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NAFO by heterotrophic DEC is significant for the develop-
ment of wastewater treatment and the biogeochemical iron 
cycle and nitrogen cycle.
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Introduction

Iron, as one of the most significant elements in microbial 
evolution, provided energy for the synthesis of ATP, the 
formation of heme, and some other essential metabolic 
processes in microorganism by the oxidation from fer-
rous to ferric [25]. Nitrate-dependent anaerobic ferrous 
oxidation (NAFO) with ferrous salt as electron donor and 
nitrate as electron acceptor was a significant discovery 
in environmental microbiology. The first iron-oxidizing 
nitrate-reducing bacterium was discovered by Straub et al. 
[32], which gave rise to a number of important studies on 
NAFO. A number of bacterial species had been reported 
to have the ability of NAFO [6, 34], but the biochemistry 
and enzymology of NAFO are still unclear [7]. Samples of 
enriched culture from natural habitat such as town ditches 
and hyper saline sediment were studied for determining the 
abundance and activity of NAFO in the environment [5, 9]. 
So far, the distribution of NAFO bacteria have been found 
in classes Alphaproteobacteria, Betaproteobacteria, Gam-
maproteobacteria, and Deltaproteobacteria, while NAFO 
archaea have been classified in Euryarchaeota and Crenar-
chaeota [10, 13, 14, 33].

In traditional denitrification, organics were essential as 
an electron donor [23], which not only decreased the cost 
of wastewater treatment but was also a source of secondary 
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pollution. As the forth most abundant element of the earth’s 
crust, iron was of great application value [14]. NAFO that 
reduced nitrate with ferrous salt as electron donor was the 
solution to treat the unnecessary waste of organics and 
secondary pollution. In conclusion, the study of NAFO 
is a significant and new development in the field of bio-
technology for simultaneous removal of nitrogen and iron 
from wastewater since the bioreaction can convert nitrate 
into nitrogen gas and ferrous salt into ferric salt. The study 
of NAFO is also helpful to get an insight into the biogeo-
chemical iron and nitrogen cycles due to the fundamental 
role of biological ferrous conversion in modern and ancient 
environmental systems on the earth.

Recently, an enriched culture from a lab-scale high-rate 
denitrifying reactor [21] has been discovered to possess the 
ability for NAFO. This is the first time to report NAFO of 
methanol-utilization denitrifying enriched culture (DEC). 
The objective of this work was to reveal the heterotrophic 
denitrification activity, the autotrophic NAFO activity, and 
to investigate the predominant microbial population of the 
DEC.

Methods

DEC

DEC was obtained from a high-rate denitrifying reactor 
in the lab. The reactor was operated with methanol as the 
electron donor and nitrate as the electron acceptor. The 
volumetric chemical oxygen demand loading rate and volu-
metric nitrogen loading rate were 181 and 35 kg/(m3 day), 
respectively.

Synthetic wastewater

The mineral medium contained 0.320  g/l MgCl2·6H2O, 
0.350  g/l CaCl2, 0.270  g/l KCl, 0.453  g/l KHCO3, 
0.040 g/l KBr, 0.011 g/l H3BO3, 0.001 g/l NaF, 0.010 g/l 
Na2HPO3·12H2O, 0.005 g/l sodium silicate [13, 19, 33]. In 
heterotrophic denitrification culture, methanol and nitrate 
were supplemented to the mineral medium as electron 
donor and electron acceptor. In NAFO culture, ferrous sul-
fate and nitrate were supplemented to the mineral medium 
as electron donor and electron acceptor.

Determination of NAFO activity

The DEC sample was washed twice using 0.9 % NaCl solu-
tion prior to the experiment. Ten milliliters of washed DEC 
sample was put into 65-ml serum bottles containing 40 ml 
of mineral medium. The control groups were set as follows: 
CK01 was a reaction system with methanol and nitrate but 

without DEC; CK11 was a reaction system with ferrous 
salt and nitrate but without DEC; CK02 was a reaction 
system with methanol, nitrate, and DEC. The experimen-
tal group (NF11) was a reaction system with ferrous salt, 
nitrate, and DEC. Detailed information has been shown 
in Table  1. Both the control and experiment groups were 
in duplicate, and they were cultivated in a shaking table at 
30  °C, at 160  rpm. The concentrations of ferrous-Fe and 
nitrate-N were tested after 48 h.

Determination of NAFO kinetics

A DEC sample was washed twice with 0.9 % NaCl solu-
tion. Ten  milliliters of washed DEC sample was put into 
65-ml serum bottles containing 40 ml of mineral medium. 
The gradient N concentrations were set as 10, 50, 100, 250, 
500, 750, 1,000, and 1,500 mg/l and the gradient Fe con-
centrations were set as 1,500, 3,000, 7,000, 10,000, 20,000, 
and 30,000 mg/l.

Analysis of predominant microbial population

Before the DNA extraction, the DEC sample was washed 
several times using phosphate buffer solution. It was trans-
ferred into a beaker flask. Then, the DEC sample was 
shaken with some glass beads for a few hours to scatter the 
microbial cells. DNA extraction was performed with Fast 
DNA SPIN kit for soil (MP Biochemicals, USA), and it 
was preserved at −20  °C. The polymerase chain reaction 
(PCR) of bacterial 16S rRNA gene was performed using 
the following primers: 338F (forward primer: 5′-GCclamp-
ACTC CTAC GGGA GGCA G-3′) and 805R (reverse 
primer: 5′-GACT ACCA GGGT ATCT AATC C-3′). The 
PCR conditions of the bacterial 16S rRNA gene were as 
follows: initial denaturation at 94 °C for 10 min; 19 cycles 

Table 1   Detailed information of control and experimental groups

DEC denitrifying enriched culture, NAFO nitrate-dependent anaero-
bic ferrous oxidation

Name Explanation Purpose

CK01 100 mg/l nitrate-N and 4.6 ml/l metha-
nol are essential but no addition of 
DEC

To confirm the 
heterotrophic 
denitrification 
activity of DECCK02 100 mg/l nitrate-N, 4.6 ml/l methanol 

and DEC (with DEC/synthetic waste-
water of 1:4) are essential

CK11 100 mg/l nitrate-N and 1,400 mg/l 
ferrous-Fe are essential but no addi-
tion of DEC

To confirm NAFO 
activity of DEC

NF11 100 mg/l nitrate-N, 1,400 mg/l ferrous-
Fe and DEC (with DEC/synthetic 
wastewater of 1:4) are essential
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of 94 °C (45 s), 65 °C (45 s, reducing 0.5 °C per cycle) and 
72 °C(1 min); 14 cycles of 94 °C(45 s), 55 °C (45 s), and 
72 °C (1 min); a final extension at 72 °C for 10 min [12]. 
The primers for amplifying the archaeal 16S rRNA gene 
were 787F (forward primer: 5′-GCclamp-ATTA GATA 
CCCS BGTA GTCC-3′) and 1059R (reverse primer: 5′-
GCCA TGCA CCWC CTCT-3′). The PCR conditions of 
the archaeal 16S rRNA gene were as follows: initial dena-
turation at 94  °C for 10  min; 34 cycles of 94  °C (45  s), 
52 °C (45 s), and 72 °C (1 min); a final extension at 72 °C 
for 10 min [22, 27]. The PCRs of the bacterial and archaeal 
16S rRNA gene were performed using 25-μl reaction vol-
umes containing 2-μl dNTPs mixtures (2.5 mM) (Takara, 
Japan), 2.5 μl 10× PCR buffer (containing 15  mM mag-
nesium ions) (Takara, Japan), 1  μl of each of the prim-
ers (10 mM) (Takara, Japan), 2 μl of the extracted DNA, 
0.2 μl rTaq DNA polymerase (Takara, Japan) and 16.3 μl 
deionized and distilled water (DDW). The amplified prod-
ucts were checked on 1  % (m/v) agarose TAE gels and 
finally viewed under UV light.

Denaturing gradient gel electrophoresis (DGGE) was 
used to separate the microbial community. DGGE of the 
PCR products were performed in a polyacrylamide gel 
(8  % w/v) with a linear denaturing gradient from 25 to 
55 % using a D-code DGGE system (Bio-Rad, Hercules, 
CA, USA). Electrophoresis was performed in 1× TAE 
buffer at 200 V and 60  °C for 5  h. Polyacrylamide gels 
were stained by silver staining and scanned with a UV 
transilluminator (Bio-Rad) to acquire the DGGE band 
image.

Bands of interest were excised with a sterile blade, 
eluted into DDW, and incubated overnight at 4 °C. Eluted 
bands into DDW were re-amplified using DGGE primer 
set without GC clamp. PCR products were ligated into 
moderate PMD 19-T vectors (Takara, Japan) and these 
vectors were transformed into Escherichia coli-compe-
tent cells. After cultivating, E. coli clones were grown on 
Luria–Bertani medium plates that were supplemented with 
100 mg/l ampicillin, 40 mg/l 5-bromo-4-chloro-indolyl-β-
d-galactopyranoside (X-Gal), and 24 mg/l isopropyl β-d-1-
thiogalactopyranoside (IPTG). White clones were selected 
randomly for further analysis. The obtained sequences were 
compared with sequences in GenBank using the BLAST 
algorithm (http://www.ncbi.nlm.nih.gov/BLAST) to ascer-
tain the predominant microbial population.

Analytical methods

The samples were determined immediately, as the chemical 
property of Fe was unstable. The concentrations of nitrate, 
nitrite, Fe, and total iron ions were analyzed according to 
standard methods [2]. The pH values were determined by a 
S20K pH meter (Mettler Toledo, Switzerland).

Results

Utilization of methanol and nitrate

To confirm the heterotrophic denitrification activity of 
DEC, control groups CK01 and CK02 were cultivated for 
48 h, and the results are shown in Fig. 1. Basically, metha-
nol and nitrate concentrations remained constant in the 
CK01 reaction system and the removal ratios were nearly 
zero. In the CK02 reaction system, methanol and nitrate 
concentrations decreased simultaneously and the removal 
ratios of methanol and nitrate were 71.92 and 99.89  %, 
respectively.

Utilization of ferrous and nitrate

To prove the NAFO activity of DEC, control group CK11 
and experimental group NF11 were cultivated for 48  h 
and the results are depicted in Figs.  2 and 3. In reaction 
system CK11 (Fig.  2a), the solution was clear but some 
yellow flocs appeared at the bottom. Nitrate-N concen-
tration was not significantly changed, while Fe concentra-
tion decreased by 12.55 %. That means there is almost no 
chemical reaction between ferrous salt and nitrate under 
anaerobic conditions. In reaction system NF11 (Fig.  2b), 
the solution became yellow after cultivation, the surface 
of DEC showed dark gray, and the bottle wall was adhered 
with red-brown sediment. The concentrations of Fe and 
N decreased simultaneously. The removal ratios of Fe 
and N in reaction system NF11 were 87.41 and 98.74 %, 
respectively.

NAFO kinetics of DEC

Gradient substrate concentrations were set to investigate the 
NAFO kinetics of DEC. Since the Monod [24] model was 
popular in environmental engineering, it was applied to the fit-
ting of the substrate utilization rate. The NAFO kinetics curve 
is shown in Fig. 4. According to the NAFO kinetics curve, the 
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Fig. 1   Removal ratio of methanol and nitrate in CK01 (without 
DEC) and CK02 (with DEC). Error bars are small and not visible
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maximum reaction velocity and half saturation constant of Fe 
were 412.54 mg/(l h) and 8,276.44 mg/l, and the counterparts 
of N were 20.87 mg/(l h) and 322.58 mg/l, respectively.

Predominant microbial population of DEC

The 16S rRNA gene sequences of three brightest bacte-
rial bands in DGGE profiles were compared with their 
affiliation in GenBank by the BLAST algorithm (Table 2). 
Clone B1 shared 99  % sequence similarity to Hyphomi-
crobium zavarzinii strain ZV-580 (GenBank accession 
no. Y14306.1), clone B2 shared 97 % sequence similarity 
to Thauera sp. ‘WSPY4 (T-III)’ (GenBank accession no. 
EF205257.1), and clone B3 shared 96  % sequence simi-
larity to Flavobacterium glaciei strain R6S-5-7 (GenBank 
accession no. JQ692100.1). According to this, the pre-
dominant bacteria of DEC could be placed in clades within 
Alphaproteobacteria Hyphomicrobium, Betaproteobacteria 
Thauera, and Bacteroidetes Flavobacterium.

Also, the 16s rRNA gene sequences of the three bright-
est archaeal bands in DGGE profiles were compared with 
their affiliation in GenBank by the BLAST algorithm, and 
the results were shown in Table  2. Clone A1 was closely 
related to Methanomethylovorans thermophila strain 
L2FAW (GenBank accession no. NR_043089.1) with max-
imum identification of 99 %, clone A2 was closely related 
to Methanohalophilus strain DSM 5219 (GenBank acces-
sion no. NR_076739.1) with maximum identification of 
98 %, and clone A3 was closely related to Methanolobus 
sp. St545Mb (GenBank accession no. EU293796.1) with 
maximum identification of 99  %. In conclusion, the pre-
dominant archaea of DEC could be clustered into Metha-
nomicrobia Methanomethylovorans, Methanomicrobia 
Methanohalophilus, and Methanomicrobia Methanolobus.

Fig. 2   NAFO activity of the 
DEC. a CK11 added ferrous 
and nitrate; b NF11 added 
ferrous, nitrate, and DEC. Each 
group was in replicate
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Fig. 3   The autotrophic denitrification of DEC. The removal ratio of 
ferrous and nitrate in CK11 (without DEC) and NF11 (with DEC). 
Error bars are small and not visible

-200 0 200 400 600 800 1000 1200 1400 1600
-2

0

2

4

6

8

10

12

14

16

18

Nitrate Removal Rate

Fe
2+ R

em
oval R

ate (m
g/(L

 h))N
itr

at
e 

R
em

ov
al

 R
at

e 
(m

g/
(L

 h
))

Nitrate Concentration (mg/L)

y=20.86997x/(322.57584+x)
R2=0.9903

0 5000 10000 15000 20000 25000 30000

50

100

150

200

250

300

350

Fe2+ Removal Rate

y=412.5444x/(8276.4438+x)
R2=0.9655

Fe2+ Concentration (mg/L)

Fig. 4   Kinetic characteristic of Fe2+ and nitrate removal rate. The 
Monod model was used to fit the removal rate and substrate concen-
tration. Error bars represent standard deviation between two repli-
cates



807J Ind Microbiol Biotechnol (2014) 41:803–809	

1 3

Discussion

Heterotrophic denitrification activity

In the experiment, the DEC utilized methanol and N by 
71.92 and 99.89 %. It was reported that DEC could respire 
anaerobically and synthesize cell materials with organic 
matters as electron donor [23]. The consumption ratio of 
methanol to nitrate in the experiment was 1.03:1 (mol/
mol), which agreed with the denitrification stoichiometric 
ratio of organics to nitrate [23] (Eq. 1). In other words, the 
DEC had heterotrophic denitrification activity.

NAFO activity

Generally, a level of at least one micromolar iron is needed 
for microorganisms to grow in optimum condition [26]. 
In the experiment, the DEC utilized Fe and N by 87.41 
and 98.74  %. The decreased concentration of Fe was 
21.85 mM, which was much higher than the essential need 
of iron for microorganisms growth. The Fe/N consumption 
ratio was 2.3:1 (mol/mol), which was in agreement with 
the NAFO stoichiometric ratio from 2:1 to 5:1 (Eqs. 2.A, 
2.B). This means that the DEC was capable of autotrophic 
NAFO as well as heterotrophic denitrification.

(1)

NO
−

3
+1.08CH3OH + 0.24H2CO3

→ 0.056C5H7NO2+0.47N2

+1.68H2O + HCO
−

3

(2.A)
2NO

−

3 + 10Fe2+ + 24H2O → 10Fe(OH)3 + N2 + 18H+

�rG
θ

m= − 267.42 kJ mol

(2.B)

NO
−

3 + 2Fe2+ + 5H2O → 2Fe(OH)3 + NO
−

2 + 4H+

�rG
θ

m= − 51.92 kJ mol

Kinetic characteristics of NAFO

The Monod model here was used to calculate the maximum 
conversion rate and the half saturation constant of sub-
strate. The maximum conversion rate represents the maxi-
mum rate achieved by the system at maximum substrate 
concentrations. The half saturation constant is the substrate 
concentration at which the reaction rate is half of the maxi-
mum conversion rate. It represents the affinity between 
substrate and microbiology.

In this study, the maximum conversion rate of N by DEC 
was 20.87 mg/(l h) and the half the saturation constant of 
N by DEC was 322.58  mg/l, which was higher than the 
reported values of 35–43.80  mg/l [1, 18]. The maximum 
conversion rate of Fe by DEC was 412.54  mg/(l  h) and 
the half saturation constant was 8,276.44 mg/l, which was 
higher than the reported values of 187.9–479 mg/l [8, 28, 
29]. This means the DEC had high conversion rates of both 
ferrous and nitrate, and the DEC showed significant sub-
strate affinity to both ferrous and nitrate.

Function of predominant microbial population

The predominant bacteria of DEC were identified as 
Hyphomicrobium, Thauera, and Flavobacterium. H. zavar-
zinii strain ZV-580 was reported to possess cytochrome 
cd1 containing nitrite reductase (nirS) and Cu-containing 
nitrite reductase (nirK) [11], and Hyphomicrobium sp. 
was reported to dominate the methanol-utilizing bacterial 
consortium in a denitrification reactor [16]. Thauera sp. 
‘WSPY4 (T-III)’ was reported to possess the gene nirS [3], 
and Thauera was demonstrated to dominate the two denitri-
fication systems with starch/polylactic acid and ethanol as 
electron donors [31]. F. glaciei strain R6S-5-7 and Flavo-
bacterium daejeonense were shown to have the activity for 
nitrate reduction [4, 20], and Flavobacterium denitrificans 

Table 2   Phylogenetic affiliation of the 16S rRNA gene sequences of interested DGGE bands

Clones Similarity strain Query cover (%) Max ident (%) Taxonomy status

B1 Hyphomicrobium zavarzinii strain ZV-580 100 99 Bacteria, Proteobacteria, Alphaproteobacteria, Rhizo-
biales, Hyphomicrobiaceae, Hyphomicrobium

B2 Thauera sp. ‘WSPY4 (T-III)’ 100 97 Bacteria, Proteobacteria, Betaproteobacteria, Rhodo-
cyclales, Rhodocyclaceae, Thauera

B3 Flavobacterium glaciei strain R6S-5-7 100 96 Bacteria, Bacteroidetes. Flavobacteriia, Flavobacteri-
ales, Flavobacteriaceae, Flavobacterium

A1 Methanomethylovorans thermophila strain 
L2FAW

100 99 Archaea, Euryarchaeota, Methanomicrobia, Metha-
nosarcinales, Methanosarcinaceae, Methanomethy-
lovorans

A2 Methanohalophilus strain DSM 5219 100 98 Archaea, Euryarchaeota, Methanomicrobia, Methano-
sarcinales, Methanosarcinaceae, Methanohalophilus

A3 Methanolobus sp. St545Mb 100 99 Archaea, Euryarchaeota, Methanomicrobia, Methano-
sarcinales, Methanosarcinaceae, Methanolobus
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was proved to convert NO3
− to N2 with glucose as elec-

tron donor [15]. Above all, Hyphomicrobium, Thauera, and 
Flavobacterium have shown the activity for heterotrophic 
denitrification, but no information about NAFO activities 
of them is available so far.

The predominant archaea of DEC were identified as 
Methanomethylovorans, Methanohalophilus, and Meth-
anolobus. Methanomethylovorans thermophila strain 
L2FAW was reported to utilize methanol as the carbon and 
energy source [17], Methanohalophilus strain DSM 5219 
was shown to produce methane from methanol [30], while 
Methanolobus sp. St545Mb was proven to be a methylo-
trophic methanoarchaea with methanol as a substrate [36]. 
Taxonomically, Methanomethylovorans, Methanohalophi-
lus, and Methanolobus belonged to the same family Meth-
anosarcinaceae, which are strictly anaerobic and can pro-
duce methane from methanol or methyl amines [35]. Since 
the seed sludge of the denitrification reactor was taken from 
the anaerobic reactor to treat papermaking wastewater, it is 
not strange for methanogen to appear in the DEC as domi-
nant archaea. Up till now, however, no one knows whether 
the methanogens can carry out NAFO.
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