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Abstract

The process of phosphine production by phosphate-reducing bacteria Pseudescherichia sp. SFM4 has been well studied.
Phosphine originates from the biochemical stage of functional bacteria that synthesize pyruvate. Stirring the aggregated
bacterial mass and supplying pure hydrogen could lead to an increase of 40 and 44% phosphine production, respectively.
Phosphine was produced when bacterial cells agglomerated in the reactor. Extracellular polymeric substances secreted on
microbial aggregates promoted the formation of phosphine due to the presence of groups containing phosphorus element.
Phosphorus metabolism gene and phosphorus source analysis implied that functional bacteria used anabolic organic
phosphorus, especially containing carbon-phosphorus bonds, as a source with [H] as electron donor to produce phosphine.

Keywords Phosphine - Extracellular polymeric substances - Hydrogen - Organic phosphorus

Introduction

Phosphine, a reactive and highly toxic reducing gas, is a
significant constituent of global phosphorus biogeochemical
cycle (Niu et al. 2013). Phosphine, or matrix-bound
phosphine (MBP), is extensively distributed in the
environment, such as in the sediment (Feng et al. 2008;
Hou et al. 2009; Song et al. 2011), urban air (Ji-Ang et al.
1999), anaerobic pond (Roels et al. 2002), landfill (Roels and
Verstraete 2004), and even polar region (Zhu et al. 2006).
Phosphine accumulated in lake sediments can be released
into the water, resulting in enhanced eutrophication (Geng
et al. 2005). Phosphine in the atmosphere is oxidized to
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phosphate and rained out, which results in the accumulation
of phosphorus in the soil. Furthermore, hydroxyl radicals
that aid in reducing greenhouse gases are absorbed by the
phosphine in the atmosphere, which indirectly aggravated
global warming (Glindemann et al. 2003). In addition,
phosphine has been regarded as a biomarker (Greaves et al.
2020; Sousa-Silva et al. 2020). Therefore, exploring the
mechanisms involved in phosphine formation is crucial.

Although the detection of phosphine in aquatic
environments has been extensively investigated, the
mechanisms of phosphine production are still up for
debate, especially whether phosphine is produced as a
product of bacterial metabolism or by the attack of acid-
bacterial metabolites on environmental phosphide. The
potential biological pathways of phosphine production
have been proposed before (Bains et al. 2019a; Niu et al.
2013). Furthermore, anaerobic digestion processes exhibit
high potential of increasing the phosphine yield (Fan et al.
2020b). However, how this affects the metabolic pathways
during phosphine formation remains unclear.

Microbial phosphine production often occurs in organisms
that form aggregates in culture and are not in isolated single
cells. Extracellular polymeric substances (EPS), organic
polymers mainly derived from cell secretion and autolysis
during biological processes (Flemming and Wingender
2001), play an essential role in mass transfer, flocculation,
precipitation, and the formation of microbial aggregates
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(Adav et al. 2008; Huang et al. 2017). In general, EPS are
divided into tightly bound EPS (TB-EPS) and loosely bound
EPS (LB-EPS), depending on what is wrapped outside the
cell (Li and Yang 2007). EPS can be degraded into small
molecules by extracellular enzymes that provide substrate
and energy for microbial growth (Zhang et al. 2015).
However, to date, little information is available about the
effect of EPS on phosphine production by microorganisms.

A previous study revealed that a single phosphine-pro-
ducing strain exhibited the ability for hydrogen production
(Fan et al. 2021). The biological pathways of hydrogen
production include the decarboxylation of pyruvate in the
glycolysis process and the redox balance of coenzyme I
(nicotinamide adenine dinucleotide (NADH/NAD) (Yong
et al. 2002). Assuming that [H] is used as an electron donor
for phosphine production, as shown in Eq. 8[H]+H* +H,P
O,” —PH;+4H,0. The NADH related to hydrogen produc-
tion also promoted the production of phosphine (Fan et al.
2020a). The microbial absorption of inorganic phosphorus
in the aquatic environment is accomplished by phosphorus
transporters, such as inorganic phosphate transport A (PitA)
and phosphate-specific transport S (PstS) (Gao and Stock
2013). However, to date, no direct experimental evidence
supports that hydrogen promotes phosphine production.
Further studies are therefore indispensable to explore the
relationship between microbial hydrogen and phosphine
production.

In this study, microbial phosphine production was ana-
lyzed based on the composition analysis of substrate dehy-
drogenation by-products. Then, the effect of microbial
aggregates and hydrogen on phosphine production was
evaluated. Finally, the roles of EPS and different phosphorus
sources in phosphine production were explored.

Materials and methods
The acquisition of phosphine producing strain

The functional bacteria growing on the culture medium
were initially isolated. DNA from the functional bacteria
was extracted using the rapid DNA extraction kit (KG203-
02, Tiangen Biotech Co., Ltd., Beijing), following according
to the manufacturer’s instructions. Bacterial 16S ribosomal
DNA fragments were amplified using polymerase chain
reaction (PCR) using the universal bacterial primer set with
forward primer 338 F (50-ACTCCTACGGGAGGCAGC
A-30) and reverse primer 806 R (50-GGACTACHVGGG
TWTCTAAT-30) in the V3—V4 hypervariable region. PCR
product quality was validated using electrophoresis on
2% agarose gel. The amplified production was sequenced
by Sangon Biotech Co., Ltd. (Shanghai, China). The phy-
logenetic tree was constructed using MEGA 7, as listed
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in Supplementary information Fig. S1. It was evidenced
that functional bacteria were associated with Proteobac-
teria (phylum), y-Proteobacteria (class), Enterobacterales
(order), Enterobacteriaceae (family), and Pseudescherichia
(genus). The functional bacterium was named Pseudescheri-
chia sp. SEFM4 (OP765491), and the sequence was submitted
to the NCBI. The phosphine production performance of this
strain has been reported (Fan et al. 2021).

Phosphine production in an anaerobic sequencing
batch reactor

A vacuum flask (Shuniu, Sichuan Shubo Co., Ltd., Sichuan)
of 1500 mL was set up as a reactor for microbial to phosphine
production. The modified culture medium used for phos-
phine production was prepared as follows: 250 mg/L glu-
cose, 20 mg/L KH,PO,, 40 mg/L K,HPO,-3H,0, 38 mg/L
NH,CI, 50 mg/L ascorbic acid, and 1 mL/L trace elements.
The stock solution was prepared as follows: 1.5 g/ NTA,
0.3 g/L MgS0O,-7H,0, 0.1 g/L FeSO,-7H,0, 1 g/L NaCl,
0.1 g/L CoCl,-6H,0, 0.1 g/L CaCl,, 0.1 g/L ZnSO,-7H,0,
0.01 g/L CuSO,-5H,0, 0.01 g/L KAI(SO,),-12H,0, 0.01 g/L
H;BO;, and 0.1 g/L Na,Mo0O,-2H,0. The pH was adjusted to
8.5 with 1 mol/L NaOH. The prepared medium was deoxy-
genated with nitrogen for 15 min and then autoclaved at 121
°C for 20 min. The reactor was inoculated with phosphine-
producing bacteria 20% (v/v) in the initial stages. The batch
mode was adopted in reactor; each reaction cycle was set at
80 h, drainage and feed were performed at the last 15 min of
each cycle. The temperature was kept at 35 °C. The samples
were collected at an interval of every 4 h.

Microbial aggregates and hydrogen function
analysis

Four reactors were operated in parallel for 4 h, 12 h, 32 h,
and 64 h. After the reaction, 900 mL of supernatant was
discarded and 100 mL of residual was retained. The char-
acteristics of microbial aggregates were analyzed by meas-
uring volatile solid (VS) concentrations (Orhorhoro et al.
2017). To further assess the influence of microbial aggre-
gates on phosphine production, experiments were carried
out in 250 mL conical flasks at different stirring rates (i.e.,
0, 300, 500, 700, and 900 rpm). The conical flask was sealed
by a rubber stopper with short glass tubes. The gas was col-
lected by a polyester gas collecting bag (Hede Technologies
Co., Ltd., Dalian) connected to the glass tube. The concen-
tration of phosphine production was measured every 24 h.
Additionally, evaluating the effect of hydrogen on produc-
tion phosphine production, two assays were designed as fol-
lows: 100 mL of pure hydrogen and nitrogen (control) were
introduced into conical flasks 1 and 2, respectively.
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Molecular biology analysis

At the time points of 4 and 32 h, 50 mL of residuals were
collected. After centrifugation (TGL-16 M, Xiangyi cen-
trifuge instrument Co., Ltd., Changsha), genomic DNA
was extracted from the residuals using rapid DNA extrac-
tion kit (see “The acquisition of phosphine-producing
strain” section). The DNA concentration was determined
using a NanoDrop (NanoDrop Technologies Inc., Wilm-
ington, DE, USA). The pitA and pstT genes of functional
bacteria were amplified using PCR with the synthesized
primers, as shown in Table S1. The PCR was performed at
95 °C for 60 s; 40 three-segment cycles of 95 °C for 5 s; 60
°C, 15 s; 72 C, 34 s; final extension at 72 °C, 10 min. The
PCR products were pooled and purified using PCR purifi-
cation kit (DP214-02, Tiangen Biotech Co., Ltd., Beijing).
The resulting libraries were sequenced using the Illumina
MiSeq platform (Majorbio Bio-Pharm Technology Co.,
Ltd., China).

Four phosphorus-transporter genes were selected for
quantitative amplification using real-time PCR (qPCR).
Gene name, primer pairs, and amplified band size is
shown in Table S1. Total RNA was extracted from the
residuals using an RNA extraction kit (DP430, Tiangen
Biotech Co., Ltd., Beijing), following the manufacturer’s
instructions, and 2 pL of it was reverse transcribed at 42
°C using the M5 First Strand cDNA Synthesis Kit (ZR108-
1, Zoman Biotechnology Co., Ltd., Beijing). Single reac-
tion was performed for each cDNA along with the serial
dilution using the PerfectStart™ Green qPCR SuperMix
(AQ602-11, TransGen Biotech Co., Ltd., Beijing). An
aliquot of 20 pL containing 2 pL. of cDNA and 0.8 pL of
each primer was prepared for each reaction. The gPCR
performed on a fluorescence SLAN48-P qPCR system
(Hongshi Medical Technology Co., Ltd., Shanghai); the
cycling processes were as follows: 1 cycle of denaturation
at 94 °C for 30 s; followed by 40 three-segment cycles
of amplification consisting of 95 °C for 5 s; 50-63 °C,
15 min; 72 °C, 34 s.

The effect of phosphorus conversion on phosphine
producing

In order to analyze the phosphorus conversion related to
phosphine production by functional microbes, the anaero-
bic incubation essay was operated using different types of
organophosphorus. An aliquot of 10 mg of phosphorus was
added as either trimethylphosphine or phosphoenolpyru-
vate (PEP). The control experiment used phosphate as the
phosphorus source. The headspace gas was collected with
100 mL syringes every 24 h. The concentration of phos-
phine was determined after 32 h of reaction.

The effect of EPS on phosphine producing

Both TB-EPS and LB-EPS were extracted from each microbial
aggregate collected at 4 and 32 h using the modified method
of thermal extraction (Yang and Li 2009), in which 50 mL of
microbial aggregates were centrifuged at 15,000 g for 15 min
at 4 “C. The precipitate was resuspended by adding 50 mL of
preheated 0.05% (w/v) NaCl (50 °C). After centrifugation, the
organic matter in the suspension was regarded as LB-EPS.
As for the extraction of TB-EPS, the precipitate was resus-
pended by adding preheated NaCl (60 “C) using a water bath at
400 rpm for 30 min. To investigate the functional intracellular
or extracellular bacteria related to phosphine production, bio-
reactor and non-bioreactor with EPS introduction were oper-
ated using 250-mL conical flasks with rubber stoppers.

Analytical methods

Phosphine was enriched in Al,05/Na,SO, capillary chromato-
graphic columns with dimensions of 1 mx0.53 mm X 3.0 pm
(Chase Scientific Instruments Co., Ltd., China), coupled
with two successive capillary cryotraps (Beijing Ai Feibo
Co., Ltd., China). The concentration of enriched phosphine
was determined using gas chromatography (Agilent 7820A,
USA), equipped with flame ionization detector (FID) and HP-5
columns (19091 J-413 30 mx0.32 mm X 0.25 pm, Agilent,
USA). H, and CO, were measured using gas chromatography
(Agilent 7820A, USA), equipped with thermal conductivity
detector (TCD), and packed column (TDX-01, ATEO, China).
The concentrations of pyruvic acid, acetic acid, and lactic acid
were detected using high-performance liquid chromatography
(HPLC) (Shimadzu LC-20A, Japan), coupled with AQ-C18
column (30 mmXx2.1 mmx3.0 pm, Aupos, Germany). pH
was measured using a pH meter (pb-10, Sartorius, Germany).
The alteration in microbial morphology was observed using
scanning electron microscopy (SEM) (LEO1530VP, Zeiss,
Germany). The concentration of VS was determined follow-
ing the method described by Orhorhoro (Orhorhoro et al.
2017). The levels of total phosphorus and phosphate were
measured according to Standard Methods (Federation and
Association 2005). The chemical composition of the EPS at
different phases was determined using three-dimensional fluo-
rescence excitation-emission matrix (FEEM) spectrophotom-
eter (HITACHI F7000, China) and Fourier transform infrared
(FTIR) scanning (VERTEX 70, Bruker, Germany).

Results
The processes of microbial phosphine production

Figure 1a illustrates the variation in phosphine produced
by microbes over time using glucose as substrate. The
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phosphine produced by the microorganism was observed
only in a specific period of 12—40 h, and the maximum
phosphine concentration was 75 mg/m?® observed at 32 h.
This finding indicated that there must be a predominant
pathway for phosphine generation via bacterial metabo-
lism. The changes in pyruvate concentration with time are
presented in Fig. 1b. After 4 h, 30 mg/L pyruvate and
29 mg/L lactic acid (Fig. 1c) were rapidly produced during
decomposition of glucose, resulting in a sharp decrease
in pH from 8.3 to 5.0. During the phase of 4-12 h, the
concentration of acetic acid and lactic acid reduced from
30 to 12 mg/L. As such, the reaction period of 0—12 h
was considered a catabolism process, in which the glucose
was decomposed into pyruvate and further broken down
into simple compounds such as acetic acid and lactic acid.
However, the microbial catabolism in this period was not
accompanied by the production of phosphine (Fig. 1a). As

illustrated in Fig. lc, during the interval of 12-32 h, the
concentration of acetic acid and lactic acid reduced from
38 and 37 to 10 and 12 mg/L, respectively. Meanwhile, the
concentration of pyruvate increased from 10 to 40 mg/L
(Fig. 1b), coupled with a significant increase in phosphine
production.

During the period of 4-12 h, the hydrogen concentration
increased from O to 0.7 mg/L and pyruvate was decomposed; in
contrast, during the interval of 12-32 h, a substantial rise in the
hydrogen concentration was observed from 0.7 to 2.5 mg/L.
Coenzyme I produce hydrogen to regulate redox balance has
been demonstrated (Tanisho and Ishiwata 1995), and large
amounts of hydrogen were derived from the redox balance of
coenzyme . This stage was accompanied by an increase in the
concentration of phosphine. Hydrogen production observed in
this phase implied that more energy and reduced power were
generated compared to those in other stage.
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Fig. 1 Biological oxidation of bacteria using glucose as substrate to produce a phosphine; b pyruvate; ¢ acetic acid and lactic acid; d H,
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Influence of microbial aggregates and hydrogen

The bacterial accumulation overtime during the biological
phosphine production in the reactors is shown in Supple-
mentary information Fig. S2. Morphological changes in
microbial polymer during cell aggregation and dehydration
were observed using SEM, as shown in Fig. 2. After 4 h
of reaction, no microbial aggregates were observed due to
the function bacteria in the lag phase. After 12 h, the bac-
terial cells started to aggregate and agglomerate, reaching
the maximum precipitation at 32 h. Particularly, the level
of EPS was significantly enhanced at 32 h. VS was used to
characterize the concentration of microbial aggregates. After
12 h, the microbes continued to aggregate and settle at the
bottom of the reactor. The highest VS concentration was
0.03 mg/L at 32 h. The VS increase rate was 0.0004 mg/L/h
during 4-12 h and VS 0.000245 mg/L/h during 12-32 h.
After 64 h, due to the rupture of the cells, the disintegration
of the flocs occurred, and the broken flocs settled at the bot-
tom, resulting in a decrease in the VS. This finding implied
that phosphine production (12-32 h, 0-75 mg/m®) required a
certain density and stable colloidal structure of the microbes.

To further assess the effect of microbial aggregation
on the production of phosphine, the aggregated bacterial
mass was resuspended by stirring. As presented in Fig. 3a,
the maximum phosphine concentration of 250 mg/m® was
observed when the stirring speed was 700 rpm at 24 h, which
was three times greater compared to that in the unstirred
reactor. However, the concentration of endogenous hydrogen
decreased with the increase in the stirring speed (Fig. 3b).
The maximum concentration of hydrogen in the control
(2 mg/L) was higher than that in the treatment with 700 rpm
stirring speed (0.3 mg/L). Similarly, previous study also
indicated that the performance of anaerobes, converting
organic wastes into hydrogen, decreases at the stirring speed
exceeding 120 rpm (Chou et al. 2008). Moreover, at stirring
speed of 700 rpm, compared with the unstirred, the concen-
tration of phosphine generated in the treatment with hydro-
gen feeding, increased from 180 to 260 mg/m® (Fig. 3c).
When the cultures have a large excess of [H] to dispose of
(e.g., lactate to pyruvate conversion or under H, atmosphere)
and are well dispersed (extensive protein EPS or by stirring),
so that cross-feeding is inefficient, hydrogenase is saturated,
and PH; is produced.

Role of EPS in the formation of phosphine

The aggregation and agglomeration of microbes is observed
in phosphine production, which correlates to the production
of extracellular polymers. As shown in Fig. 4, protein (PN)
and polysaccharides (PS) were the main components of EPS,
and the concentration of PN (11 mg/L) was five times that
of PS at 32 h (2 mg/L). Compared with PS, extracellular

enzymes and PN bind to each other easily through elec-
trostatic attraction and multivalent cations, facilitating the
structural stability of microbial aggregates (Zhu et al. 2009).
Furthermore, compared with TB-EPS (PN), LB-EPS (PN)
increased significantly from 3 to 7 mg/L within 4-32 h,
implying that LB-EPS (PN) played a significant role in the
process of microbial aggregation, rather than TB-EPS (PN).

The chemical composition of EPS in different phases was
determined using 3D-FEEM. Five peaks were identified by
the fluorescence spectrum, representing tyrosine-like pro-
tein (EX/EM 200-250/200-330) in region I; tryptophan-
like protein (EX/EM 200-250/330-380), region II; fulvic
acid-like organics (EX/EM 200-250/380-500), region III;
soluble microbial by-product (250-280/200-380), region
IV; and humic acid-like organics (250-400/380-500) in
region V (Guo et al. 2014). As shown in Fig. 5, the strongest
fluorescence intensity was observed at the excitation/emis-
sion 275/330 nm, implying that the predominant chemical
composition of EPS was soluble microbial by-product. The
fluorescence intensities of LB-EPS at various phases were
apparently stronger compared to those of TB-EPS. Phos-
phine production is maximum at 32 h, which follows the
highest fluorescence intensity of LB-EPS and TB-EPS. This
finding indicates that with vigorous growth and rapid propa-
gation, microorganisms exhibited strong catalytic activity
and produced more metabolic by-products at 32 h. Previ-
ous finding (Fig. 2¢) indicated that functional bacteria were
necessary for phosphine production, suggesting that strong
microbial activity was conducive to its production.

As illustrated in Fig. Se, the results of FTIR analysis
showed that the chemical compositions of EPS primarily
consisted of polysaccharides and proteins. The predomi-
nant infrared bands observed at 1080 and 1647 cm™' were
associated with the C—OH stretching of polysaccharides
and stretching vibration of C=0 and C-N (amide I) of
proteins, respectively. Infrared spectrum band located at
1418 cm™! was assigned to COO-symmetrical stretching,
while the band at 2929 cm™' represented CH,™ antisymmet-
ric stretching. Pyruvate and acetic acid, having functional
groups C=0, COOH, C-OH, and CH,", respectively, can
promote phosphine production. Infrared spectrum bands at
1239 and 1140 cm™" were related to PO?>~ and PO~ respec-
tively. These functional groups were derived from lipids
and nucleic acids contained in EPS. Therefore, EPS could
promote phosphine production by providing functional
groups responsible for the synthesis of phosphine-related
substances.

Regarding the phosphorus source analysis
The functional bacterial strain added in the assays was Pseude-

scherichia sp. SFM4. As presented in Fig. S4, the abundance
of Pseudescherichia spp. at 4 and 32 h exceeded 95%, although
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«Fig. 2 Scanning electron microscopy (SEM) spectra of bacterial clus-
ters in the period of a 4 h; b 12 h; ¢ 32 h; d 64 h; e the analysis of
volatile solids

there were other bacteria involved in the biological process for
phosphine production, it was evidenced that Pseudescherichia
sp. SFM4 were the dominant bacterial species responsible for
phosphine production. Several studies have revealed that phos-
phine production was positively related to the phosphatase pro-
duced by microorganisms (Liu et al. 2008). Thus, to determine
the expression of phosphatase, i.e., phoN and phoD, gPCR
analysis was carried out. As shown in Fig. 6a, the results indi-
cated that phoN and phoD were significantly up-regulated
from 4 to 32 h. Organic phosphorus in anaerobic digestion
was decomposed by phosphatase, which was used by microbes
as the source of phosphorus to produce phosphine. The addi-
tion of organic phosphorus containing carbon-phosphorus
(C-P) bonds promoted the production of phosphine (Han et al.
2002). Microorganisms can transport phosphate through the
phosphate-specific transport system (Pst) and the phosphate
transport system (Pit) (Bergkemper et al. 2016). As illustrated
in Fig. 6a, the expression of phosphorus transporter genes pitA
and pstS were downregulated at 32 h compared with those at
4 h. This finding implied that although the functional bacteria
reduced the demand for phosphate from 4 to 32 h, the yield of
phosphine substantially increased in this period.

As shown in Fig. 6b, the addition of different phosphides,
i.e., trimethylphosphorus (with C-P bonds) and phospho-
enolpyruvate (without C—P bonds). Highest phosphine con-
centration of 160 mg/m> was observed in the reactor after

treatment with trimethylphosphorus. In general, organic
phosphorus, especially organic phosphorus containing car-
bon-phosphorus (C—P) bonds, was more conducive to the
production of phosphine compared to inorganic phosphorus.
The introduction of phosphonoacetic acid containing C—P
bonds into the fermentation reactor with paddy soil led to
an increase in the concentration of phosphine by 100 times
(Han et al. 2002). As illustrated in Fig. 6¢, inorganic phos-
phorus enters the cell through the phosphorus transport sys-
tem, which synthesizes organophosphorus. The initial step in
the biosynthesis of the phosphonates (C—P), virtually com-
mon to all known pathways, involves a reversible intramo-
lecular rearrangement of the intermediary metabolite PEP
to phosphonopyruvate by the enzyme phosphoenolpyruvate
phosphomutase (PepM) (Chin et al. 2016).

Discussion
Microbial phosphine production pathway

In this study, the metabolic pathways of microbial phos-
phine production were analyzed using isolated functional
bacteria. Glucose undergoes biological oxidation to produce
simple molecules for phosphine production during anaero-
bic digestion associated with the production of energy (Fan
et al. 2021). We suggest that intermediate product pyruvate
is decomposed to acetic acid and lactic acid between 4 and
12 h. Between 12 and 32 h, pyruvate concertation rises
again, which coincides with increased phosphine production.
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The biosynthesis of phosphonates (C—P) to phosphonopyru-
vate by the PepM involves a reversible intramolecular rear-
rangement of the intermediate metabolite PEP (Chin et al.
2016). The experimental results also show that phosphate
as a source of phosphorus contributes more to the produc-
tion of phosphine than inorganic phosphorus (Fig. 6b). In
this study, phosphine production was accompanied by the
biosynthesis of pyruvate, indicating that phosphine origi-
nated from biochemical stage of functional bacteria which
synthesize pyruvate.

Analysis of electron donor

It is been well documented that for hydrogen produc-
tion, decarboxylation of pyruvate occurs during bacterial
metabolism (Ren et al. 1997), and regulation of redox
balance through coenzyme I (NADH/NAD +) is neces-
sary (Tanisho and Ishiwata 1995). The reducing power
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of NADH plays an essential role in electron transport,
maintaining cell growth, energy metabolism, as well as
cell protection (Gray and Gest 1965). The intracellular
redox carrier NADH, a more powerful reducing agent
compared to hydrogen, is most likely to be involved in
phosphine formation (Bains et al. 2019b). During cell
metabolism, excessive reducing power of NADH is gen-
erated and released through the formation of molecular
hydrogen. Hydrogen was not detected in 0—4 h, indicating

that few NADH-reducing power was generated during
glucose decomposition subject to pyruvate formation, so
phosphine was not detected. These findings suggest that
phosphine production is enhanced when pyruvic acids are
formed due to the generation of more NADH. Phosphine
production is strongly coupled to pyruvate, low pH, and
high hydrogen production. It is unlikely that H, acts as
an electron donor to make PH; because that reaction is
thermodynamically unfavorable (when hypophosphite is
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used as a source of phosphorus, microorganisms produce
the highest concentration of phosphine but the lowest
concentration of hydrogen; Supplementary information
Fig. S5). However, hydrogenase is reversible, so cultur-
ing in a hydrogen atmosphere will reduce the net flux of
[H] through hydrogenase and hence increase the level of
[H] as NADH in the cell. The hypothesis is that PH; is
produced when hydrogenase cannot get rid of enough [H]
from the cell to balance the cell’s internal redox potential.
The P-C and hypophosphite promote PH, formation, and
PH; formation is dependent on saturation with [H].

Analysis of phosphorus conversion for phosphine

Microorganisms aggregate during phosphine production.
Phosphine might be serving as a signaling molecule to promote
the aggregation of bacteria. The protein concentration in both
TB-EPS and VS increased, while the content of polysaccharides
decreased in the reactor with the addition of phosphine
(Supplementary Information Fig. S3). The produced phosphine
may act as a signaling molecule released by microbial quorum
sensing (Sousa-Silva et al. 2020), which can be considered an
autoinducer released by microorganisms into the environment
that can freely diffuse between cells in order to stimulate
the expression of bacteria-related genes in response to the
physiological behavior (Fuqua et al. 1994). Similarly, Ren et al.
(2013) reported that the signaling molecules were secreted by the
aerobic granular sludge, facilitating the aggregation of suspended
Escherichia coli. Microorganisms generate organophosphorus
(e.g., phosphoenolpyruvate) during the synthesis of pyruvate.
Phosphorus metabolism gene and phosphorus source
analysis reinforced the fact that phosphine production by
functional bacteria was derived from the decomposition of
organophosphorus with C-P bonds coupled with phosphatase.
Many studies have reported a positive correlation between
phosphine production and microbial alkaline phosphatase
activity (An et al. 2018; Fan et al. 2020a; Liu et al. 2021).

Conclusion

Here, the metabolic pathways of microbial phosphine
production were analyzed using isolated functional
bacteria. When the cultures have a large excess of [H]
to dispose of (e.g., lactate to pyruvate conversion or
under H, atmosphere) and are well dispersed (extensive
protein EPS or by stirring) so that cross-feeding is
inefficient, hydrogenase is saturated, and PH; is produced.
Phosphorus metabolism gene and phosphorus source
analysis reinforced the fact that phosphine production by
functional bacteria was derived from the decomposition of
organophosphate coupled with phosphatase.
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