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Abstract

The ammonia gas-tolerant bacterium Paenibacillus lentus NH33 (hereafter referred to as NH33) was isolated using minimal medium containing glucose
in the presence of 1300 ppm of ammonia gas. NH33 showed no growth in the absence of gaseous ammonia (undissociated ammonia), indicating that it
is an obligate requiring gaseous ammonia for growth. We investigated how NH33 uses gaseous ammonia. It also grew on minimal agar medium with or
without glucose in the presence of 1350 ppm of ammonia gas, indicating that it was also capable of both mixotrophic and chemolithoautotrophic growth.
Under the mixotrophic condition, NH33 used gaseous ammonia as a nitrogen source, but did not use dissociated ammonia, nitrite, or nitrate; thus, it
appears to use gaseous ammonia as its sole nitrogen source. Under the autotrophic condition, NH33 was capable of using gaseous ammonia as its sole
energy source, but not dissociated ammonia. The ammonia gas concentration that was optimal for the growth of NH33 was determined to be 1350 and
170 ppm for the mixotrophic and autotrophic growth conditions, respectively. These growth characteristics indicated that NH33 is a novel nitrifying
bacterium that uses gaseous ammonia as its sole energy and nitrogen source.
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Introduction capable of growing in minimal agar medium containing glucose in

the presence of gaseous ammonia (1350 ppm), but not in the absence
Odors are generally attributed to the production of various . e . . .
. - . . of gaseous ammonia. This indicated that NH33 is a special organism
volatile compounds arising from the anaerobic decomposition . . .
f fecal matter. Th ber of Laint i dors f that requires only gaseous ammonia as the nitrogen source. NH33
of fecal matter. The number of complaints regarding odors from
. o b ) & g. ) ) had a high gaseous ammonia-absorbing rate of 2.20 mmol/10*
outdoor toilets, compost facilities, and livestock farms is increasing o
. . . . cells. The ammonia-eliminating property of NH33 may be useful
year-by-year [1]. Deodorization technologies can be classified into . . o .
L . : . . for biological deodorization technology [4]. The forms of ammonia
three categories, i.e., technologies employing chemical [2], physical,
. . . include undissociated ammonia (NH,), which is the gaseous form,
or biological treatment methods [3]. An important advantage of 3
. . . . and dissociated ammonia (NH,*), which is the ionic form [5].
biological treatment methods over physical and chemical treatment A 2 i th terred ni 4 ! b ) d
methods is that biological processes can be conducted at moderate mmonia is the preferred nitrogen source for most bacteria an
. . fungi, and plants also require ammonia from the soil as a nitrogen
temperatures and atmospheric pressure. We have been developing ' ) o i '
biological deodorization techniques by applying the functions source. Mlcroorgamsm.s also use nitrite and mtra.te as nitrogen
of microbes, but this approach is challenging as it requires the sources, and these nutrients are reduced to ammonia by reductase

isolation of microorganisms capable of growing in the presence of [6]. However, ammonia is a paradoxical nutrient: although ammonia

gaseous ammonia. We have isolated promising microorganisms is required for growth, undissociated ammonia has a strong cytotoxic

that decrease the odor of ammonia using a newly developed culture effect. Undissociated ammonia dissolves easily through the lipid

method called the closed gaseous ammonia-exposing culture barrier and across the cytoplasmic membrane, and has a detrimental

method. The isolated microorganisms were all bacterial species effect on the growth and metabolism of organisms [7]. Well-known

that could be classified into two groups: 1) hypergaseous ammonia-
tolerant bacteria and 2) gaseous ammonia-requiring bacteria, which
are obligates requiring gaseous ammonia as the sole nitrogen source.
These newly discovered bacteria had the ability to eliminate toxic
ammonia, or conversely, to assimilate toxic ammonia, which has not
been seen before in bacteria. An ammonia gas-tolerant bacterium,
Paenibacillus lentus NH33 (hereafter referred to as NH33), was
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organisms that use ammonia are chemolithoautotrophic ammonia-
oxidizing bacteria, which are among a select group of microbes
that have the ability to use ammonia as the sole source of energy
and reductant for growth [8]. Ammonia-oxidizing bacteria extract
energy from a single inorganic source (NH,), assimilate inorganic
substrates (e.g., Co, and NH3), and use them to synthesize all of
the biochemicals needed for growth. The product of ammonia
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oxidation is nitrite. On the other hand, anaerobic ammonium
oxidation (anammox) bacteria were discovered in wastewater
sludge in the early 1990s; they have the unique metabolic ability
to combine ammonium and nitrite or nitrate to form nitrogen gas
[9]. Nitrification is catalyzed in two steps by ammonia-oxidizing
bacteria and nitrite-oxidizing bacteria that are phylogenetically not
closely related, and it was thought that no organism could oxidize
both substrates. However, recently, complete ammonia oxidizers
(comammox) that are capable of converting ammonia to nitrate
within a single organism were unexpectedly discovered within the
genus Nitrospira [10].

Ammonia has nutritional roles both as a nitrogen source and an
energy source [11]. Ammonia-oxidizing bacteria use ammonium ions
not only as an energy source, but also as a nitrogen source. NH33
is a previously unknown obligate that specifically requires gaseous
ammonia for growth. In this study, to understand how NH33 utilizes
gaseous ammonia, we investigated the autotrophic and mixotrophic
growth properties of NH33 [12,13], including its growth in the
presence of gaseous ammonia, and its energy and nitrogen sources.

Materials and Methods
Mixotrophic Culture

To prepare minimal medium containing glucose (MMG)
agar plate, 15 mL of agar (Wako Pure Chemical Industries, LTD.,
Osaka, Japan) solution (1.5% final concentration) was sterilized by
autoclaving, then (10x) minimal medium concentrate solution and
(10x) glucose concentrate solution were added, and the agar was
poured into Petri dish. This medium contained no nitrogen source.
One liter of MMG (pH?7.0) contained 2 pg of biotin, 400 pg of calcium
pantothenate, 2 pg of folic acid, 2000 pg of inositol, 400 pg of niacin,
200 pg of p-aminobenzoic acid, 400 pg of pyridoxine hydrochloride,
200 pg of riboflavin, 400 pg of thiamin hydrochloride, 500 pg of
boric acid, 40 pg of copper sulfate, 100 ug of potassium iodide, 200
ug of ferric chloride, 400 pg of manganese sulfate, 200 pg of sodium
molybdate, 400 pg of zinc sulfate, 1.0 g of monopotassium phosphate,
0.5 g of magnesium sulfate, 0.1 g of sodium chloride, 0.1 g of calcium
chloride, and 5.0 g of glucose. One mg of NH33 was added to 1 mL of
sterilized water and suspended until homogenous (NH33 suspension).
The NH33 suspension (50 pL/plate) was spread onto MMG agar plates
without lids. The one plate was placed in an airtight plastic chamber
(7.0 L) with ammonium hydrogen carbonate powder (0.178 g),
and incubated at 40°C for 3 to 12 days (Figure 1). The ammonium
hydrogen carbonate had completely sublimated after 2 to 3 h, and the
ammonia gas concentration in the chamber reached 1350 ppm.

Autotrophic Culture

To prepare minimal medium (MM) agar plate, 15 mL of agar
solution (1.5% final concentration) was sterilized by autoclaving, then
(100x) minimal medium concentrate solution was added, and the
agar was poured into Petri dish. The MM contained no nitrogen and
carbon source. One liter of MMG (pH7.0) contained 2 pg of biotin,
400 pg of calcium pantothenate, 2 pg of folic acid, 2000 pg of inositol,
400 pg of niacin, 200 pg of p-aminobenzoic acid, 400 ug of pyridoxine
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Figure 1: Photograph of the closed gaseous ammonia exposure culture system. A MM
agar plate for chemolithoautotrophic growth or a MMG agar plate for mixotrophic growth
was placed in the 7-L chamber with ammonium hydrogen carbonate powder ((NH,)
HCO3)4 The chamber was tightly closed, and incubated at 40°C. The ammonium hydrogen
carbonate had completely sublimated during the 2.5- to 3-h incubation period to provide
a gaseous mixture including gaseous ammonia. The amount of ammonium hydrogen
carbonate powder in the chamber was adjusted to change the concentration of gaseous
ammonia for the experiments.

hydrochloride, 200 pg of riboflavin, 400 pg of thiamin hydrochloride,
500 pg of boric acid, 40 ug of copper sulfate, 100 pg of potassium iodide,
200 pg of ferric chloride, 400 pg of manganese sulfate, 200 pg of sodium
molybdate, 400 ug of zinc sulfate, 1.0 g of monopotassium phosphate,
0.5 g of magnesium sulfate, 0.1 g of sodium chloride, and 0.1 g of
calcium chloride. The NH33 suspension (50 pL/plate) was spread onto
MM agar plates without lids. The plates were placed in an airtight plastic
chamber (7.0 L) with ammonium hydrogen carbonate powder (0.178
), and incubated at 40°C for 3 to 12 days. The ammonium hydrogen
carbonate had completely sublimated after 2 to 3 h, and the ammonia
gas concentration in the chamber reached 1350 ppm.

Transmission Electron Microscopy (TEM) Observations

The cultured cells on a small patch of agar medium were fixed
with 2.0% paraformaldehyde and 2.5% glutaraldehyde in 0.1M
phosphate buffer (pH 7.4) at 4°C for 120 min. The samples were
subsequently washed three times with 0.1 M phosphate buffer (pH
7.4), then incubated in 1% OsO ,at 4°C for 120 min. The samples were
dehydrated in a series of increasing ethanol concentrations as follows:
10 min in 50% ethanol at 4C; 10 min in 70% ethanol at 4°C; 10 min in
80% ethanol at 4°C; 10 min in 90% ethanol at room temperature (RT),
10min in 95% ethanol at RT, 10 min in 99.5% ethanol at RT twice,
10min in 100% ethanol at RT twice, and 15min in propylene oxide at
RT twice. Then, the cells were incubated for 60 min in a 1:2 mixture of
EPON:propylene oxide, 60 min in a 1:1 mixture of EPON:propylene
oxide, 60 min in a 2:1 mixture of EPON:propylene oxide, and
overnight in 100% EPON. Ultrathin sections (60 to 80 nm) were cut
parallel to the bacterial layer, collected on single-slot Formvar-coated
copper grids, and counterstained with 0.5% uranyl acetate at 20°C for
30 min, and 3% lead citrate at 20°C for 7 min [14,15]. Bacteria were
imaged using a HT7700 transmission electron microscope (Hitachi,
Tokyo, Japan) at an electron voltage of 80kV.
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Optimal Gaseous Ammonia Concentration for Mixotrophic
and Autotrophic Growth

The NH33 suspension (50 pL/plate) was spread onto MM or
MMG agar plates without lids, placed in an airtight plastic chamber
(7.0 L) with ammonium hydrogen carbonate powder (0 to 0.337 g),
and incubated at 40°C for 72 h. The ammonium hydrogen carbonate
had completely sublimated after 2 to 3 h, and the ammonia gas
concentration in the chamber reached 0 to 2560 ppm. The gaseous
ammonia concentration was measured with an ammonia gas sensor
(New Cosmos Electric Co. Ltd., Osake, Japan). The amount of gaseous
ammonia was calculated using the ideal gas law [14].

Usable Nitrogen Sources in Mixotrophic Culture

The NH33 suspension was spread onto MMG agar plate containing
different nitrogen sources (10 mM of (NH,)SO,, NaNO,, or KNO,),
and cultured under air at 40°C for 72 h. To investigate the usefulness
of gaseous ammonia as a nitrogen source, NH33 was inoculated onto
MMG agar plate without lids, then the plate was placed in an airtight
plastic chamber (7.0 L) with ammonium hydrogen carbonate powder
(0.178 g; initial gaseous ammonia concentration of 1350 ppm), and
incubated at 40°C for 72 h.

Usable Energy Sources in Autotrophic Culture

The NH33 suspension was spread onto MM agar plate containing
ammonium (10 mM of (NH,),SO, or NH,Cl), and incubated at 40°C
for 72 h under air. In addition, NH33 was inoculated onto MM agar
plate, and incubated at 40°C for 72 h under 1350 ppm of gaseous

ammonia.

Rate of Stable Nitrogen Isotope Uptake in NH33 Cells

A lidless MM agar plate inoculated with NH33 was placed in the
7-L chamber in the presence of 0.35 mL of 3.4% "N-labeled ammonia
solution (Kao Co. Ltd., Tokyo, Japan) or unlabeled ammonia solution
(3.4%), and incubated at 40°C for 72 h. Initially, the concentration of
the gaseous ammonia that had vaporized from the ammonia solution
was 170 ppm. Cultured cells were recovered with distilled water and
centrifuged. The recovered cells were dried at 100°C for 6 h. The
rate of N stable isotope uptake (calculated as the ratio of *N/total
N) in the dried samples was measured by a combined system with a
mass spectrometer (DELTAP* Advantage, Thermo Fisher Scientific,
Bremen, Germany) and an elemental analyzer (FLASH 2000, Thermo
Fisher Scientific, Bremen, Germany). The accuracy of this analysis
system is +0.3% of the measured value. As the standard samples,
International Atomic Energy Agency (IAEA)-N-1 and IAEA-N-2
were used [16].

Detection of Nitrite in NH33 Cells

The NH33 suspension was spread onto MM agar plate and
incubated at 40°C for 72 h in the presence of gaseous ammonia at 170
ppm. Cultured cells were recovered with distilled water, washed with a
0.8% NaCl solution, and centrifuged. The cells were then resuspended
in 0.8% NaCl solution, and grounded by a bead grinder at 3200 rpm for
30 s. The nitrite concentration in the supernatant after centrifugation
was measured by the naphthylethylenediamine hydrochloride
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spectrophotometric method [17]. The reaction time and temperature
was 120 s and 30°C, respectively. The absorbance of the reaction
solution was immediately measured by a spectrophotometer at 540
nm.

Biomass Estimation

Biomass production in wet weight was estimated for agar plate
cultures by collecting 2.0 ml sterilized distilled water and streak bar.
The collected cells were centrifuged (7,740 x g, 10 min) in micro
tubes. The cell pellet was then gently washed with 1.5 mL of sterilized
distilled water to remove culture medium salts. The sample was again
pelleted (7,740 x g, 10 min), the supernatant was carefully removed
and 1.5 mL of sterilized distilled water used to resuspend the pellet
into pre-weighed 1.5 mL micro tubes. Cells were again pelleted at
9,000 x g for 5 min, and the supernatant discarded. Samples were
semi-dried at 40°C until visible water evaporated. Tubes were weighed
on a precision balance (Sartorius CP324S) to estimate the weight of
biomass. The wet weight of cells was quantified by subtraction the
weight of tube from the total weight.

Results

Mixotrophic Growth

NH33 was inoculated onto MMG agar plate (mixotrophic
medium), and incubated at 40°C for 6 days in the presence of 1350 ppm
of gaseous ammonia (Figure 1). As shown in Figure 2A, opal colonies
with a mucoid morphology were observed [18,19]. Compared to the
growth on the MM agar plate, there was more growth on the MMG
agar plate, and the colonies had larger diameters that reached over 10
mm. This suggested that active motility [20] or swarming behavior
[21] occurred when NH33 was grown on mixotrophic medium. NH33
is an obligate that specifically requires gaseous ammonia for growth, as
demonstrated by its inability to grow on MMG agar medium without
gaseous ammonia.

Autotrophic Growth

NH33 was inoculated onto MM agar plate (autotrophic medium),
and incubated at 40°C for 6 days in the presence of 1350 ppm of
gaseous ammonia. As shown in Figure 2B, opal single colonies with
diameters of 6 to 7 mm formed on the MM agar plate. NH33 was able
to grow on MM agar plate, which did not contain carbon and nitrogen
sources, indicating that it is a chemolithoautotrophic bacterium that
could gain energy by the oxidation of gaseous ammonia [22].

TEM Observations

The TEM images of the mixotrophically and autotrophically
grown NH33 cells are shown in the right panel of Figure 2. NH33 had
a bacilliform morphology, and measured 5.0 to 6.5 pm in length and
0.5 to 0.7 pm in width. Under the two different culture conditions,
the cells had a cell wall, and a previously unknown white substance
which shows low electron dense was observed in the cytoplasm. In
particular, the low electron dense area filled most of the cytoplasm
in the autotrophically grown cells. Many of the cells grown on the
autotrophic medium had an irregular shape, but this was not observed
in the cells grown on the mixotrophic medium.
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Figure 2: The colony morphology (left) and a transmission electron microscopic image (right) of Paenibacillus lentus NH33. P. lentus NH33 was cultured for 6 days at 40°C on MMG agar plate
in the presence of gaseous ammonia at 1350 ppm for mixotrophic growth (A), and MM agar plate in the presence of gaseous ammonia at 1350 ppm for autotrophic growth (B).

Optimal Gaseous Ammonia Concentration for Mixotrophic 1004 A
and Autotrophic Growth £ 80
We investigated the optimal gaseous ammonia concentration for '§ 60
the growth of NH33 on MMG agar plate. As shown in Figure 3A, the g
gaseous ammonia concentration at 1350 ppm (initial concentration) g 40 +
was optimal for cell growth (relative growth rate: 100). Gaseous :2’ 20 - I I
ammonia at 2560 ppm repressed the growth of NH33 to a relative =
growth rate of 10, indicating that an excessively high concentration of 0 v v T
gaseous ammonia had a toxic effect on NH33 growth. No growth of 0 338 675 1350 2560
NH33 was observed on MMG agar plate without gaseous ammonia. Initial ammonia concentration (ppm)
With the initial gaseous ammonia concentration set to 1350 ppm,
we measured the changes in the gaseous ammonia concentration 1004 B
and the growth of NH33 on MMG agar plate (Figure 4A). When no S 3804
bacteria were inoculated, no change was seen in the gaseous ammonia E
concentration in the chamber during 170 h of incubation. On Z 604
inoculated plates, NH33 continued to grow until the 80-h time point, g” 40 -
when the gaseous ammonia concentration had decreased to 900 ppm, =
and the cells stopped growing. These results demonstrated that NH33 g 20
assimilated gaseous ammonia into the cells. A plot of the wet weight 0 4
of cells versus the amount of assimilated gaseous ammonia (Figure 0 84 169 338 675 1350 2560
4a) indicated that mixotrophically grown NH33 required 0.62 mmol Initial ammonia concentration (ppm)
of gaseous ammonia to produce a biomass of 1.0 g (wet weight)_ The Figure 3: Optimal gaseous ammonia concentration for mixotrophic and autotrophic

growth. Paenibacillus lentus NH33 was cultured on MMG agar plate (A) and MM agar

. . ] . plate (B) in the presence of different concentrations of gaseous ammonia. The values
of NH33 on MM agar plate (autotrophic medium) was investigated indicate the relative wet weight of the cells.

optimal gaseous ammonia concentration for the autotrophic growth
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Figure 4: Growth curves of Paenibacillus lentus NH33 on mixotrophic (A) and autotrophic (B) growth media and the changes in the gaseous ammonia concentration. The wet weight of P. lentus
NH33 cells and the changes in the gaseous ammonia concentration are indicated by empty squares and circles, respectively. The changes in the gaseous ammonia concentration when using agar
medium without P. lentus NH33 inoculation are indicated by black circles. The values indicate the means + standard deviation of three independent experiments. The cell yield of P. lentus NH33
versus the amount of assimilated gaseous ammonia was plotted for the mixotrophic (a) and autotrophic (b) growth conditions.

(Figure 3B). The optimal growth of NH33 on MM agar plate was
observed (relative value: 100) when incubated in the presence of gaseous
ammonia at 170 ppm. Gaseous ammonia at 2560 ppm decreased the
growth rate to a relative value of 5. NH33 was more sensitive to gaseous
ammonia when grown under the autotrophic growth condition than
under the mixotrophic growth condition. No growth of NH33 was
observed under the autotrophic condition without gaseous ammonia.
These results indicated that NH33 used gaseous ammonia as an energy
source. The increase in the biomass of NH33 grown on MM agar plate
and the change in the gaseous ammonia concentration from the initial
concentration of 150 ppm in the closed chamber were evaluated (Figure
4B). No change in the gaseous ammonia concentration was observed
in the closed chamber during 100 h of incubation of MM agar plate
without bacterial inoculation. The biomass continuously increased
during 75 h of incubation. During this incubation period, the gaseous
ammonia concentration decreased from 150 ppm to 90 ppm. This result
demonstrated that NH33 assimilated gaseous ammonia to grow. Figure
4b shows a plot of the amount of assimilated gaseous ammonia versus
the amount of biomass (wet weight). Autotrophically growing NH33
cells required 0.64 mmol of gaseous ammonia to gain 1.0 g of biomass
(wet weight).
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Usable Nitrogen Sources in Mixotrophic Growth

NH33 could grow well on MMG agar plate in the presence of
1350 ppm of gaseous ammonia (specific growth rate: 2.21 + 1.18), but
not in the absence of gaseous ammonia (Table 1). Replacing gaseous
ammonia with ammonium sulfate, sodium nitrite, or potassium nitrate
did not enable the growth of NH33 (Table 1). These results indicated
that NH33 could not use dissociated ammonia (i.e., ammonium
ions), nitrite, or nitrate as a nitrogen source. NH33 required only
undissociated ammonia (gaseous ammonia) as a nitrogen source.

Usable Energy Sources in Autotrophic Culture

NH33 could grow on MM agar plate in the presence of 1350
ppm of gaseous ammonia (specific growth rate: 0.11 + 0.01; Figure
2B, Table 2), but it could not grow on MM agar plate containing
dissociated ammonia, i.e., 10 mM (NH,),SO, or NH Cl, instead of
gaseous ammonia (Table 2). These results suggested that NH33 could
specifically use undissociated ammonia, i.e., gaseous ammonia, but
not dissociated ammonia as an energy source. In addition, NH33 did
not grow on MM agar medium without carbon and nitrogen sources
(Table 2).
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Table 1: Usable nitrogen sources for Paenibacillus lentus NH33 growth on MMG agar plate
(mixotrophic medium).

Medium Nitrogen source Cell yield (mg wet weight/h/plate)
MMG agar Gaseous ammonia |1350 ppm 221+1.18

MMG agar None -

MMG agar (NH,),S0, 10 mM -

MMG agar NaNO, 10 mM -

MMG agar KNO, 10 mM -

-, no growth

Table 2: Usable energy sources for Paenibacillus lentus NH33 growth on MM agar plate
(autotrophic medium).

Medium Energy source Cell yield (mg wet weight/h/plate)
MM agar | Gaseous ammonia | 1350 ppm 0.11 +£0.01
MM agar (NH,),SO, 10 mM -
MM agar NH,Cl 10 mM -
MM agar None -
-, no growth

Table 3: Stable "N isotope content in Paenibacillus lentus NH33 grown in 170 ppm of *N
ammonia gas.

Growth type *N atoms/total N atoms
Cells grown in *NH, gas 0.99999
Cells grown in NH, gas 0.00367
Natural content of N 0.00366

Rate of Stable Nitrogen Isotope Uptake in NH33 Cells

NH33 was cultured in the presence of stable nitrogen isotope-
labeled [**N] gaseous ammonia (170 ppm) or conventional gaseous
ammonia (170 ppm) at 40°C for 72 h. No difference in the growth rate
was observed between the two cultures. The rate of stable nitrogen
isotope uptake (calculated as the ratio of ’N/total N) in the recovered
cells was analyzed. As shown in Table 3, all of the nitrogen molecules
in the cells grown in the presence of the stable nitrogen isotope-
labeled [**N] gaseous ammonia were replaced by the stable nitrogen
isotope. The rate of stable nitrogen isotope uptake (*N/total N) in
the cells grown in the presence of the conventional gaseous ammonia
was 0.0036, which is similar to the value of the natural content of >N
[23,24]. These results confirmed that NH33 took up and assimilated
nitrogen derived from the gaseous ammonia. Thus, NH33 is a novel
organism that uses gaseous ammonia as both an energy source and
nitrogen source.

Detection of Nitrite in NH33 Cells

NH33 cells that were cultured on MM agar plate in the presence of
170 ppm of gaseous ammonia at 40°C for 72 h (autotrophic growth cells)
were collected and physically ground. The naphthylethylenediamine
visual colorimetric method was used to detect nitrite. Figure 5 shows
the absorbance spectrum of nitrite solution. The single peak at 540 nm
indicates the presence of nitrite, and the maximum absorbance value
of the peak reflects the amount of nitrite. As shown in Figure 5, line
C, the absorbance peak at 540 nm was observed in the supernatant
of the ground cells. The absorbance value at 540 nm indicated that
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Figure 5: Detection of nitrite in the cell-free extract from autotrophically grown
Paenibacillus lentus NH33 cells. The absorbance spectra of 0.5 mg/L (line A), 0.2
mg/L (line B), and 0.05 mg/L (line D) nitrite standard solutions were determined by a
spectrophotometer. The spectral peak indicates the nitrite content. The specific peak (line
C) was also detected in the cell-free extract.

0.1 pg of nitrite was extracted from 100 mg (wet weight) of NH33
cells, which suggested that gaseous ammonia was oxidized to nitrite
by NH33. No nitrite was detected in the agar medium, indicating that
NH33 accumulates nitrite intracellularly, and does not eliminate it.

Discussion

NH33 was first isolated from soil using minimal medium (MM)
agar plate containing 28 mM glucose in the presence of gaseous
ammonia at 1350 ppm [4]. This bacterium could not grow on MM
agar plate containing glucose without gaseous ammonia, indicating
that it cannot carry out aerobic nitrogen fixation. Bacillus subtilis
str. 168 [25,26] and Escherichia coli K-12 [27] could not grow on
nutrient agar plate in the presence of gaseous ammonia at 1350
ppm. NH33 is not only a gaseous ammonia-requiring microbe, but
also a gaseous ammonia-tolerant microbe. This report showed for
the first time that NH33 is capable of growing on MM agar plate in
the presence of gaseous ammonia. This growth property indicated
chemolithoautotrophic growth, in which energy is gained through
ammonia oxidization. NH33 could grow on MM with or without
organic substrates in the presence of gaseous ammonia, indicating
mixotrophic growth. Up until now, many researchers have thought
that ammonia-oxidizing bacteria do not require an organic carbon
source, and that autotrophic growth using ammonia is inhibited
by the presence of organic carbons [28]. However, that notion was
put into question when a pure culture of a mixotrophic ammonia-
oxidizing bacterium (NH33) was established. Ammonia usually
has a dual nutritional role: it serves simultaneously as a source of
nitrogen and energy [29] for some chemolithoautotrophic bacterial
species. It was suggested that NH33 uses glucose as an energy and
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carbon source, and gaseous ammonia mainly as a nitrogen source,
when grown on MMG agar plate. When NH33 is grown on MM
agar plate, it uses gaseous ammonia as both an energy and nitrogen
source, and carbon dioxide as a carbon source. Microorganisms
take up extracellular ammonia, nitrate, urea, and amino acids as
nitrogen substrates, and assimilate them [30]. The most reductive
form of nitrogen (ammonia) is a favorable nitrogen source as it is
energetically efficient. When NH33 was grown on MMG agar plate
in the presence of gaseous ammonia, it used gaseous ammonia
(undissociated ammonia) as the main nitrogen source. However,
NH33 grown on MMG was unable to use ammonium (protonated
ammonia), nitrite, and nitrate as a substitute for gaseous ammonia.
To introduce ionic substrates intracellularly, organisms require the
active transporter (channel protein) system [31,32]. NH33 may
lack gene sets involved in the active transporter system for nitrogen
species uptake or express them at extremely low levels. Undissociated
substances, such as gaseous ammonia, permeate through the cell
membrane to the cytoplasm by passive diffusion [33]. The cell surface
of NH33 has a high affinity for gaseous ammonia, and can directly
assimilate gaseous ammonia intracellularly. NH33 likely gains energy
by the oxidation of gaseous ammonia during chemolithoautotrophic
growth (growth on MM agar plate in the presence of gaseous
ammonia). Ammonia is a stable compound consisting of a nitrogen
atom and three hydrogen atoms. It is well-known that the unshared
electron pair in the ammonia molecule readily undergoes protonation
for the formation of an ammonium ion, as indicated by the following
formula: NH, + H* 2 NH,*. Ammonia in solution is present as NH,
and NH,*, and the ratio of NH,/NH,* depends on the pH, as defined
by the Henderson-Hasselbalch equation [34]. For example, under
physiological conditions with a blood pH of 7.4, more than 98%
of ammonia is found in the NH,* form. NH33 may use dissociated
ammonia (ammonium ion) as an energy source by dissolving gaseous
ammonia in the agar medium. However, NH33 was incapable of
growth on MM agar plate (pH 7.0) containing ammonium ion
(ammonium sulfate or ammonium chloride). NH33 could be defined
as a nitrifying bacterium that uses only undissociated ammonia, but
not dissociated ammonia as an energy source. Therefore, NH33 is an
obligate that requires gaseous ammonia as both a nitrogen source and
an energy source to support its chemolithoautotrophic metabolism.

NH33 is a chemolithoautotrophic bacterium that uses gaseous
ammonia as the sole energy source. It extracts energy from a single
inorganic source (NH,), assimilates inorganic substrates (e.g.,
CO, and NH,), and uses them to synthesize all of the biochemicals
necessary to support growth. Ammonia-oxidizing bacteria are
incapable of growing mixotrophically [35]. In this study, rather than
inhibiting growth, organic compounds, such as glucose, enhanced
the growth of NH33. It was considered that NH33 preferentially uses
glucose before gaseous ammonia when grown in the presence of
gaseous ammonia and glucose simultaneously. Lactose and fructose
promoted cell growth more than glucose (data not shown). This
mixotrophic growth property suggested that NH33 likely expresses
beta-galactosidase and glucose isomerase [36,37]. NH33 is the first
reported ammonia-oxidizing bacterium to show mixotrophic growth
properties. During mixotrophic growth on MMG agar plate, NH33
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mainly used ammonia gas as a nitrogen source. The optimum gaseous
ammonia concentration for mixotrophic growth was 1350 ppm.
During autotrophic growth on MM agar plate, NH33 used gaseous
ammonia as both an energy and nitrogen source. The optimum
ammonia gas concentration for autotrophic growth was 170 ppm.
Organic substances, such as glucose, were thought to promote the
formation of mucoid-like colonies [38] and enhance ammonia gas
resistance. The amount of gaseous ammonia required to obtain 1.0 g
of cells (wet weight) was 0.62 to 0.64 mmol in both the mixotrophic
and autotrophic growth conditions.

NH33 was cultured under autotrophic growth conditions in the
presence of gaseous ammonia containing stable isotope nitrogen (**N),
and the stable isotope nitrogen ratio in the cells was subsequently
examined. All of the nitrogen in the cells was "N, confirming that
the gaseous ammonia in the air had been assimilated into NH33 cells.
Autotrophic ammonia-oxidizing bacteria are among a specific group
of microbes that are able to use ammonia as the sole energy source
and reductant for growth. They extract energy from a single inorganic
source (NH,), assimilate inorganic substrates (CO, and NH,), and
use them to synthesize all of the biochemicals necessary to support
growth. In ammonia-oxidizing bacteria, ammonia is first oxidized to
hydroxylamine by ammonia monooxygenase [39]. The hydroxylamine
is then oxidized to nitrite by hydroxylamine oxidoreductase. The
predominant nitrogen oxide produced in the process of ammonia
oxidation is nitrite [40]. Nitrite was detected in the NH33 cells grown
autotrophically in the presence of 170 ppm gaseous ammonia. The
final substance of gaseous ammonia oxidation in NH33 was nitrite,
suggesting that NH33 has an ammonia oxidation mechanism similar to
that of conventional ammonia-oxidizing bacteria. However, it remains
unclear whether nitrate can be detected in NH33. It is necessary in
future studies to determine whether NH33 can completely oxidize
ammonia. Chemolithoautotrophic ammonia-oxidizing bacteria are
responsible for the rate-limiting step of nitrification in a wide variety
of environments, and are thus very important in the global cycling
of nitrogen. NH33 is an autotrophic bacterium capable of both
mixotrophic and autotrophic growth. Under autotrophic conditions,
it uses only gaseous ammonia as an energy source and a nitrogen
source. These findings considerably challenge the currently accepted
role of microbial communities in global nitrogen cycling. Due to the
importance of this functional group of bacteria, understanding of
their ecology and physiology has become a subject of intense research
in recent years.

Conclusion

Previous studies of ammonia-oxidizing bacteria have reported
ammonium ions in a dissociated state as an energy source. Many
researchers are unaware of the existence of organisms that can grow
in the presence of gaseous ammonia, such as the Paenibacillus lentus
NH33 examined in this study. P. lentus NH33 is a previously unknown
ammonia-oxidizing bacterium that uses gaseous ammonia as its sole
nitrogen source for both assimilation and dissimilation. Understanding
and systematizing gaseous ammonia-requiring bacteria in detail will
contribute to the elucidation of yet-unknown roles of ammonia in the
biosphere and details of the nitrogen cycle.
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