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Abstract: The sulphate-reducing bacteria (SRB) of genus Desulfovibrio are a group of prokaryotes
associated with autism spectrum disorders (ASD). The connection between the elevated numbers of
Desulfovibrio in the gut of children with ASD compared with healthy children remains unresolved. A
conceivable consequence of SRB overgrowth in the gut is the conversion of bioavailable iron into low-
soluble crystalline iron sulphides, causing iron deficiency in the organism. In this study, we report
the draft genome sequence and physiological features of the first cultivable isolate from a patient
with ASD, Desulfovibrio desulfuricans strain AY5.The capability of the strain to produce crystalline iron
sulphides was studied under different pH conditions. The most notable greigite(Fe3S4) and pyrite
(FeS2) formation was revealed at pH 6.0, which suggests that the iron loss due to insoluble sulphide
formation may occur in the proximal part of the gastrointestinal tract. Strain AY5 was adapted to
grow under nitrogen-limiting conditions by N2 fixation. The urease found in the strain’s genome
may play a role in resistance to acidic pH.

Keywords: autism spectrum disorders; biomineralisation; Desulfovibrio desulfuricans; pyrite; greigite;
nitrogenase; urease

1. Introduction

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders
characterised by deficits in social communications and reciprocal interactions, as well as
restrictive and repetitive behaviour. The prevalence of ASD has been increasing signifi-
cantly, with a current estimate of around 1% of the worldwide population and affecting
more male than female individuals [1]. The Global Burden of Disease study revealed
62.2 million people with ASD around the world in 2016 [2]. Recent reports have provided
evidence of a link between the gut microbiota and autism-like behaviours [3–5]. Microbial
transfer therapy has been reported to result in significant improvements of autism-related
symptoms [6].

The sulphate-reducing bacteria (SRB) of the genus Desulfovibrio have been found to
be more abundant in children with ASD compared with healthy children [7–10]. A strong
correlation between Desulfovibrio number and the severity of autism manifestation has
been reported [11]. Desulfovibrio along with Clostridiales and Bacteroidetes are defined as
ASD-associated bacteria [12]. However, plausible mechanisms underlying the connec-
tion between the elevated number of SRB and autism remain elusive. An overlooked
consequence of Desulfovibrio development in the human gut may be its influence on iron
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metabolism. A relationship between ASD and iron levels/iron deficiency has been re-
ported [13,14]. Sulphide produced by SRB binds iron in the form of low-soluble sulphides,
thus reducing its bioavailability. For instance, the solubility of pyrite (FeS2) in water at
ambient temperature is not measurable [15].

SRB, including Desulfovibrio, have an intrinsic capability to bind metals in sulphides
due to the formation of a large quantity of hydrogen sulphide in the course of their energy
metabolism. The formation of crystalline iron sulphides—pyrite, marcasite, greigite, and
mackinawite—in chemically defined media by Desulfovibrio desulfuricans was first reported
by Rickard in 1969 [16]. Hexagonal pyrrhotite was discovered after long-term (3-month)
exposure of hematite surface to D. desulfuricans Essex 6 [17]. The chemical form of iron
sulphides formed by SRB can be affected by various pH.In the gastrointestinal (GI) tract, the
pH ranges from as low as 5.2 to as high as 7.9, depending on the region, and is influenced by
diet, transit time, health state, the established microbiome, and the intake of drugs [18–20].

The elucidation of the specific mechanism by which SRB are connected with autism
has been hampered by the absence of cultivated forms. We have isolated the first SRB,
designated strain AY5, from the faeces of a patient with ASD [21]. On the basis of its 16S
ribosomal RNA (rRNA) sequence, the strain fell into the species D. desulfuricans, however,
the genome sequence and physiological traits of strain AY5 remained unstudied. The
preliminary experiments in batch culture without pH control showed that strain AY5 could
bind iron in the form of crystalline sulphides. In this study, we investigated the impact of a
range of pH conditions on iron sulphide production by strain AY5 in a pH-stat bioreactor
and batch culture. The draft genome sequence of strain AY5 has been obtained to check its
taxonomic position and physiological features.

2. Materials and Methods
2.1. Strain AY5 Cultivation and Physiological Tests

Strain AY5 was isolated from a faecal sample of a child (11 years old) with ASD as
described previously [21]. Strain AY5 was cultivated in liquid freshwater Widdel and Bak
(WB) medium [22], that contained (per litre) 4.0 g Na2SO4, 0.2 g KH2PO4, 0.25 g NH4Cl,
1 g NaCl, 0.4 g MgCl2·6H2O, 0.5 g KCl, 0.113 g CaCl2, 2 mL of vitamin solution, 1 mL of
trace element solution, and 1 mL each of Na2SeO3 (final concentration of 23.6 µM) and
Na2WO4(final concentration of 24.2 µM) solutions. Vitamin, trace element, and Na2S·9H2O
solutions were prepared and applied as described by Widdel and Bak [22]. Each cultivation
vial received an iron wire (100% Fe) as described previously [23,24]. Glycerol (11 mM)
was used as an electron donor. Growth was analysed with the following electron donors:
7.5 mM formate; 7 mM pyruvate; 4.5 mM succinate; 9 mM fumarate; 7.5 mM malate; 5 mM
fructose; 5 mM glucose; 3 mM sucrose; 25 mM ethanol; 17 mM propanol; 13.5 mM butanol.
Carbohydrate stock solutions were sterilised by using polyethersulfone 0.22 µm Millex-GP
filter units (Merck Millipore, Darmstadt, Germany). If growth was observed, the culture
was subcultured at least five times in the presence of each electron donor and acceptor to
confirm their utilisation.

Cell morphology was observed with phase-contrast microscopy using an Axio Imager
A1 microscope and with transmission electron microscopy (TEM) of ultrathin sections
prepared as described previously [25]. The TEM and microdiffraction investigations
were carried out on a Hitachi HT7700 transmission electron microscope equipped with a
microanalysis system with an energy-dispersive X-ray spectrometer (EDS). Micrographs
were obtained at an accelerating voltage of 100 kV. The accumulation time for EDS analysis
was determined by the quality of the spectrum assembly, which allows for quantitative
processing, and was no less than 10 min.

2.2. Strain AY5 Genome Sequencing

Genomic DNA was isolated using the Power Soil DNA Isolation Kit (MO BIO
Laboratories, Carlsbad, CA, USA) and sequenced using the Illumina platform. The
shotgun genome library was prepared using the NEBNext Ultra II DNA library prep
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kit (New England BioLabs, Ipswitch, MA, USA). The sequencing of this library on an
Illumina MiSeq using MiSeq Reagent Kit v3 (2 × 300 nt mode) sequencing reagents
generated 2,472,699 paired-end reads. Overlapping paired-end reads were merged us-
ing FLASH v1.2.11 [26], and low-quality bases were trimmed using sickle v1.33 (https:
//github.com/najoshi/sickle/acessed, accessed on 9 December 2021). Illumina reads were
assembled into contigs using SPAdes v.3.11.1 [27]. Gene searching and annotation were
performed using the RAST server [28].

2.3. Bioreactor Culture and pH Gradient

Experiments on iron sulphide formation at different pH were run in a bioreactor.The
glycerol-fed strain AY5 culture was used as the starter culture in a Biostat B plus benchtop
bioreactor (Sartorius Stedim Biotech GmbH, Göttingen, Germany) with an initial working
volume of 1 L, agitation at 100 rpm, and with pH and temperature control. Ultra-pure
(99.9%) N2 was sparged at 25 mL min−1 through a diffuser at the bottom of the bioreactor
to maintain O2-free headspace. WB medium supplemented with 100 mgL−1 iron as FeSO4
was used for bioreactor cultivation. The bioreactor was operated at 28 ◦C by recirculating
water through the reactor mantle. The initial pH of 7.0 was controlled by pH stats with
0.5 M HCl or 1 M NaHCO3solutions. Samples from the bioreactor were withdrawn daily
to measure H2S and the cell number, and to collect the precipitate formed in the bioreactor
for X-ray diffraction (XRD) analysis.

After 5 days, 0.5 L aliquots were withdrawn from the reactor and distributed into
serum bottles tightly closed with rubber lids without a gas phase. The bottles were kept
in the dark at 28 ◦C as batch cultures for a long-time exposure of 8, 18, 24, and 32 days.
The bioreactor was operated in the semibatch culture mode: 0.5 L aliquots of fresh glycerol
medium were added after aliquot withdrawal and the pH in the bioreactor culture was
decreased by 0.1 unit per day by pH stats with 0.5 M HCl or 1 M NaHCO3solutions. The
same scheme was applied to reduce the pH gradually from 7.0 to 4.0 with concomitant
mineralogical analysis of the solid phase. Cultivation in the bioreactor was stopped when
strainAY5 cells were lysed at pH 3.7 (Figure 1).
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the vertical bars show the standard deviation.

2.4. XRD

Precipitates from the experiment were harvested by centrifugation (13,100× g, 15 min,
15 ◦C). The precipitate was washed with distilled water (10 min) to remove any loosely
associated and unsequestered metals. Powder XRD was performed with a Rigaku Ultima
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4 diffractometer (Rigaku Corp., Tokyo, Japan) with CuKα radiation. The samples were
packed into zero-background quartz sample holders and step-scanned at the 20 range from
10◦ to 75◦ using a 20-step interval of 0.02◦ and a counting time of 0.8 s. The diffraction
patterns were analysed with the Crystallographica-Search Match software and the PDF-
4 database (International Centre for Diffraction Data, http://www.icdd.com/acessed,
accessed on 9 December 2021).

3. Results
3.1. Strain AY5 Genome and Physiological Properties

The draft genome sequence of strain AY5 consists of 40 contigs with a total size of
3,519,154bp, a G+C content of 57.2%, and an N50contig size of 373,881bp. CheckM [29]
estimated completeness of the draft genome as 99.41%. The genome contains 3.394coding
sequences (CDSs), 9 rRNAs, and 52 transfer RNAs (tRNAs). In the previous study, the
taxonomic position of strain AY5 was revealed based on the 16S rRNA gene only, which
assumed that the strain belongs to D. desulfuricans, with 99.7% sequence similarity between
strain AY5 and strain DSM642T [21]. The draft genome sequence allowed us to verify
the strain taxonomy. Taxonomic assignment of strain AY5 via a search against GTDB [30]
placed it in D. desulfuricans, with the most similarity to strain DSM642T (GenBank accession
number GCA_000420465.1), the type strain of the species. The average nucleotide identity
(ANI) with the D. desulfuricans type strain is 95.1%, a value close to the 95% cutoff most
frequently used for species demarcation [31]. Thus, the genome analysis confirmed the
taxonomic position of strain AY5 within the species D. desulfuricans (Figure 2).
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Figure 2. Neighbour-joining tree of concatenated sequences of 120 bacterial single-copy marker
proteins. The optimal tree with the sum of the branch length of 1.26840156 is shown. The percentage
of replicate trees in which the associated taxa cluster together in the bootstrap test (1000 replicates)
is shown next to the branches. The tree is drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances
were computed by using the Poisson correction method and are presented as the number of amino
acid substitutions per site. All positions containing gaps and missing data were eliminated (complete
deletion option). There are a total of 3317 positions in the final dataset. Desulfotomaculum acetoxidans
DSM 771 serves as an outgroup (not shown). Evolutionary analyses were conducted in MEGA X.

A notable feature of strain AY5 is the presence of two gene clusters encoding molybden-
um–iron and iron–iron nitrogenases. The two loci are located on the chromosome but

http://www.icdd.com/acessed
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distantly from each other. These two types of nitrogenases are also encoded in the genomes
of two Desulfovibrio species close to strain AY5, namely Desulfovibrio legallii and Desulfovibrio
intestinalis. The amino acid sequence identities of the corresponding NifD alpha subunits
between AY5 and the other two species are above 89%. The search against GenBank
revealed NifD proteins from Clostridia as the next hits, while NifD from other Desulfovibrio
are distant. Overall, these observations indicate that both nif operons were laterally
acquired from Firmicutes by a common ancestor of D. desulfuricans, D. legallii, and D.
intestinalis.

Urea could probably serve as another source of nitrogen for strain AY5, as evidenced
by the presence of genetic determinants of urea utilisation, including the urease operon,
enabling the hydrolysis of urea into carbon dioxide and ammonia. The operon includes
the ureABC genes encoding the urease enzyme and the genes ureEFGD encoding auxiliary
proteins [32]. The urease operon is clustered with the urtABCDE operon, which encodes the
urea ABC transporter induced under nitrogen deficiency [33]. The search against GenBank
revealed that highly similar genes (>90% identity of amino acid sequences of deduced
UreA and UrtA) are also present in the genome of D. legallii but not in other Desulfovibrio
species. The next closest hits were with various Gammaproteobacteria, suggesting that the
urease cluster was acquired via lateral gene transfer.

Physiological experiments showed that strain AY5 could use lactate, pyruvate, fu-
marate, ethanol, glycerol, and choline as electron donors for sulphate reduction. Limited
growth of the strain was observed with succinate, fructose, glucose, and sucrose. Cells of
strain AY5 appeared as motile vibrios, 2.2–3.0 µm long and 0.4–0.7 µm wide (Figure 3).
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TEM of ultrathin sections revealed numerous outer membrane vesicles in the cells
from the late stationary phase. Electron micrographs also showed electron-dense flake-like
particles adhering to the cell walls and often appeared as clusters. Energy-dispersive
analysis and elemental mapping showed that the electron-dense particles were highly
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enriched in S and Fe (Figure 4). The presumed iron sulphide precipitate had already
formed in the exponential growth phase on the second day of strain AY5 cultivation in the
presence of 100 mgL−1 Fe (Figure S1).
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3.2. Low-Soluble Sulphide Production by Strain AY5 at Different pH

Mineralogical analysis of precipitates from the bioreactor at pH 7.0 showed no crys-
talline phases until day 2, when tiny peaks characteristic of greigite (Fe3S4) appeared
(Figure 5A). Greigite increased in crystallinity by day 5 in the bioreactor. Several well-
resolved peaks of greigite were observed after 8 days of cultivation in the batch-culture
mode (Figure 5B).
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+3(SO4)3·7H2O (PDF-44-1426).
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No other crystalline sulphides were formed by strain AY5 at pH 7.0. No pronounced
crystalline phase was observed in precipitates from the bioreactor when strain AY5 was
grown at pH 6.5 (Figure S2A). The greigite peaks appeared in the precipitates when the
culture was transferred to the batch culture mode by day 8 (Figure S2B). An iron phosphate,
vivianite, Fe3(PO4)2·8H2O, was the major crystalline phase starting from day 24 in the
batch culture.

The most pronounced crystalline sulphide formation was detected when the pH in
bioreactor was decreased to 6.0. The well-resolved peaks of greigite were observed by days
2 and 3 (Figure 6A). Greigite gained in crystallinity by days 8 and 18, when the culture was
transferred to the batch conditions (Figure 6B).
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Figure 6. X-ray diffraction patterns of solids from the bioreactor (A) and batch cultures (B) of Desulfovibrio desulfuricans
strain AY5 grown at pH 6.0 after different incubation times. Letter codes: Gr = greigite, Fe3S4(PDF-16-0713); Py = pyrite,
FeS2(PDF-42-1340); S = sulphur (PDF-06-0248); Kr = kornelite, Fe2

+3(SO4)3·7H2O (PDF-44-1426).

Table S2 appeared by day 24 in batch culture. Greigite was the major crystalline phase
in the precipitate at pH 5.5. It appeared by day 1 of cultivation in the bioreactor (Figure S3).
Further reduction in pH in the bioreactor to 5.0 resulted in the disappearance of crystalline
sulphides. Poorly resolved peaks of greigite appeared by day 40, when the culture was
transferred to the batch conditions (Figure 7).
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Figure 7. X-ray diffraction patterns of solids from the bioreactor (A) and batch cultures (B) of Desulfovibrio desulfuricans strain
AY5 grown at pH 5.0 after different incubation times. Letter codes: Gr = greigite, Fe3S4(PDF-16-0713); Ha = halite, NaCl
(PDF-05-0628); Bl = bernalite, Fe3+(OH)3(PDF-46-1436); Gt = goethite, Fe+3O(OH)(PDF-03-0251); S = sulphur (PDF-08-0248).

4. Discussion

Apart from the type strain, six genomes of D. desulfuricans are available in the
NCBI database. The phylogenetic analysis of concatenated sequences of 120 conserva-
tive marker genes from the genomes revealed that strains DSM 7057 (GCA_900119095.1)
and ATCC27774 (GCA_000022125.1) form a separate cluster on the tree, and possibly
represent different species (Figure 2). The ANI value between these strains and the type
strain, DSM642T, does not exceed 80%. The same refers to the strains NBRC 13,699
(GCA_006539305.1) and ND132 (GCA_004801255.1), indicating that their taxonomic posi-
tion may require reclassification.

The occurrence of the complete nitrogenase operon in the strain AY5 genome and
its capability to grow in an N2atmosphere without any nitrogen addition to the liquid
medium is in line with the suggestion that N2fixation by strain AY5 may be beneficial for
its growth in the human gut. Animals are often nitrogen-limited, and overexpression of
nitrogenase genes was demonstrated in the first human isolate, Desulfovibrio diazotrophicus,
capable of nitrogen fixation [34]. The transcriptome analysis of D. diazotrophicus grown
in nitrogen-limiting conditions revealed overexpression of a urea uptake system and the
urease complex along with the nitrogenase complex. Urease transforms urea into ammonia
and CO2, a phenomenon that also increases the pH due to the alkaline properties of
ammonia. Desulfovibrio most likely acquired the urease complex from Gammaproteobacteria
by horizontal gene transfer. The ability of ureases to raise the pH of their environment
benefits pathogens, including the notorious Helicobacter pylori, when colonising the stomach
and downstream gut [35]. It is conceivable that strain AY5 may utilise ammonia production
via urease activity to survive at a low pH in the upper GI tract.

The significant pH alteration in the different sections of human intestine was demon-
strated with the use of a telemetric drug delivery device [19]. In the proximal part, the
pH varies from 5.9 to 6.3 and increases to 7.4–7.8 in the distal part. In our experiments in
the bioreactor and batch culture, the most pronounced crystalline iron sulphide formation
occurred at pH 6.0. This implies that the most significant iron loss due to insoluble sulphide
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formation occurs in the proximal part of the GI tract. In the stomach, where the pH is less
than 5, and in the distal intestine, where the pH exceeds 7, the conditions do not benefit
crystalline sulphide production. Fe2+ absorption occurs mainly in the proximal duodenum
at the brush border of the mucosa cells [36].

It is conceivable that Desulfovibrio associated with the mucosa provides initial nucle-
ation sites for the formation of iron sulphide nanocrystals. The observed Fe-S-containing
layer surrounding the strain AY5 cells may provide a nanoparticulate phase, which was
demonstrated as a necessary solid-phase precursor prior to the formation of stable iron
sulphide crystals [37]. The mucus layer, covering the epithelial cells of the gut, contains
sulphated oligosaccharides [38]. Sulphate derived from sulphomucin degradation may
promote the colonization of the gut by SRB, including Desulfovibrio [39]. SRB are a com-
mon constituent of the human gut microbiome [40,41]. Relatively little is known about
the ecology of SRB populations in the human colon; however, in the mouse, SRB were
found to be most abundant in those intestinal regions harbouring the greatest density of
sulphomucin-containing goblet cells [42].

A recent report of a large autism stool metagenomics study (n =247) questioned direct
associations between ASD diagnosis and the gut microbiome [43]. Instead, an ASD-related
less-diverse diet was suggested to cause reduced microbial taxonomic diversity. From this
point of view, the dietary requirements preventing iron binding in the GI tract by SRB are
conceivable. Nonetheless, further investigation into the role of bioavailable iron reduction
in the human colon via microbial sulphate reduction is warranted.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms9122558/s1, Figure S1. The presumed iron sulphide precipitate formed already
in the exponential growth phase on the second day of Desulfovibriodesulfuricans strain AY5 cultivation
in the presence of 100 mgL−1 Fe. Figure S2. X-ray diffraction patterns of solids from bioreactor and
batch cultures of Desulfovibrio desulfuricans strain AY5 grown at pH 6.5 after different incubation time.
Figure S3. X-ray diffraction patterns of solids from bioreactor and batch cultures of strain AY5 grown
at pH5.5 after different incubation time.
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