chemical analysis

Measured analytical parameters included: dissolved oxygen
(WTW,  Multiline F/Set 3), total organic carbon content (Nelson
and Sommers, 1996), and ammonia content (Mulvaney, 1996). In
addition the water content was  measured in soil samples previous
air-dried.

N-fixing bacteria screening

The screening of heterotrophic N-fixing bacteria was evaluated
in each sample of water, sediment, and riparian soil by the ability to
grow in agar plates containing solid nitrogen-free (NFB) medium
(Döbereiner, 1995), using the pour plate technique. The cultures
were incubated in dark at 28 ◦C for five days and the abundance of
N-fixing bacteria were expressed as log10 of N-fixing bacteria per g
of soil/sediment or mL  of water (log g−1 or mL−1).

Activity of N-fixing bacteria

BNF was measured by Nase enzyme activity using the acetylene
reduction method (Alef, 1995). Briefly, four grams of freshly col-
lected soil or sediment (five replicates per site) or 10 mL  of water
(five replicates per site) were sealed in 15 mL  glass bottles. One  mL
of acetylene, freshly prepared from CaC2, was  added to each bot-
tle. The bottles were vigorously shaken and then incubated in the
dark at 28–30 ◦C. After 24 h an aliquot of 1 mL  was taken to ana-
lyze the generated ethylene (C2H4) by gas chromatograph, using

Shimadzu GC-8A with a flame detector and a Porapak column. The
Nase enzyme activity was  expressed as �g of C2H4 per kg of soil or
sediment, or L of water (�g kg−1 or �g L−1).



C. Merlo et al. / Limnologica 48 (2014) 71–79 73

 of Có

P

d
s
s
b
o
w
d
r
b
b
(
B
t
5

f
T
t
(
c
p
P
f
a
T
a
s

T
P

Fig. 1. Map  of the Suquía River basin (Province

CR amplification of 16S rRNA gene and sequencing

To identify the heterotrophic N-fixing taxa and minimize non-
iazotrophs growth, colonies of N-fixing bacteria differing in
ize, color, and shape were isolated into NFB medium repeatedly
treaked on plates, and reisolated to obtain pure cultures. These
acteria were maintained into screw cap tubes containing 10 mL
f solid NFB medium. Then, nine pure cultures from water sites
ith different Nase enzyme activity (RS, S1, and S2) were ran-
omly selected and cultivated in liquid NFB media. They were
epresented with similar distribution and abundance in the five
acterial cultures performed from a same site. DNA of N-fixing
acteria in pure cultures was extracted according to Sambrook et al.
1989). DNA concentrations were determined using the Quant-iTTM

road-Range DNA Assay Kit (Invitrogen) according to manufac-
urer’s protocol, and sample aliquots were standardized to contain
–10 ng �L−1 in Tris–EDTA buffer.

Amplification of 16S rRNA gene from 10 ng of DNA was per-
ormed using 27f (GAG TTT GAT CCT GGC TCA) and 1492r (TAC GGY
AC CTT GTT ACG ACT T) primers (Lane, 1991). The PCR amplifica-
ion was done in a total volume of 50 �L with 5 �L 10× PCR buffer
500 mM KCl, 20 mM MgCl2, 200 mM Tris–HCl [pH 8.4]), 180 �M
oncentration of each deoxyribonucleoside triphosphate, 1 U of Taq
olymerase (Invitrogen), and 0.4 �M of each primer. The following
CR conditions were used: a denaturation step of 5 min  at 95 ◦C,
ollowed by 35 cycles of denaturation at 95 ◦C for 1 min, annealing

t 50 ◦C for 1 min, and extension at 72 ◦C for 3 min  (Lu et al., 2006).
he PCR products were visualized by electrophoresis in a 2% (w/v)
garose gel in 1.0× TAE buffer (40 mM Tris–acetate, 1 mM EDTA)
tained with SYBR Safe (Life Technologies) and sequenced on both

able 1
osition, anthropogenic impact, and pollution information of Suquía River study sites.

River sites Position Anthro

RS: Reference Site (La Calera
city)

18.4 km downstream San
Roque Dam, 488 m a.s.l.,
31◦21′45′′ S and 64◦20′99′′ W

Eutrop
Roque 

use
S1:  Site 1 (Córdoba city west

border)
17.1 km downstream RS, 417 m
a.s.l., 31◦23′07′′ S and
64◦14′15′′ W

Sewag

S2:  Site 2 (Córdoba city down
town)

12.1 km downstream S1, 393 m
a.s.l., 31◦23′82′′ S and
64◦14′62′′ W

Industr
waters
Cañada

S3:  Site 3 (Córdoba city east
border)

11 km downstream S2, 0.36 km
upstream WWTP, 365 m a.s.l.,
31◦24′34′′ S and 64◦10′66′′ W

Sewag
and tra

S4:  Site 4 (Corazón de María
village)

12 km downstream WWTP,
341 m a.s.l., 31◦26′81′′ S and
63◦59′45′′ W

Sewag
water t

S5:  Site 5 (Río Primero city) 51.1 km downstream S4, 243 m
a.s.l., 31◦20′29′′ S and
63◦36′58′′ W

Agricu
recreat
rdoba, Argentina), showing the sampling sites.

strands by Macrogen Inc. (Korea). DNA sequences were compared
with sequences in the GenBank database. Nucleotide sequences
were aligned using CLUSTALX 1.64b (Higgins et al., 1994). To
construct phylogenic tree, based on nucleotide alignments, gene
sequence distances were inferred by the neighbor-joining method.
For each calculation, 1000 bootstrap resamplings were performed.
Phylogenetic tree was  constructed using MEGA  4.0 (Tamura et al.,
2007).

Nucleotide sequence accession numbers

The 16S rRNA gene sequences obtained from each pure culture
have been deposited in the GenBank nucleotide sequence database
under the following accession numbers: KF939595–KF939603.

Statistical analysis

Differences of N-fixing bacteria abundance and activity among
sites, water flow periods, and habitats (water, sediment, and ripar-
ian soil) were analyzed using three-factor ANOVA (site, habitat,
and period). Means were compared using the least significant dif-
ference test (LSD) (p ≤ 0.05). Besides, Pearson correlations were
performed. Shapiro-Wilks test to evaluate deviation to normal
distribution and Levene’s test to corroborate homogeneity of vari-
ances were used. Non-parametric Spearman’s correlation was used

to analyze parameters which significantly differed from normal
distribution. The data were then compared using non-parametric
Kruskal–Wallis test. All analysis was  performed using Infostat
software (2001).

pogenic impact Pollution information

hic waters from the San
Dam and recreational

Escherichia coli (log mL−1) = 0
Fecal coliforms (log mL−1) = 1.90
Conductivity (�S cm−1) = 181.40

e waters Escherichia coli (log mL−1) = 0
Fecal coliforms (log mL−1) = 1.51
Conductivity (�S cm−1) = 432.37

ial effluents, sewage
 and run-off from La

 brook

Escherichia coli (log mL−1) = 0.23
Fecal coliforms (log mL−1) = 2.69
Conductivity (�S cm−1) = 972.30

e waters, sand mining
sh in river banks

Escherichia coli (log mL−1) = 0.30
Fecal coliforms (log mL−1) = 2.49
Conductivity (�S cm−1) = 929.00

e waters from waste
reatment plant (WWTP)

Escherichia coli (log mL−1) = 0.62
Fecal coliforms (log mL−1) = 2.88
Conductivity (�S cm−1) = 952.30

ltural area and
ional use

Escherichia coli (log mL−1) = 0.10
Fecal coliforms (log mL−1) = 2.38
Conductivity (�S cm−1) = 785.00
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Table  2
Water chemical characteristics of Suquía River study sites during low and high flow periods. Values represent mean ± SD. *Significant differences between periods at each
sampling site. Mean values with a common letters are not significantly different among sampling sites within the same period (p > 0.05). RS, reference site; S1, Site 1; S2, Site
2;  S3, Site 3; S4, Site 4; S5, Site 5.

RS S1 S2 S3 S4 S5

Low flow
Organic C (mg  L−1) 3.28 c*

(±0.19)
5.58 bc
(±0.99)

12.80 ab
(±4.75)

10.97 ab
(±5.96)

17.19 a
(±4.67)

11.97 ab*
(±5.88)

Ammonia (mg  L−1) 0.19 bc*
(±0.18)

0.10 c
(±0.04)

0.72 ab
(±0.90)

0.23 bc
(±0.07)

15.32 a*
(±0.37)

1.86 ab
(±3.77)

Dissolved  O2 (mg  L−1) 10.01 bc*
(±0.08)

10.43 bc*
(±0.39)

13.29 ab*
(±0.54)

16.21 a*
(±0.38)

3.18 d*
(±0.36)

4.36 cd*
(±0.89)

High  flow
Organic C (mg  L−1) 5.41 c*

(±1.66)
12.70 ab
(±15.22)

12.03 ab
(±0.76)

10.05 bc
(±1.06)

12.42 ab
(±2.49)

27.49 a*
(±8.92)

Ammonia (mg  L−1) 0.49 a*
(±0.05)

0.12 c
(±0.03)

0.40 ab
(±0.10)

0.19 bc
(±0.04)

1.18 a*
(±0.63)

0.19 bc
(±0.06)

Dissolved  O2 (mg  L−1) 6.87 cd*
(±0.03)

7.26 bc*
(±0.09)

8.28 a*
(±0.47)

7.60 ab*
(±0.15)

4.96 d*
(±0.24)

7.11 bcd*
(±1.08)
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observed during low flow period the most significant increases
were detected in water at S2 and S3, and in sediments at RS, S1
and S5 (Fig. 3).
ig. 2. Abundance of heterotrophic N-fixing bacteria (log g−1 or mL−1) in sediment
ars  indicate standard error. Sampling sites with common letters are not significan

esults

hemical characteristics of water, sediment, and riparian soil

All analyzed parameters in Suquía River water varied signifi-
antly among study sites (Table 2). The lower value of organic C and
mmonia was at RS and S1, respectively, compared to the other sites
uring high and low river flows. In contrast, the highest organic C

evels were detected at S4 during low flow period and at S5 during
igh flow period. Besides, the lowest concentrations of dissolved
2 were detected at S4 during both flow periods (Table 2). Chemi-
al characteristics of sediment also showed variations among sites
Table 3). Organic C values were higher at S4 during low flow period,
hereas in high flow period the higher values were determined at
S and S1 sites. On the other hand, ammonia content was higher
t S4 during low and high flow periods (Table 3). Finally, riparian
oil samples from RS, S1, and S2 sites presented the higher organic

 levels in both low and high flows, while the lower ammonia con-
ent was observed at S3 during high flow period. Conversely, the
ater content of soil samples did not show significant differences

mong study sites at both low and high flow periods (Table 4).

bundance and activity of N-fixing bacteria

The N-fixing bacteria were screened in solid nitrogen-free

edium. In general, their abundance in soil and sediment was

igher than the values found in the water during low and high
ow periods (Fig. 2). Regarding the N-fixing bacteria quantified

n water during low flow period, they were more abundant at S4
r, and riparian soil at Suquía River study sites in low (A) and high (B) flow periods.
ferent within the same period and habitat (p > 0.05).

than RS, S2, and S3; also they had higher density at S1 and S5
than S2. In sediments its density increased downstream of S2 site,
while no variations were detected in riparian soil among study sites
(Fig. 2A). In high flow period the higher values of N-fixing bacteria
in water were detected downstream of S2 site, while in riparian soil
they presented lower abundance at S3 than in the other sites. The
abundance of N-fixing bacteria did not show significant differences
among sites in sediments (Fig. 2B). Moreover, comparing the abun-
dance of N-fixing bacteria during high flow period respect to those
Fig. 3. Abundance of N-fixing bacteria in sediment, water, and riparian soil during
high flow period (Vhf) minus the values found during low flow period (Vlf) at each
Suquía River study sites expressed as percentage. (*) Significant increases during
high flow period for each study site (p < 0.05).
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Table  3
Sediment chemical characteristics of Suquía River study sites during low and high flow periods. Values represent mean ± SD. *Significant differences between periods at each
sampling site. Mean values with a common letters are not significantly different among sampling sites within the same period (p > 0.05). RS, reference site; S1, Site 1; S2, Site
2;  S3, Site 3; S4, Site 4; S5, Site 5.

RS S1 S2 S3 S4 S5

Low flow
Ammonia (mg  kg−1) 9.07 b

(±4.87)
16.77 b
(±16.93)

6.21 b
(±3.42)

9.29 b
(±6.87)

175.14 a
(±187.19)

41.26 b
(±70.88)

Organic C (g kg−1) 1.94 bc*
(±1.71)

0.44 c*
(±0.43)

19.08 ab
(±23.65)

10.69 abc
(±15.23)

25.67 a*
(±22.75)

2.33 bc
(±3.69)

High  flow
Ammonia (mg  kg−1) 13.82 ab

(±6.33)
11.18 abc
(±7.39)

3.00 c
(±0.56)

10.64 bc
(±13.34)

30.25 a
(±22.37)

15.99 ab
(±12.91)

Organic C (g kg−1) 9.80 a*
(±7.29)

10.65 a*
(±9.41)

0.72 c
(±0.20)

4.10 bc
(±8.95)

2.01 bc*
(±2.79)

8.71 ab
(±8.03)

Table 4
Riparian soil chemical characteristics of Suquía River study sites during low and high flow periods. Values represent mean ± SD. *Significant differences between periods at
each  sampling site. Mean values with a common letters are not significantly different among sampling sites within the same period (p > 0.05). RS, reference site; S1, Site 1;
S2,  Site 2; S3, Site 3; S4, Site 4; S5, Site 5.

RS S1 S2 S3 S4 S5

Low flow
Organic C (g kg−1) 15.35 ab

(±6.52)
16.31 ab
(±11.09)

24.31 a
(±14.24)

0.98 c
(±0.54)

2.14 c
(±1.65)

10.64 bc
(±9.78)

Ammonia (mg  kg−1) 11.26
(±2.96)

7.70
(±3.36)

8.60*
(±6.29)

7.89
(±3.05)

12.76
(±4.41)

7.49
(±3.72)

Water content (%) 33.98
(±11.24)

27.36
(±15.02)

36.16
(±20.01)

27.46
(±2.79)

11.42
(±11.52)

29.62
(±12.16)

High flow
Organic C

(g kg−1)
27.17 a
(±9.44)

21.92 a
(±5.84)

25.17 a
(±2.22)

3.12 b
(±4.49)

6.52 b
(±5.83)

10.85 b
(±5.73)

Ammonia
−1

15.16 a 11.61 ab 17.39 a*
(±4.4

5.22 b 11.79 ab 10.75 ab

34.40
(±1.7

t
s
p
s
n
w
d
p
w
(
l
h

T
N
m
l
S

(mg  kg ) (±8.50) (±3.45)
Water  content (%) 33.95

(±5.32)
23.11
(±8.63)

BNF in water, sediment, and riparian soil samples was  inves-
igated by Nase enzyme activity measurement, which varied
ignificantly among sites in water and sediment during low flow
eriod, showing the highest activity at RS in water and at S4 in
ediment (Table 5). During this flow period only S4 showed sig-
ificant variation in enzyme activity among the studied habitats,
ith the highest value in sediment. No significant differences were
etected for Nase enzyme activity among sites during high flow
eriod; while in the same flow period, differences among habitats

ere observed at S5 with higher enzyme activity in the sediments

Table 5). Moreover, comparing the Nase enzyme activity during
ow flow period respect to those values during high flow period,
igher activities were observed at RS and S1 in water samples and

able 5
itrogenase enzyme activity in water (�g C2H4 L−1), sediment, and riparian soil (�g C2H4

ean  ± SD. For each parameter, (*) indicates significant differences between periods at 

etters  are not significantly different among sampling sites or habitat, respectively, withi
ite  4; S5, Site 5.

RS S1 S2 

Low flow 

Water 8.18 a*
(±5.30)

2.80 b*
(±1.43)

2.04 b
(±0.7

Sediment 13.16 b
(±13.21)

35.83 b
(±74.01)

12.51
(±11

Riparian soil 69.60 (±140.0) 5.43
(±3.28)

89.80
(±18

High flow
Water 0.93

(±0.50)
1.02
(±0.27)

4.80
(±5.6

Sediment 6.12
(±6.65)

17.55
(±20.33)

5.44
(±6.5

Riparian soil 7.37
(±9.53)

2.11
(±2.24)

15.86
(±14
6) (±1.53) (±6.66) (±3.66)

5)
24.72
(±4.03)

22.67
(±10.80)

27.22
(±11.30)

at S4 in sediment samples at low flow period (Table 5). No cor-
relation was observed between N-fixing bacteria abundance and
Nase enzyme activity in water, sediment, or riparian soil. However,
the same analysis performed with the water values discriminated
by site and period, revealed a significant correlation in RS samples
obtained during low flow period (r = 0.92; p = 0.001).

Taxonomic identification of the isolated bacteria
To evaluate the phylogenetic diversity of the heterotrophic
N-fixing bacteria isolates, the 16S rRNA was amplified by PCR.
Approximately 1400 bp of the amplified 16S rRNA gene of nine
heterotrophic N-fixing bacteria isolated from three different water

kg−1) from Suquía River study sites in low and high flow periods. Values represent
each sampling site and habitat. Mean values with a common lowercase or capital
n the same period (p > 0.05). RS, reference site; S1, Site 1; S2, Site 2; S3, Site 3; S4,

S3 S4 S5

�g C2H4 L−1 or kg−1

0)
2.92 b
(±1.68)

3.27 b B
(±2.09)

2.18 b
(±0.20)

 b
.13)

2.96 b
(±2.58)

87.12 a A*
(±37.13)

17.66 b
(±18.44)

0.5)
6.48
(±6.13)

28.83 B
(±32.38)

124.71
(±261.77)

4)
7.40
(±7.69)

1.92
(±1.02)

2.07 B
(±0.77)

4)
8.77
(±15.19)

8.41
(±6.85)

25.39 A
(±21.30)

.21)
10.14
(±13.62)

13.76
(±15.27)

7.27 B
(±5.61)
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Fig. 4. Phylogenetic tree for 16S rRNA gene sequences obtained from strains iso-
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ated of Suquía River water. The 16S r RNA tree was based on DNA sequences of
pproximately 1400 bp. RS-A, -B, and -C: strains isolated from reference site; S1-A,
B,  -C, and -D: strains isolated from site 1; S2-A and -B: strains isolated from site 2.

ites with different Nase enzyme activity (RS, S1, and S2) were
equenced. Three strains were isolated from RS (RS-A, -B, and
C), four from S1 (S1-A, -B, -C, and -D) and two from S2 (S2-

 and -B). The selection was carried out on the basis that
hey had similar distribution and abundance in the five bac-
erial cultures performed from a same site. The data indicates
hat 16S rRNA gene sequences were represented by Proteobac-
eria and Actinobacteria phyla. Four sequences (RS-B, S1-C, S1-D
nd S2-B) were affiliated with Alphaproteobacteria. One sequence
RS-C) was associated with Betaproteobacteria. Two sequences (RS-

 and S2-A) were aligned with Gammaproteobacteria class, and
wo sequences (S1-A and S1-B) were related to Actinobacteria
Fig. 4).
nvironmental factors associated with BNF

The abundance of N-fixing bacteria showed significant correla-
ions with organic C content in sediments (r = 0.63; p < 0.0001), and
a 48 (2014) 71–79

with organic C (r = 0.45; p < 0.0001) and water contents (r = 0.32;
p < 0.003) in riparian soil. In the water samples, N-fixing bacteria
abundance showed negative correlation with dissolved O2 (r = -
0.43; p < 0.0006). On the other hand, there were not significant
correlations between Nase enzyme activity and the chemical char-
acteristics of water and riparian soil. Conversely, in sediments,
significant correlations between Nase enzyme activity and the
ammonia (r = 0.56; p < 0.0001) and organic C (r = 0.36; p < 0.01)
contents were detected.

Discussion

Abundance and activity of N-fixing bacteria

The presence of heterotrophic N-fixing bacteria in all Suquía
River sites corroborates the importance given to heterotrophic fix-
ation in aquatic ecosystems (Affourtit et al., 2001; Moisander et al.,
2007; Hashimoto et al., 2012). Our findings indicate that, N-fixing
bacteria abundance in water column was  lower than in soil and
sediment concordantly with the lowest organic compound lev-
els. These observations were comparable to those data found in
other aquatic ecosystems (Wetzel, 2001). Likewise, N-fixing bacte-
ria abundance in riparian soil of Suquía River was  similar to the
density measured by Mantilla-Paredes et al. (2009) in flooded ripar-
ian soil of Amazonas River in Colombia (2.5 × 106 bacteria g−1 vs.
2.8 × 106 bacteria g−1).

The N-fixing bacteria activity has been poorly studied in aquatic
environments and most part of information belongs to marine and
lacustrine environments (Burns et al., 2002; Steppe and Paerl, 2005;
Farnelid and Riemann, 2008; Gamble et al., 2010). The values of
Nase enzyme activity of Suquía River sediments were lower than
those reported by Burns et al. (2002), who  evaluated Nase enzyme
activity in sediments of Chesapeake Bay of USA (20.07 �g C2H4 kg−1

vs. 520 �g C2H4 kg−1). These differences could be due to the lesser
O2 concentrations and the higher organic matter content detected
in Chesapeake Bay sediments. Conversely, the values of Nase
enzyme activity in Suquía River sediments were higher than those
found in the rhizosphere sediments of a relatively pristine marsh
of USA (10.36 ng C2H4 m−2) (Gamble et al., 2010). Comparing the
Nase enzyme activity observed in riparian soil of Suquía River
with the values detected by Mårtensson et al. (2009) in soil of
rice crops, these were higher than our data (3640 �g C2H4 kg−1 vs.
31.78 �g C2H4 kg−1), whereas, Zhang et al. (2007) found that only
a small fraction of diazotrophs present in rhizosphere soil of a river
in Namibia actively fix N.

N-fixation in Suquía River water is probably carried out not only
by phototrophs but also by heterotrophic bacteria that have dif-
ferent requirement to fix N. This is consistent with the presence
of heterotrophic N-fixing bacteria in all the studied sites. Affourtit
et al. (2001) determined that a diazotroph community of Neuse
River of USA was mainly composed by heterotrophs, while in an
estuarine environment, even though an increase in the cyanobac-
teria was  observed, the heterotrophs proportion continue being
significant. The lack of correlation between N-fixing bacteria abun-
dance and Nase enzyme activity in Suquía River water could be due
to the fact that N-fixation is an alternative metabolism that only
takes place under certain conditions. In this regard, Steppe and
Paerl (2005) did not find a relationship between N-fixing bacte-
ria abundance and Nase enzyme activity in a marine intertidal
microbial mat concluding that the higher Nase enzyme activity
rates were produced during the night or in low photosynthetic
periods. However, it has been informed that cyanobacteria with

heterocystous are the more common phototrophs present in fresh-
water environments (Karl et al., 2002). Nevertheless, our results
showed a strong correlation between heterotrophic N-fixing bacte-
ria abundance and Nase enzyme activity in water at RS in low flow
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eriod. It is well known that in lotic ecosystems of fast-flowing
aters with canopy shade, like RS, heterotrophy predominates over

utotrophy (Wetzel, 2001). Thus, it is probably that Nase enzyme
ctivity in RS site was associated with heterotrophic and photo-
eterotrophic N-fixing bacteria (Sarma and Khattar, 1994; Feng
t al., 2010; Ritchie and Johnson, 2012), which have adaptations
o protect Nase enzyme from O2 (Karl et al., 2002; Paul, 2007;
arnelid and Riemann, 2008). Moreover, the fact that Nase enzyme
ctivity detected in Suquía River water during low flow period was
igher than those values found in high flow conditions suggests
hat it could be associated with the lower temperatures registered
n winter which favors the N2 dissolution (Wetzel, 2001).

To our knowledge there is no previous data that estimate the
lobal input of N by BNF in lotic ecosystems. If we assume a rela-
ion of 3:1 for C2H4:N2 fixated (the production of 3 mol  of C2H4
s equivalent to 1 mol  of fixing N2) (Werner, 1995), we can esti-

ate that in Suquía River the N input by BNF per year is 61 ppm
 (4 mg  L−1 in water, 22 mg  kg−1 in sediments, and 35 mg  kg−1 in

iparian soil).
The N-fixing community in lotic ecosystems has a key role in

he cycle of N (Karl et al., 2002; Kavadia et al., 2007; Farnelid
nd Riemann, 2008). Although it is postulated that BNF is an
nimportant process in eutrophic environments, Larsson et al.
2001) highlight the BNF contribution to the annual N input in
utrophic estuarine of Baltic Sea. Other studies also emphasize
he importance of BNF in sea and terrestrial ecosystems (Karl
t al., 2002; Vitousek et al., 2002; Abril et al., 2008). For exam-
le, Karl et al. (2002) informed that the global ocean BNF is about
00–200 Tg N year−1, and Burns et al. (2002) estimated a BNF rate of
.4 g N m−2 year−1 in Chesapeake Bay sediments. Although it is dif-
cult to compare these data with the value of global N input year−1

entioned above for Suquía River, due mainly to the different units
sed; we can conclude that Suquía River BNF is as important as
hose of the ocean or Chesapeake Bay.

axonomic identification of the isolated bacteria

Although the taxonomy of N-fixing bacteria have been stud-
ed in terrestrial ecosystems (Xie et al., 2003; Mårtensson et al.,
009; Xu et al., 2012), little information is currently available about
reshwater aquatic environments, particularly in lotic ecosystems.
revious studies have considered that BNF in aquatic ecosystems is
arried out mostly by cyanobacteria with a scarce participation of
eterotrophic N-fixing bacteria. However, recent molecular studies
howed that heterotrophic N-fixing bacteria are very diverse and
idely distributed (Farnelid and Riemann, 2008), being in some

quatic ecosystems more diverse and abundant than cyanobacte-
ia (Affourtit et al., 2001; Moisander et al., 2007; Hashimoto et al.,
012).

In the present study, all bacterial isolates contained 16S rRNA
enes with more than 98% similarity to those 16S rRNA sequences
egistered in GenBank, with the exception of RS-B strain. Since
S-B strain sequence presented a similarity index of 97% with
hree different genera, deeper studies are needed to define if this
train belongs to one of these three genera or it is a novel genus
Peeters et al., 2011). Our results show that Suquía River has a
reat diversity of taxonomic groups, including Alphaproteobacteria,
etaproteobacteria, Gammaproteobacteria classes and Actinobacte-
ia from Actinomycetal order. Although the N-fixing capacity of
he bacteria identified in this study was not determined, Affourtit
t al. (2001) found a great proportion of diazotrophs belonged to
lphaproteobacteria and Gammaproteobacteria in Neuse River water

USA). Besides, Zhang et al. (2008) identified a great proportion of
iazotrophs belonging to Alphaproteobacteria, Betaproteobacteria,
nd Gammaproteobacteria from sediments of mangrove ecosystem
ites in Sanya, Hainan Island, China. In contrast, Alphaproteobacteria
a 48 (2014) 71–79 77

have been poorly represented in the N-fixing sequences of bacte-
ria associated with Spartina alterniflora of rhizosphere sediments
in a marsh system (Gamble et al., 2010). However, since we  did
not measure the N-fixing ability in these isolates and the growth
of non N-fixing bacteria in semi solid N free media has been previ-
ously reported (Beneduzi et al., 2013) it is not possible to rule out
that some of them could represent non-diazotrophic bacteria.

Alphaproteobacteria was the major class represented in this
study being three of them associated with Rhizobiales order and
one with Sphingomonadales order. N fixation by symbiotic rhizo-
bia occurs only when they are in symbiosis (Paul, 2007). However,
some authors have described the N fixation capacity of some free
living Azorhizobium strains (Dreyfus et al., 1983; Rashedul et al.,
2009). The Sphingomonadales includes Erythrobacter,  Erythromi-
crobium and Porphyrobacter genera and aggregated heterotrophic
bacteria that synthesize bacteriochlorophyll a under aerobic con-
ditions. Although the N fixation capacity of this group has not been
demonstrated, Zehr et al. (2006) mentioned that probably some
members of Erythrobacter are diazotrophs.

One of the isolated strains was  associated with the Betapro-
teobacteria class including strains isolated from rhizosphere soil
using N-fixing bacteria specific culture media (Hara et al., 2009; Xu
et al., 2012). However, the N fixation capacity of these genera is
scarcely studied.

Gammaproteobacteria class was  represented by Pseudomon-
adales and Enterobacteriales orders. The Pseudomonas includes
species capable to fix N (Jenni et al., 1989; Xie et al., 2003) present
in aquatic environments like Sanya River sediments (Zhang et al.,
2008), eutrophic lake water of Switzerland (Jenni et al., 1989), sea-
water of Japan (Hashimoto et al., 2012) and marsh rhizosphere
sediments of United States (Gamble et al., 2010). Additionally, the
N-fixation capacity of Enterobacter has been widely documented
(Paul, 2007; Videira et al., 2012) including pathogenic and no
pathogenic bacteria and many enterobacteria living in the intes-
tine of warm-blooded animals (De Baere et al., 2001). Therefore, it
is likely that S2-A strain could come from sewage source since it is
well known the Suquía River sewage pollution (Merlo et al., 2011).

Finally, two isolated strains (S1-A and S1-B) were represented
by Actinomycetales group. Even though little is known about the
actinomycetes contribution to N fixation, Merrick (2004) reported
diazotrophic bacteria from Streptomyces genus.

In summary, N-fixing bacteria are a diverse group, and since
the N fixation genes are not distributed consistently among phy-
logenetic groups, genera including N-fixing bacteria and no fixing
bacteria could be found in close taxonomic units (Affourtit et al.,
2001).

Environmental factors associated with BNF

The N fixation capacity and the associated environmental factors
have been widely investigated in microorganisms with agro-
nomic importance. Nevertheless, little information is available
about N-fixing community in aquatic ecosystems. The significant
correlations between N-fixing bacteria abundance and chemical
parameters found in this study are in agreement with the condi-
tions needed to fix N, with the availability of organic compounds,
and the low O2 concentrations. While, the lack of correlation with
ammonia content could be due to N-fixing bacteria use ammonia
only when it is available due to the lower energetic cost of this
process (Paul, 2007).

Even though the higher Nase enzyme activity in water was
detected in the most oligotrophic site (RS) during low flow period

(low ammonia and organic C content with high O2 concentration),
the lack of significant correlation between Nase enzyme activity
with the chemical and physical variables indicates that the activity
of N-fixing bacteria in water do not depend on the C source and
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issolved O2 concentrations. It is widely accepted that O2 inhibits
he synthesis and Nase enzyme activity (Fay, 1992; Steppe and
aerl, 2005). In this sense, it has been documented that filamentous
yanobacteria have specialized cells (heterocystous) that protect
ase enzyme from O2, while unicellular cyanobacteria temporarily

eparate the processes of fixation and photosynthesis (Fay, 1992;
etzel, 2001). Therefore, these data indicates that the regulation

f N fixation is a complex process that requires the convergence
f several factors. For instance, the major abundance of N-fixing
acteria in water at S4 was linked to low O2 concentration, which
ould favor Nase enzyme activity. Nevertheless, the high ammonia

oncentration produced by the pollution (Merlo et al., 2011) could
e the cause of the low Nase enzyme activity. This is in agreement
ith some studies that detected a decrease in Nase enzyme activity
ue to the increase of N availability (ammonia and nitrate) in water
Forbes et al., 2008; Scott et al., 2008). Our results are in agreement
ith the data reported by Paerl et al. (1981) in lakes. These authors
id not find a strong relationship between the ammonia content
nd N fixation activity. Moreover, nitrate should not act as a repres-
or of Nase enzyme, since the reduction of nitrate is energetically
ore expensive than BNF (Karl et al., 2002).
The fact that in sediments Nase enzyme activity was  major in

ites with higher organic C content and low dissolved O2 concen-
ration in water (for example S4 receives the sewage discharges
rom WWTP) is consistent with the established requirement (low
2 concentration and available organic C compounds to produce

he necessary ATP for Nase enzyme activity by heterotrophic N-
xing bacteria) (Wetzel, 2001; Kavadia et al., 2007; Farnelid and
iemann, 2008). Even though the ammonia content at S4 was  high
hich does not favor N fixation activity, the high abundance of

ther microorganisms in the sediments of this site (Merlo et al.,
011) suggests that a great competition for this resource could
ccur (Farnelid and Riemann, 2008). In this sense, Kavadia et al.
2007) demonstrated that N-fixing populations could be affected by
heir competitors by two opposite ways: negatively due to the com-
etition for common resources or positively due to the ammonia
onsumption by competitors. Hence, when there is high organic C
oncentration, the competition for it is low, while the high concen-
ration of ammonia is consumed by heterotrophic microorganisms
Kavadia et al., 2007). This is in agreement with the high abun-
ance of heterotrophic microorganisms detected in sediments at
4 by Merlo et al. (2011) and the higher Nase enzyme activity
etected during low flow period (this study). In contrast, the low
ase enzyme activity detected at the same site during high flow
eriod could be probably due to the increase of dissolved O2 and
he decrease of organic C by water drag (Merlo et al., 2011), which
o not favor N fixation (Wetzel, 2001).

The lack of significant differences of Nase enzyme activity
among study sites and sampling periods) and significant correla-
ions between Nase enzyme activity with the physical and chemical
arameters of riparian soil could be due to hot spots of microbial
ctivity occurring in soil. In hot spots, bacteria find optimal condi-
ions for specific metabolic activity (McClain et al., 2003). Therefore,
lthough the diazotrophic bacteria were detected in riparian soil,
NF could occur only when conditions are optimal, for example

nside of aggregates with high quantity of organic matter and scarce
2 concentration (Farnelid and Riemann, 2008) or in the rhizo-

phere that provides available organic C source and microaerophilic
onditions (Černá et al., 2009). Furthermore, the availability of N to
rganisms could be greatly influenced by soil heterogeneity and
ay  break the idealized dynamic of BNF.
Ecosystems are typically not homogeneous but rather complex
ystems, in which individuals are adapted to and interact with
heir local environments. The conditions that favor the growth
nd activity of diazotrophs greatly vary among them, since one
nvironmental condition could select and favor the activity of a
a 48 (2014) 71–79

microorganism against another. For example, some heterotrophic
diazotrophs are obligated anaerobes, while other diazotrophs could
fix N in microaerophilic conditions or have adaptations to fix N
in presence of O2. Moreover, BNF is an alternative metabolism
that occurs only when certain conditions converge (Wetzel, 2001;
Vitousek et al., 2002; Paul, 2007).

In conclusion, this study demonstrates that BNF occurs in all
the sites of the different analyzed habitats of Suquía River during
high and low flow periods, being in sediments influenced mainly by
the higher organic C present in the most polluted sites, particularly
during low flow period when the pollutants are highly concentrated
(Merlo et al., 2011). In addition, the low dissolved O2 concentration
and the competition with other microorganisms were additional
environmental factors that modulate BNF in sediments. In riparian
soil the organic C and water contents were the major abiotic factors
that control the abundance of N fixing bacteria; whereas in Suquía
River water the density of N fixing bacteria were associated with
low dissolved O2 concentration.

Finally, the phylogenetic diversity identified in the N-fixing
bacteria isolates of Suquía River related to Proteobacteria and Acti-
nobacteria phyla deserves future studies to establish the structure
of this community.
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