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Abstract Marichromatium gracile: YL28 (M. gracile
YL28) is an anoxygenic phototrophic bacterial strain that
utilizes ammonia, nitrate, or nitrite as its sole nitrogen
source during growth. In this study, we investigated the
removal and transformation of ammonium, nitrate, and
nitrite by M. gracile YL28 grown in a combinatorial cul-
ture system of sodium acetate-ammonium, sodium ace-
tate-nitrate and sodium acetate-nitrite in response to dif-
ferent initial dissolved oxygen (DO) levels. In the sodium
acetate-ammonium system under aerobic conditions (initial
DO =7.20-7.25 mg/L), we detected a continuous accumu-
lation of nitrate and nitrite. However, under semi-anaerobic
conditions (initial DO=4.08-4.26 mg/L), we observed a
temporary accumulation of nitrate and nitrite. Interestingly,
under anaerobic conditions (initial DO =0.36-0.67 mg/L),
there was little accumulation of nitrate and nitrite, but an
increase in nitrous oxide production. In the sodium acetate-
nitrite system, nitrite levels declined slightly under aerobic
conditions, and nitrite was completely removed under semi-
anaerobic and anaerobic conditions. In addition, M. gracile
YL28 was able to grow using nitrite as the sole nitrogen
source in situations when nitrogen gas produced by deni-
trification was eliminated. Taken together, the data indicate
that M. gracile YL28 performs simultaneous heterotrophic
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nitrification and denitrification at low-DO levels and uses
nitrite as the sole nitrogen source for growth. Our study is
the first to demonstrate that anoxygenic phototrophic bacte-
ria perform heterotrophic ammonia-oxidization and denitri-
fication under anaerobic conditions.
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transformation
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Introduction

In past decades, an increased interest in studying micro-
organisms that metabolize nitrogen has increased our
understanding of nitrogen cycling in terrestrial and marine
ecosystems and has led to improved technology for the bio-
logical removal of nitrogen in these ecosystems (Fowler
et al. 2013). The most common mechanisms for biologi-
cal removal of nitrogen are nitrification by autotrophs
(ammonium-oxidizing bacteria and nitrite-oxidizing bacte-
ria) under aerobic conditions and denitrification by hetero-
trophs (denitrifying bacteria) under anaerobic conditions.
Previous studies have shown that aerobic denitrifica-
tion occurs at high-dissolved oxygen (DO) levels and
nitrification occurs in response to low-DO levels (Huang
et al. 2015; Ma et al. 2015; Zheng et al. 2014; Critch-
ley et al. 2014). Certain groups of heterotrophic-nitri-
fying bacteria, such as Pseudomonas stutzeri (Zhang
et al. 2011), Bacillus strains (Yang et al. 2011), Alcali-
genes faecalis (Joo et al. 2005), Alcaligenes sp. S84S3,
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Proteus sp. S19 (Angar et al. 2016), Acinetobacter sp.
(Yao et al. 2013), Paracoccus denitrificans (Stouthamer
et al. 1997), Thiosphaera pantotropha (Arts et al. 1995),
and Comamonas sp. (Patureau et al. 1997), perform het-
erotrophic nitrification and aerobic denitrification. Some
nitrifying reactors operate stably at DO concentrations
below 0.5 mg/L (Bellucci et al. 2011; Liu and Wang
2013; Park and Noguera 2004); however, the microor-
ganisms that exist at low-DO nitrifying reactors are not
well defined. Ammonia-oxidizing archaea and ammonia-
oxidizing bacteria are present in low-DO nitrifying reac-
tors (Park et al. 2006; Labrenz et al. 2010; Erguder et al.
2009), but their abundance in the reactors is not known.
Anaerobic ammonia-oxidizing (anammox) bacteria (De
Clippeleir et al. 2011) and heterotrophic nitrifiers (Zhang
et al. 2011) have also been suggested to be important for
nitrification in low-DO nitrifying reactors, but the role
these bacteria play and their interrelationship in the
microbial community of the reactors is unclear. Strains
of Pseudomonas, Xanthomonadaceae, Rhodococcus,
and Sphingomonas were shown to be involved in ammo-
nia oxidation in a low-DO lab-scale reactor (Fitzgerald
et al. 2015). These strains are the first microorganisms
demonstrated to perform nitrification at low-DO levels;
however, their underlying metabolic mechanisms remain
unknown.

Anoxygenic phototrophic bacteria (APB) have gained
widespread application in aquaculture due to their meta-
bolic diversity, their roles in inorganic nitrogen removal
and water purification, and their utility as fish feed (Qi
et al. 2009). APB, which include purple sulfur bacte-
ria, purple nonsulfur bacteria, green sulfur bacteria, and
green nonsulfur bacteria, convert light energy into chemi-
cal energy by anoxygenic photosynthesis. Some APB
species also grow in darkness as either chemoorgano-
trophs or chemolithotrophs (Pfennig and Triiper 1989).
In addition, APB are widely involved in nitrogen fixa-
tion, ammonification, ammonia assimilation, nitrification,
and denitrification (reported in purple nonsulfur bacte-
ria but not yet in purple sulfur bacteria). Ammonium is
the preferred nitrogen source for APB. In the presence
of ammonium, some APB strains consume nitrate and
nitrite through denitrification (Alef et al. 1985; Chen
et al. 2011). Other APB strains use nitrate as the sole
nitrogen source in the absence of ammonium (Shapleigh
2008). However, APB rarely use nitrite as the sole nitro-
gen source during growth (Madigan 1995).

In this study, we present the novel finding that an
anoxygenic phototrophic bacterium, Marichromatium
gracile YL28, (M. gracile YL28) can perform simultane-
ous heterotrophic nitrification and denitrification at low-
DO as well as utilize nitrite as the sole nitrogen source
during growth.

@ Springer

Materials and methods
Bacterial strains

Marichromatium gracile YL28 was isolated from the
mangrove wetlands. The 16S rRNA gene was sequenced
(GenBank Accession Number JF719917) as previously
described (Zhao et al. 2011). M. gracile YL28 was iden-
tified as a purple sulfur bacterium, which converts light
energy into chemical energy by anoxygenic photosynthesis.

Growth conditions

Modified Pfennig medium (Pfennig and Triiper 1992) was
supplemented with 24.38 mmol/L sodium acetate as the
carbon source and was used as the base growth medium
for M. gracile YL28. Different concentrations of ammo-
nium chloride, representing high, medium and low con-
centrations, sodium nitrate, or sodium nitrite were added
to the base medium as the source of nitrogen, according
to the experimental design. The medium pH was adjusted
to 7.0. To ensure that each culture was inoculated with
equal bacterial numbers, the cell densities of the inocula
were adjusted to an ODgy,=0.15. The bacterial cultures
were incubated at 28°C in light with surface irradiance
of 3000 lux and at one of three initial DO levels - aerobic,
semi-anaerobic, or anaerobic - as described below:

Aerobic growth

500 mL flasks containing 100 mL of sterile medium were
used and static incubated in an illuminated incubator with
jiggling once a day for homogenization.

Semi-anaerobic growth

We used sterilized 250 mL screw-cap bottles containing
200 mL of sterile medium. After inoculation, additional
sterile medium was added to the bottles for a total volume
of 310 mL, eliminating any additional room for air in the
bottles. The bottles were static incubated in an illuminated
incubator with jiggling once a day for homogenization.

Anaerobic growth

We added resazurin sodium salt (0.2%) and L-cysteine
hydrochloride (0.5 g/L) to the culture medium. Sterilized
screw-cap bottles containing the medium were transferred
to an anaerobic chamber (PLAS-LAB 855-AC, USA)
immediately after sterilization, and the medium was ali-
quoted either to 50 in 100 mL serum bottles or to 5 in
20 mL headspace sampling bottles for gas kinetics analysis.
Unless otherwise specified, the anaerobic chambers were
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filled with argon. After inoculation, the serum bottles or
headspace sampling bottles were sealed with rubber septa
and aluminum caps and transferred to an illuminated incu-
bator with jiggling once a day for homogenization. When
nitrogen gas was exchanged for argon we used jars that
were covered with eight layers of gauze (instead of rubber
stoppers). Since density of nitrogen gas is lower than that
of argon, the nitrogen gas is then released from the jars.
The jars were moved to the transfer chamber under vacuum
every 8 h to deplete the jars of nitrogen gas.

Growth was determined via turbidity measurements at
a wavelength of 600 nm using a spectrophotometer (UV-
2100, UNICO, USA).

Chemical analyses

The nitrate concentration was determined using a previ-
ously described UV spectrophotometric method (Critchley
et al. 2014) that calculates the difference between measure-
ments taken at OD,,, and at OD,;5 (ODy,; — 2XOD,y5).
The nitrite concentration was measured by colorimetry at
a wavelength of 540 nm as previously described (Critchley
et al. 2014). The ammonium concentration was measured
using Nessler’s reagent according to a previously described
protocol (Gebre et al. 2016). Chemical analysis data were
subjected to one-way analysis of variance (ANOVA) fol-
lowed by a multiple comparison test using the LSD-t test
to determine the difference in mean values. Data analysis
was conducted with SPSS software. Significance was set at
P <0.05. The initial DO levels in the medium were meas-
ured using a handheld optical DO meter (ProODO, YSI,
USA) that utilizes luminescent technology.

Kinetics of gas production

The headspace sampling bottles were moved at set intervals
to a semiautomatic system for gas measurements (Molstad
et al. 2007). The gas from the headspace was sampled by
an autosampling system connected to a peristaltic pump,
which pumped the sample into a PLOT gas chromatogra-
phy column (Agilent GC - 7890A, USA) to separate CH,,
CO, and N,0. N,O was measured by a thermal conductiv-
ity detector (TCD) and an electron capture detector (ECD).

Results
Ammonium removal and heterotrophic nitrification
We incubated the bacteria with three concentrations of

ammonium as the sole nitrogen source and create aerobic,
semi-anaerobic and anaerobic conditions for incubating.

The culture density, ammonium, nitrate, and nitrite concen-
trations were measured.

Under aerobic growth conditions, the initial DO range
in the medium was 7.20-7.25 mg/L. In response to this
DO range, NH,*-N removal and culture density increased
exponentially during the first few days of growth until max-
imum NH,"-N removal was achieved (Fig. 1). When the
ammonium concentration was 48.06 mmol/L, the removal
of ammonium reached 7.16 mmol/L (14.90%). M. grac-
ile YL28 grew to a maximum ODy, ranging from 2.13 to
2.42, with initial ammonium concentrations ranging from
4.23 to 48.06 mmol/L. Continuous accumulation of nitrate
and nitrite was concomitantly observed with ammonium
removal, and no apparent decrease in nitrite and nitrate
concentrations was observed. The maximum concentration
of nitrate and nitrite was 0.08—0.12 and 0.05-0.09 mmol/L,
respectively.

Under semi-anaerobic growth conditions, the initial DO
range of the medium was 4.08-4.26 mg/L. Using these
growth conditions, the maximum concentration of NH4+—N
removed was 8.80 mmol/L (18.24%) with an initial ammo-
nium concentration of 48.23 mmol/L (Fig. 2). The amount
of ammonium removed during semi-anaerobic growth was
similar to that during aerobic growth; however, the cul-
ture density was greater under semi-anaerobic conditions
compared to aerobic conditions (P<0.05). Nitrate and
nitrite temporarily accumulated in the first few days but
declined thereafter. The maximum nitrate concentration
was 0.58-0.63 mmol/L on day 2, and this level declined
to the background level by day 7. When the initial ammo-
nium concentration was 4.30 and 24.04 mmol/L, the nitrite
concentration peaked on day 4, at 0.11 mmol/L (2.56%)
and 0.14 mmol/L (0.58%), respectively, and was eventu-
ally depleted; when the initial ammonium concentration
was 48.06 mmol/L, the nitrite concentration continued to
accumulate for 5 days and peaked at 0.09 mmol/L (0.19%).
Trace amounts of gas production were observed as bubbles
during growth.

Under anaerobic growth conditions, the initial DO range
of the medium was reduced to 0.36-0.67 mg/L. The maxi-
mum amount of NH,*-N removed during anaerobic growth
increased as the initial ammonium concentrations increased
(P<0.05). When the initial ammonium concentration
was 48.18 mmol/L (Fig. 3), a maximum of 22.15 mmol/L
(45.97%) of ammonium was removed. This ammonium
concentration was much higher than the concentrations
removed under aerobic and semi-anaerobic conditions. The
culture density reached a maximum ODy, of 3.79-3.98 on
day 9, the last day of the experiment, and growth still had
not plateaued. Neither nitrate nor nitrite had accumulated
during growth, but gas production was observed as bubbles
in the medium.
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Fig. 1 Heterotrophic nitrification in a sodium acetate-ammonium
system with aerobic conditions; initial DO levels of 7.20-7.25 mg/L;
surface irradiance of 3000 lux; 24.38 mmol/L of sodium acetate as
the carbon source; and 4.23, 23.76, and 48.06 mmol/L NH,*-N as the

These results suggest that in anaerobic conditions M.
gracile YL28 growth increases and its ability to remove
high ammonium concentrations is enhanced. M. gracile
YL28 transformed ammonium to nitrate and nitrite by het-
erotrophic nitrification under aerobic and semi-anaerobic
conditions. We previous published that M. gracile YL28
can remove nitrite at a high rate (Jiang et al. 2014). Thus,
the absence of nitrate and nitrite under anaerobic condi-
tions can be explained by denitrification. Based on these
results we proposed the following mechanisms. First, the
sustained accumulation of nitrate and nitrite under aerobic
conditions might be attributed to the inhibition of denitrifi-
cation by high DO levels. Second, the temporary accumula-
tion of nitrate and nitrite under semi-anaerobic conditions
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initial nitrogen sources. Error bars show the standard deviations of
three replicate experiments. a Removal of NH,*-N, b ODy, ¢ accu-
mulated concentration of nitrate, and d accumulated nitrite concentra-
tion

may be the result of a dynamic balance of nitrification and
denitrification, as the inhibition by oxygen was alleviated to
a certain extent. Third, under anaerobic conditions, nitrate
and nitrite might be immediately transformed by denitri-
fication, which would result in the absence of nitrate and
nitrite.

Denitrification

To verify if denitrification occurs during semi-anaero-
bic and anaerobic growth, we replaced ammonium with
2.00 mmol/L of nitrite as the sole nitrogen source in batch
cultures grown under aerobic, semi-anaerobic, and anaer-
obic conditions. As shown in Fig. 4, nitrite removal was
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Fig. 2 Heterotrophic nitrification in a sodium acetate-ammonium
system with semi-anaerobic conditions; initial DO levels of 4.08—
4.26 mg/L; surface irradiance of 3000 lux; 24.38 mmol/L sodium
acetate as the carbon source; and 4.30, 24.04, and 48.23 mmol/L

minimal after 6 days of aerobic growth. However, nitrite
was almost completely removed by day 4 under the semi-
anaerobic growth conditions and day 2 under the anaero-
bic conditions, with gas production observed as bubbles
in both conditions. These results indicate that denitrifi-
cation occurs under both semi-anaerobic and anaerobic
growth conditions and that oxygen might inhibit the rate of
denitrification.

Gas kinetics
As described above, we observed increased gas produc-

tion in M. gracile YL28 grown under semi-anaerobic
and anaerobic conditions. To further verify this finding
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NH,*-N as the initial nitrogen sources. Error bars show the stand-
ard deviations of three replicate experiments. a Removal of NH,*-N,
b ODg, ¢ accumulated concentration of nitrate, and d accumulated
concentration of nitrite

we determined the composition and volume of the gas
produced. To elucidate the heterotrophic nitrification in
response to low-DO levels, bacterial growth was meas-
ured in 5 mL of growth medium in sampling bottles with
a 20 mL headspace instead of 100 mL of growth medium
in serum bottles. All other growth conditions were similar
to the experiments described above for anaerobic growth.
Nitrate, nitrite and ammonium were added separately
at initial concentrations of 5.25, 5.36 and 5.21 mmol/L,
respectively, and 24.38 mmol/L sodium acetate was sup-
plemented as the carbon source. The headspace sampling
bottles were moved at set intervals to a semiautomatic
system for gas measurement. The gas sample from the
headspace was removed by an autosampler system and
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Fig. 3 Heterotrophic nitrification in sodium acetate-ammonia sys-
tem with anaerobic conditions; initial DO levels of 0.36-0.67 mg/L;
surface irradiance of 3000 lux; 24.38 mmol/L sodium acetate as the
carbon source; and 4.25, 23.89, and 48.18 mmol/L NH4+—N as the

N,O was separated and measured by chromatography. As
shown in Fig. 5, in the presence of nitrate and nitrite, the
N,O concentration increased to 821.78 and 2622.32 ppm,
respectively, by day 3 of culture, indicating that denitri-
fication converts nitrate and nitrite to N,O. These lev-
els declined to 87.56 and 242.12 ppm after 9 days of
growth. However, when ammonium was used as the sole
nitrogen source, the N,O concentration increased from
2.63 to 286.66 ppm during the first 3 days and gradually
declined to 10.35 ppm after 9 days of growth. With the
exception of ammonium consumption during the growth
of the bacteria, some ammonium was converted to nitrate
and nitrite through heterotrophic nitrification and conse-
quently converted to N,O by denitrification. These data
confirm that M. gracile YL28 converts ammonium to
nitrate or nitrite by heterotrophic nitrification at low DO
levels and converts nitrate or nitrite to N,O by denitri-
fication. In summary, our findings explain the absence
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initial nitrogen sources. Error bars show the standard deviations of
three replicate experiments. a Removal of NH,™-N, b ODy,, ¢ accu-
mulated concentration of nitrate, and d accumulated concentration of
nitrite

of nitrate and nitrite accumulation during growth under
anaerobic condition (Fig. 3).

Growth with different nitrogen sources

In earlier experiments, a slow but steady increase in cul-
ture density was observed as nitrite was removed. To fur-
ther investigate the growth requirements of M gracile YL28
when nitrite is the sole nitrogen source, batch cultures of M.
gracile YL28 were grown with different nitrogen sources in
the presence and absence of light.

When grown at an initial nitrite concentration of
4.85 mmol/L under anaerobic conditions, the M. grac-
ile YL28 culture density increased from a starting ODg,
of 0.15 to an ODg, of 0.425 when grown in light and an
ODg of 0.417 when grown in the dark (Fig. 6a). In con-
trast, when the nitrogen source was replaced with ammo-
nium at an initial concentration of 5.12 mmol/L, the culture
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Fig. 4 Denitrification in a sodium acetate-nitrite system with either
aerobic, semi-anaerobic, or anaerobic conditions; an initial nitrite
concentration of 2.00, 1.97 and 1.96 mmol/L, respectively; surface
irradiance of 3000 lux and 24.38 mmol/L sodium acetate as the car-
bon source. Error bars show the standard deviations of three replicate
experiments
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Fig. 5 Gas kinetics during growth with nitrate, nitrite and ammo-
nium at initial concentrations of 5.25, 5.36 and 5.21 mmol/L respec-
tively, as sole nitrogen sources. Sodium acetate (24.38 mmol/L)
was added as the carbon source and the initial DO levels was 0.37—
0.66 mg/L. Sampling bottles with 20 mL headspace and 5 mL ster-
ile medium were incubated with surface irradiance of 3000 lux; the
headspace sampling bottles were moved at intervals to a semiauto-
matic system for gas measurement to detect N,O production. Error
bars show the standard deviations of three replicate experiments

density reached an ODg, of 3.717 in the presence of light;
we did not observe any change in growth when grown in
the dark (Fig. 6b). These results demonstrate that M. grac-
ile YL28 prefers ammonium over nitrite as the sole nitro-
gen source when grown in light. The finding that M. grac-
ile YL28 did not grow in the dark with ammonium as the
sole nitrogen source could likely be attributed to a lack of

photosynthesis and a limited amount of energy produced
via nitrification. In contrast, when nitrite was used as the
sole nitrogen source, M. gracile YL28 acquired energy via
denitrification and, therefore was capable of growing in the
absence of light.

Considering that many species of phototrophic bac-
teria can fix nitrogen, we investigated if M. gracile YL28
utilizes nitrite to produce nitrous oxide via denitrification
and acquires nitrogen through nitrogen fixation. To test
whether M. gracile YL28 can fix nitrogen, we exchanged
the nitrogen gas with argon gas in the anaerobic chamber
and no nitrogen source was added to the growth medium.
As shown in Fig. 6c, the culture density increased to an
ODg of 2.709 in the presence of light, but no growth was
observed when the strain was grown in the dark, indicat-
ing that M. gracile YL28 can fix nitrogen under light con-
ditions, but not under dark conditions due to the lack of
energy production.

Since our data indicated that M. gracile YL28 can fix
nitrogen, we removed nitrogen gas produced by denitri-
fication to test if the strain can assimilate nitrogen via
nitrate reduction. To test this, argon gas was added in the
anaerobic chamber and nitrite was added as the sole nitro-
gen source at an initial concentration of 4.93 mmol/L.
As shown in Fig. 6d, when the nitrogen gas produced by
denitrification, M. gracile YL28 still grew to a maximum
ODg of 0.435 and 0.422 in the presence and absence of
light, respectively, indicating that M. gracile YL28 can
utilize nitrite as the sole nitrogen source through assimila-
tory nitrate reduction and that it can acquire energy through
denitrification both in light and dark conditions.

Discussion

In recent years, bacteria capable of heterotrophic nitrifica-
tion and their mechanisms of nitrogen metabolism have
been intensively studied (Su et al. 2015; Angar et al. 2016).
The enzymatic pathways for heterotrophic nitrification
are similar to those of autotrophic nitrification, in which
ammonium is transformed to hydroxylamine by ammo-
nia monooxygenase (AMO), and hydroxylamine is subse-
quently metabolized to nitrite and/or nitrate by hydroxy-
lamine oxidoreductase (HAO) and nitrite oxidoreductase
(NXR) (Tran et al. 2013). APB have the ability to perform
nitrogen fixation, ammonification, and ammonia assimila-
tion (Madigan 1995; Bast 1977; Kranz and Cullen 2004).
Furthermore, heterotrophic nitrification has been detected
in APB. Griffin et al. (Griffin et al. 2007) first reported
that the purple sulfur bacterium Thiocapsa roseopersicina
could oxidize nitrite to nitrate in the presence of light under
anaerobic conditions, and the Thiocapsa sp. strain KS1 and
Rhodopseudomonas sp. strain LQ17 were subsequently
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found to have common capabilities (Schott et al. 2010).
Therefore, APB were thought to be nitrite-oxidizing bac-
teria (NOB) (Sorokin et al. 2012). However, evidence
was lacking showing that APB could convert ammonium
to nitrite through heterotrophic pathways. In the present
study, we found that the APB M. gracile YL28 can convert
ammonium to nitrite via heterotrophic pathways, providing
evidence that APB are ammonia-oxidizing bacteria that uti-
lize heterotrophic nitrification.

Denitrification by APB has been widely reported for
purple non-sulfur bacteria but has not yet been reported
in purple sulfur bacteria. Denitrification generally occurs
under anaerobic conditions and is inhibited under aerobic
conditions. In this study, we detected a sustained accumula-
tion of nitrate and nitrite in M. gracile YL28 grown aerobi-
cally with ammonium as the sole nitrogen source, although
we did not observe a significant change in bacterial growth.
Under semi-anaerobic conditions, we detected temporary
accumulation of nitrate and nitrite, which then gradually
depleted. In this anaerobic condition we did not detect an
accumulation of nitrate and nitrite, but we did observe an
increase in N,O production, indicating that denitrifica-
tion occurred. Nitrogen metabolism under the aerobic,
semi-anaerobic, and anaerobic growth conditions might be
explained by the occurrence of simultaneous nitrification
and denitrification.
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Heterotrophic nitrification of M. gracile YL28 at low-
DO levels was consistent with a report by Griffin et al.
(Griffin et al. 2007). However, in this study, not only was
nitrite oxidized to nitrate, but ammonium was oxidized
to nitrite. The heterotrophic nitrification at low-DO was
detected only in the presence of light since ammonium was
oxidized to nitrite and further to nitrate by anoxygenic pho-
tosynthesis. Microbial communities involved in ammonia
oxidation under low-DO levels have generally been inves-
tigated using chemostat reactors, and the microorganisms
involved in nitrogen metabolism were not known until
recently. Pseudomonas, Xanthomonadaceae, Rhodococ-
cus, and Sphingomonas were proposed to be involved in
nitrification under low-DO levels (Fitzgerald et al. 2015).
In the present study, M. gracile YL28 performed simultane-
ous phototrophic nitrification and denitrification at low-DO
concentrations, furthering our understanding of nitrogen
metabolism.

Many APB species use nitrate and nitrite in the envi-
ronment; however, denitrification is a dissimilatory nitrate
reduction and the energy produced cannot support bac-
terial growth. Nitrate and nitrite need be transformed to
ammonia through assimilatory nitrate reduction to allow
for bacterial growth (Madigan and Jung 2008). Ammo-
nia is usually the preferred nitrogen source of APB, but
when ammonia is absent, some APB strains can assimilate
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nitrate or nitrite. The genetics and biochemistry involved
in assimilatory nitrate reduction have been intensively
studied in Rhodopseudomonas capsulata AD2 (Alef and
Klemme 1979) and Rhodobacter capsulatus E1F1 (Pino
et al. 2006) during growth using nitrate as the sole nitro-
gen source. In some nitrite-oxidizing bacterium, such as
Nitrobacter winogradskyi (Sayavedra-Soto et al. 2015) and
Acinetobacter baumannii (Fan et al. 2015), nitrite serves as
the sole nitrogen source through assimilatory nitrite reduc-
tion. However, in APB, only the Thiocapsa sp. strain KS1,
Rhodopseudomonas sp. strain LQ17, and T. roseopersicina
strains DSM 217 and DSM 221 can oxidize nitrite to nitrate
through anoxygenic photosynthesis (Griffin et al. 2007;
Schott et al. 2010). Fixation of molecular nitrogen is com-
mon among most APB, in which case nitrogen is assimi-
lated from nitrate to nitrite through denitrification and then
molecular nitrogen undergoes fixation. In this study, M.
gracile YL28 assimilated nitrogen through nitrogen fixa-
tion and continued to grow with nitrite as the sole nitrogen
source in the presence and absence of light using assimila-
tory nitrate reduction.

In conclusion, M. gracile YL28 simultaneously per-
forms heterotrophic nitrification and denitrification at low-
DO levels and uses nitrite as the sole nitrogen source. This
is the first report of an APB that performs heterotrophic
ammonia-oxidization and ammonia-oxidization at low-DO
levels and the first report of denitrification in purple sulfur
bacteria. These results further our understanding of micro-
organisms involved in the nitrogen cycle.
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