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Abstract

The presence of bacterial DNA in Dientamoeba fragilis DNA extracts from culture poses a
substantial challenge to sequencing the D. fragilis genome. However, elimination of bacteria
from D. fragilis cultures has proven difficult in the past, presumably due to its dependence
on some unknown prokaryote/s. This study explored options for removal of bacteria from
D. fragilis cultures and for the generation of genome sequence data from D. fragilis. DNA
was extracted from human faecal samples and xenic D. fragilis cultures. Extracts were sub-
jected to 16S ribosomal DNA bacterial diversity profiling. Xenic D. fragilis cultures were
then subject to antibiotic treatment regimens that systematically removed bacterial species
depending on their membrane structure (Gram-positive or Gram-negative) and aerobic
requirements. The impact of these treatments on cultures was assessed by 16S amplicon
sequencing. Prior to antibiotic treatment, the cultures were dominated by Gram-negative bac-
teria. Addition of meropenem to cultures eliminated anaerobic Gram-negative bacteria, but it
also led to protozoan death after 5 days incubation. The seeding of meropenem resistant
Klebsiella pneumoniae strain KPC-2 into cultures before treatment by meropenem prevented
death of D. fragilis cells beyond this 5 day period, suggesting that one or more species of
Gram-negative bacteria may be an essential nutritional requirement for D. fragilis. Gram-
positive cells were completely eliminated using vancomycin without affecting trophozoite
growth. Finally, this study shows that genome sequencing of D. fragilis is feasible following
bacterial elimination from cultures as the result of the major advances occurring in bioinfor-
matics. We provide evidence on this fact by successfully sequencing the D. fragilis 28S large
ribosomal DNA subunit gene using culture-derived DNA.

Introduction

Dientamoeba fragilis is a trichomonad parasite that resides in the human bowel (Stark et al.,
2016). Despite being found on every inhabited continent and being the most prevalent tricho-
monad parasite to infect humans (Stark et al., 2016), relatively little genetic research has been
published on this unusual organism. The role of D. fragilis in human gut health is under
debate, and its pathogenic potential is under investigation (Barratt et al., 2011; Jokelainen
et al., 2017). Unfortunately, current culture systems for D. fragilis are xenic, usually containing
a poorly defined mixture of bacteria, which greatly hampers research on this organism. Several
xenic culture systems exist for D. fragilis, the most commonly used is a biphasic Loefflers
serum slope overlaid with PBS and supplemented with rice starch granules (Barratt et al.,
2010; Munasinghe et al., 2012). Long term cryopreservation of D. fragilis trophozoites has
been reported using various concentrations of dimethyl sulfoxide (DMSO) and glucose,
though these methodologies have been used with varying success (Dwyer and Honigber,
1971; Sawangjaroen et al., 1993; Barratt et al., 2010).

D. fragilis has co-evolved with the natural flora of the bowel, which it voraciously grazes
upon by phagocytosis. These prokaryotes undoubtedly satisfy an important nutritional
requirement for growth of this protozoan in vivo and in vitro. Indeed, pioneering studies by
Brug (1936) and Jacobs (1953) confirmed a strong dependence on live bacteria as a food
source for cultured D. fragilis trophozoites, specifically noting that dead bacteria were insuffi-
cient for sustained trophozoite growth.

The bacteria in D. fragilis cultures complicate research on this parasite, including animal
studies aiming to elucidate its pathogenicity (Munasinghe et al., 2013), as the presence of
these bacteria is difficult to control for. Additionally, the presence of bacterial DNA in
DNA extracts from D. fragilis cultures represents a significant challenge for whole genome
sequencing. Bacterial cells which generally outnumber D. fragilis trophozoites in culture, are
present in the cytoplasm of the protozoan due to its grazing and are difficult to remove by
methods of washing and centrifugation. Consequently, bacteria-derived genomic DNA is dif-
ficult to exclude from D. fragilis culture extracts and competes with that of D. fragilis in
sequencing experiments. These difficulties are increased by the fact that the D. fragilis genome,
like that of other trichomonads, is probably extremely large for a protozoan and highly repeti-
tive (Barratt et al., 2016). The net result is a fragmented assembly consisting of partial bacterial
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genomes, some contigs derived from D. fragilis, and many contigs
for which the origin cannot be accurately determined. In addition,
many early branching protozoa, including the trichomonads, are
known recipients of bacterial genes obtained via lateral gene
transfer (Barratt et al, 2016). This also complicates sequencing
experiments involving D. fragilis, and was an issue for the D. fra-
gilis transcriptome sequencing project where a proportion of the
transcripts could not be confidently assigned to a prokaryotic or
eukaryotic origin (Barratt et al., 2015). Reducing the complexity
of bacteria in D. fragilis cultures would greatly assist these down-
stream sequencing experiments.

Preliminary studies defining the microbial flora in D. fragilis
cultures were conducted by Barratt et al. (2010) using standard
phenotypic microbiological techniques. Several bacterial species
were identified, with Escherichia coli predominating in each iso-
late (Barratt et al., 2010). While this is not surprising, these clas-
sical microbiological methods do not capture the complete
diversity of a sample, particularly in complex samples such as
those derived from the human gut. Moreover, metagenomic ana-
lyses have revealed that at least 2100 bacterial species inhabit the
gastrointestinal tract of humans, the vast majority of which can-
not be cultured using traditional laboratory techniques (Eckburg
et al., 2005; Hugon et al., 2015). The sequencing of metagenomes
has become possible due to rapid advancements in DNA sequen-
cing and bioinformatics enabling large scale projects that provide
unprecedented insight into the diversity of complex microbial
communities (Hugenholtz, 2002; Tringe et al., 2005).

The primary aim of this present study was to investigate ways
that would reduce the number and complexity of bacterial species
present in D. fragilis cultures that in turn would facilitate the gen-
eration of genome sequencing data from D. fragilis using a meta-
genomics approach. Initially, the bacterial diversity of clinical as
well as previous D. fragilis in vitro culture samples was investi-
gated in order to define those bacterial species associated with
D. fragilis growth. Specific bacteria were then systematically elimi-
nated from D. fragilis cultures using antibiotic treatments and the
impact of these treatments on the microbial community was
assessed by 16S ribosomal DNA bacterial diversity profiling.
Following the reduction of bacterial species in culture, whole gen-
ome sequencing was conducted. A metagenomic approach to gen-
ome assembly was applied, resulting in the identification of the
previously uncharacterized D. fragilis 28S ribosomal subunit
gene. This sequencing represents the first step and a proof of con-
cept towards the study of the entire D. fragilis genome.

Methodology

Collection of stool specimens and maintenance of D. fragilis
cultures

Isolates A, E, and V were isolated and cultured during a previous
study and stored at —80 °C (Barratt et al., 2010). Isolate Q was cul-
tured during this study from the stool of a symptomatic patient
who presented at St. Vincent’s Hospital, Sydney for investigation
of bowel complaints. This isolate was maintained routinely in the
diagnostic laboratory (SYDPath) at St Vincent’s Hospital, Sydney,
using the culture techniques described below. Faecal samples were
obtained from symptomatic patients carrying D. fragilis and the
presence or absence of bacterial and protozoan pathogens was
confirmed using the Genetic Signatures EasyScreen enteric para-
site detection kit and the Genetic Signatures EasyScreen enteric
prokaryote detection kit (Stark et al., 2014). A second unpre-
served stool sample was obtained from the D. fragilis positive
patient and ~10 mg of stool was placed onto a 5 mL inspissated
serum slope (prepared as described below) overlaid with 3 mL
of PBS containing 0.1 g of refined starch granules. Care was
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taken to minimize exposure of D. fragilis faecal samples to oxygen
in order to maximize the success of the cultures.

To prepare the inspissated serum slopes, 5 mL volumes of
Loeffler’s slope serum were aliquoted into McCartney bottles
under sterile conditions. The bottles were placed at a 30-45°
angle during insipissation. The slopes were then autoclaved
using a dry sterile cycle of 89 °C for 15-20 min and allowed to
cool and solidify at room temperature, before storage at 4 °C.

Following inoculation with stool the cultures were placed in an
anaerobic jar under microaerophilic conditions (0.2% O,, 9.9%
CO,, 5% H, and 84.9% N) using the Anoxomat apparatus
(Advanced Instruments). Cultures were incubated at 37 °C for
48 h, and then examined for D. fragilis trophozoites using phase
contrast microscopy at 400x magnification. This was performed
routinely on positive cultures to follow their longevity.
Approximately 250 fields of view were inspected for each slide,
with positive identification of D. fragilis growth based upon the
characteristic morphology of D. fragilis. D. fragilis cultures were
passaged into fresh media and incubated at 37 °C under micro-
aerophilic conditions on a 48-72 h weekly timetable.

DNA extraction from faecal and culture samples

DNA was extracted from 10 faecal samples confirmed positive for
D. fragilis trophozoites using multiplex qPCR (Genetic
Signatures), and 10 control faecal samples, all of which were con-
sidered free of gastrointestinal pathogens via multiplex qPCR
(Genetic Signatures). The extraction of DNA from D. fragilis cul-
tures and stool was performed using a Qiagen DNA extraction
robot (EZ1). Briefly, 250 ul G2 buffer, 10 ul Proteinase K and
10 mg of stool or culture sample were added to an Eppendorf
tube and vortexed for 30 s to mix thoroughly. Samples were
then placed on a heating block at 95°C for 10 min. Samples
were then spun at 13 000 rpm for 2 min. Next, 200 uL of super-
natant for each sample was removed and used for DNA extraction
using the EZ1 and the Qiagen EZ1 DNA tissue kit, following the
manufacturer’s extraction protocol.

Bacterial diversity profiling

Genomic extracts of DNA (20 yL) derived from the two faecal
sample groups (10 stool containing D. fragilis and 10 negative
stool controls) and four cultured isolates were submitted to the
Australian Genome Research Facility (AGRF) service provider
for amplicon sequencing of the V3-V4 341F - 806R region of
the 16S rDNA gene using propriety PCR primers and the
Mumina MiSeq platform. The DNA samples were prepared
according to the service providers instructions, at a concentration
of greater than 10 ng ul™" and with A260/A280 ratios between the
range of 1.6-1.9. Upon receipt of these DNA samples, AGRF per-
formed a polymerase chain reaction (PCR) targeting the V3-V4
341F - 806R region of the 16S ribosomal DNA using the forward
primer sequence 5'-CCTAYGGGRBGCASCAG-3’ and the reverse
primer sequence 5-GGACTACNNGGGTATCTAAT-3". Forward
and reverse primer overhangs were also appended to the primer
pair sequences for compatibility with Illumina index and sequen-
cing adapters (forward: 5-TCGTCGGCAGCGTCAGATGTGT
ATA AGAGACAG-3. Reverse: 5-GTCTCGTGGGCTCGGAGA
TGTGTATAAGAGACAG-3'). The amplicons from each sample
were then sequenced in multiplex, on the Illumina MiSeq plat-
form, utilizing Illumina’s Nextera XT v2 indices and paired end
sequencing chemistry. In addition to the paired-end .fastq
sequence files generated, a report was generated including a
description of the operational taxonomic units (OTUs), their rela-
tive abundance and raw read counts for all prokaryotic taxa
detected in each sample. One way Analysis of Similarity
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(ANOSIM) based on Bray-Curtis distance of this microbiome
data was performed using PAST V3.15 (Hammer et al., 2001).

Antibiotic treatment of xenic D. fragilis cultures

Antibiotic treatment regimens were used to systematically remove
bacteria based on the information received from the diversity
profile. Antibiotics were selected depending on their Gram iden-
tification and aerobic requirements. Meropenem (Ranbaxy) was
added to D. fragilis cultures at a concentration of 10 yg mL™"
which exceeds the sensitive/intermediate (S/I) breakpoint of
<2mg L' recommended by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) (Giske et al,
2017). Vancomycin (Ranbaxy) was added to a concentration of
10 uyg mL™', exceeding the EUCAST MIC break point for
Vancomycin of >2mg L' (Giske et al, 2017). Preliminary
experiments showed that removal of Gram negative bacteria
from the D. fragilis cultures was lethal to D. fragilis and these
observations led to the incorporation of a drug-resistant
Klebsiella pneumonia into the cultures in the following way.
Immediately following the addition of an antibiotic to culture,
two colonies of KPC-2 carbapenem resistant K. pneumonia origin-
ally sourced from Villegas et al. (2006), were picked from a Blood
agar plate and added to the cultures. Ten passages with antibiotic
treatment were performed before cultures were resubmitted to
AGRF to assess the impact of the antibiotic treatment.
Antibiotic treated cultures were passaged in triplicate on the
same 48-72 hour schedule, with antibiotics and KPC-2 K. pneu-
moniae added after each passage. D. fragilis trophozoite counts
were assessed via qQPCR that was validated against a titration of
known cell counts (Chan et al, 2016; Gough et al, 2019).
Throughout the experiment untreated cultures (in triplicate)
were also passaged as a negative control to the antibiotic treatment.

Genome sequencing and bioinformatic analysis/validation

Specific details, scripts and parameters regarding the sequencing
and bioinformatic methodologies are provided in the
Supplementary Materials (Sup. 1). In summary, an Illumina
gDNA shotgun library was prepared by AGRF using DNA
extracted from an antibiotic treated D. fragilis culture. The library
was then sequenced on an Illumina HiSeq 2500 platform produ-
cing 125 bp paired end reads. Reads were then trimmed, filtered
and assembled using the metagenomic software metaSPAdes
(Nurk et al., 2017). In order to confirm the presence of D. fragilis
reads prior to assembly, trimmed and filtered reads were mapped
using Bowtie2 against a previously published D. fragilis transcrip-
tome (Barratt et al., 2015), as well as the Trichomonas vaginalis
shotgun genome (Carlton et al., 2007).

To identify contigs within the assembly, the metaSPAdes
scaffold output was visualized using Bandage (Holt et al., 2015).
Contigs containing rDNA sequence were identified by a
BLASTN search within Bandage using the T. vaginalis 28S
rDNA (NW_001581582). Primers (forward: 5-GGAGCTTGT
GGCTTAATTTGA-3'. reverse: 5-GTCGGCATAGTTTAAGG
TAGG-3") were designed to amplify a section of the rDNA repeat
by a long-range PCR using the following reagents: 10 ul of Ranger
polymerase buffer (Bioline), 2 ul of 10 M forward primer, 2 ul of
10 M reverse primer, 2.5 yl of DMSO, 1 ul of Ranger polymerase
(Bioline), 20.5 ul H,0 and 2 ul of D. fragilis gDNA template.
The reaction was then subjected to the following cycling condi-
tions: 95 °C for 3 min, followed by 30 cycles of 98 °C for 10 s
and 58 °C for 8 min. The PCR product was then sequenced
using the Nextera FLEX sample preparation and MiSeq Nano
V2 next generation sequencer (Illumina). The reads were trimmed
and filtered, then assembled using metaSPAdes.
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Results
D. fragilis trophozoite growth

D. fragilis trophozoites were identified according to their morph-
ology, namely a trophozoite diameter of 5-15 ym, ranging from
spherical to amoeboid in shape, often accompanied by the pres-
ence of ingested starch granules which produce a refractile
appearance under light microscopy (Fig. 1). Cell counts reached
a peak of 250 trophozoites per ul of culture, although numbers
fluctuate depending on the time cultures are observed and their
position in the cell life cycle.

Bacterial diversity of faecal samples

Over 208 individual OTUs (Observational Taxonomic units) were
identified in the ten control and ten D. fragilis positive faecal sam-
ples collected from St Vincent’s Hospital. Despite this large num-
ber, total bacterial abundance was dominated by 20 OTUs, with
the remaining 188 having a total abundance of less than 1% across
the 20 samples in total. Of the 20 most abundant OTUs, 17 were
identified as Gram-negative which is a common observation
reported in other studies of the human gut microbiome
(Arumugam et al., 2011). PAST statistical software was used to
analyse the significance of OTU presence between the two sample
groups. One way ANOSIM showed a significant difference in bac-
terial diversity in D. fragilis positive samples compared to the con-
trol group (P=0.0203) although separation between the groups
was low (R=0.1353) (Fig. 2). Enterobacteriaceae were four
times more abundant in the control group than D. fragilis positive
samples. Conversely, Akkermansia muciniphila was five times
more abundant in D. fragilis positive samples. Prevotella copri
was also seen in incredibly high abundance in two samples
from the D. fragilis positive group (51% and 19%), an abundance
greater than that seen in the two control group samples in which
it was found (3.3% and 1.3%). Relative abundances of the 20 most
prominent OTUs can be seen in Table 1.

Bacterial diversity of long term D. fragilis cultures

Isolate Q cultures exhibited constant, rigorous growth for the dur-
ation of the experiment and provided sufficient material for DNA
extraction. Individual D. fragilis cells exhibited mostly typical
morphology (pleomorphic, ranging in size from 10 to 15 ym),
with the majority of cells displaying evidence of recent ingestion
of starch granules, examples of which can be seen in Fig. 1.

A diverse range of bacterial species were identified across iso-
lates A, E, Q and V, although bacterial diversity was significantly
dominated by members of the Enterobacteriaceae family, and the
Prevotella and Bacteroides genera. These three made up 65% of all
bacterial reads across the four isolates. OTUs equal to or greater
than 1% of total abundance can be seen in Fig. 3.

Meropenem treatment

Introduction of meropenem to cultures reduced anaerobic
Gram-negative growth but also led to protozoan death after 5
days. Inclusion of the meropenem resistant KPC-2 K. pneumoniae
into cultures before meropenem treatment prevented the death of
D. fragilis cells beyond 5 days, suggesting some nutritional
requirement is provided by Gram negative bacterial cells in cul-
ture. 16S bacterial diversity profiling of meropenem treated cul-
ture spiked with KPC-2 K. pneumoniae revealed a total of 27
bacterial OT'Us present within the culture, a reduction of 12 com-
pared to the 39 total species found in the untreated isolate Q cul-
ture. More importantly, 18 of the 27 OTUs identified in the
meropenem treated culture had a total relative abundance of


https://doi.org/10.1017/S0031182019001173

32

Rory Gough et al.

Fig. 1. Phase contrast microscopy of cultured D. fragilis trophozoites (isolate Q). (A) Displays a D. fragilis trophozoite of typical morphology with visible digestive
vacuoles. (B) Shows a D. fragilis trophozoite of amoebic morphology. (C) Displays a large D. fragilis trophozoite with ingested starch granules. An example of tropho-
zoite size variation can be seen in D which contains two trophozoites with ingested starched granules.
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Fig. 2. One way analysis of similarity (ANOSIM) based on 404
Bray-Curtis distance for bacterial diversity across con-
trol faecal samples and D. fragilis positive samples. 20

ANOSIM showed a significant difference in bacterial
diversity in D. fragilis positive samples compared to

the control group (P=0.0203) although separation 0
between the groups was low (R=0.1353).

less than 1%. The meropenem resistant KPC-2 K. pneumoniae
dominated total abundance with 49.1%. Of the nine most abun-
dant OTUs identified in meropenem treated cultures, four were
Gram-positive bacteria. Specific abundances for OTUs over 1%
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can be found in Fig. 4. D. fragilis trophozoite growth was assessed
at this point using qPCR. Although trophozoite numbers fell to
2500 trophozoites per mL after meropenem treatment from
7000 trophozoites per mL in the untreated control, trophozoite
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Table 1. Twenty most abundant OTUs for control and D. fragilis positive faecal samples. OTUs are defined to their most specific level provided by AGRF 16S sequencing. O: order, F: family, G: genus, S: species. C1-10 = control
samples 1-10, D1-10 = D. fragilis positive samples 1-10

Abojoispind

ssa.d Alssanun sbprique) Aq auljuo paysiiand ££1100610Z8L LE00S/ZL0L0L/BI0 10p//:sd1y

OTU ID Total C1 Cc2 C3 C4 C5 Cé6 c7 C8 Cc9 C10 D1 D2 D3 D4 D5 D6 D7 D8 D9 D13
f_Enterobacteriaceae 15% 0% 54% 1% 44% 80% 14% 1% 0% 0% 78% 1% 1% 1% 0% 0% 1% 0% 10% 10% 0%
f_Ruminococcaceae 15% 37% 1% 21% 18% 0% 3% 26% 28% 25% 1% % 13% 11% 8% 12% % 22% 18% 21% 16%
g_Bacteroides 12% 21% 17% 15% 0% 0% 4% 4% 10% 18% 6% 46% 5% 39% 0% 18% 1% 5% 19% 6% 13%
g_Akkermansia;s_muciniphila 6% 1% 0% 0% 2% 0% 0% 1% 0% 2% 0% 27% 0% 8% 16% 24% 2% 0% 15% 3% 12%
f_Rikenellaceae 5% 1% 0% 26% 0% 0% 13% 9% 1% 0% 0% 1% 2% 3% 0% 5% 0% 12% 11% 2% 10%
g_Bacteroides;s_uniformis 4% 1% 1% 3% 0% 0% 2% 8% 3% 12% 0% 3% 1% 18% 0% 13% 0% 8% 0% 10% 1%
g_Prevotella;s_copri 4% 0% 0% 3% 0% 0% 0% 1% 0% 0% 0% 0% 52% 0% 0% 0% 0% 20% 0% 0% 0%
o_Clostridiales 4% 2% 0% 1% 1% 0% 1% 13% 2% 6% 0% 4% 3% 2% 19% 6% 0% 9% 1% 2% 5%
f_Enterobacteriaceae; other 4% 0% 0% 0% 0% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0% 0% 73% 0% 0% 1% 0%
f_Lachnospiraceae 3% 4% 0% 2% 3% 0% % 3% 8% 4% 1% 0% 2% 2% 2% 1% 1% 2% 1% 7% 5%
g_Bacteroides;s_caccae 2% 8% 3% 1% 0% 0% 6% 1% 1% 3% 0% 2% 0% 1% 5% 2% 0% 2% 0% 4% 4%
g_Ruminococcus 2% 2% 0% 0% 2% 0% 1% 10% 2% 3% 0% 1% 1% 2% 1% 2% 0% 3% 1% 8% 6%
g_Dialister 2% 0% 0% 6% 0% 0% 0% 0% 0% 0% 0% 0% 6% 0% 24% 0% 4% 0% 1% 0% 0%
g_Klebsiella 2% 0% 2% 2% 15% 14% 1% 1% 0% 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 2% 0%
g_Sutterella 2% 6% 6% 1% 0% 0% 1% 0% 0% 10% 0% 0% 1% 0% 0% 0% 0% 0% 1% 1% 1%
g_Parabacteroides 1% 2% 0% 2% 0% 0% 1% 0% 1% 1% 6% 1% 1% 1% 9% 0% 0% 2% 0% 1% 1%
g_Parabacteroides;s_distasonis 1% 1% 3% 0% 0% 0% 14% 0% 0% 0% 0% 2% 1% 1% 0% 1% 0% 1% 0% 1% 1%
g_Oscillospira 1% 0% 0% 1% 0% 0% 3% 2% 1% 2% 0% 0% 2% 1% 2% 1% 0% 3% 2% 1% 1%
f_Barnesiellaceae 1% 1% 0% 5% 0% 0% 3% 1% 0% 0% 0% 0% 0% 0% 0% 1% 0% 2% 0% 0% 7%

€€
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Isolate E

mf__Enterobacteriaceae

m f__lachnospiraceae

® g__Bacteroides;s__uniformis
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m g_ Porphyromonas

m g__ Pyramidobacter
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mg_ Prevotella
m o__Bacteroidales;f__524-7
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Isolate Q
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mg_ Bactercides
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W g Megasphaera

B f__Aeromonadaceae
= f__Ruminococcaceae
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®g__Llysinibacillus

= o__Bacteroidales
wf__Clostridiaceae

mg__ Succiniclasticum
m g__ Pyramidobacter;s__piscolens

" g__Bacteroides;s__uniformis

Fig. 3. Bacterial diversity in long term D. fragilis cultures. Bacterial reads are classified to their most specific definition according to 16S ribosomal sequencing.
Legend: O, order, F, family, G, genus, S, species. OTUs of <1% have been omitted but can be found in the supplementary information. Culture names are provided

above each pie chart.

growth was constant and cultures remained stable for the duration
of the experiment.

Vancomycin treatment

Addition of vancomycin to cultures after meropenem treatment
eliminated all Gram-positive bacteria from the culture further
reducing the total number of bacterial OTUs to 13. Only five
OTUs were identified as having a relative abundance greater
than 1%. The vast majority of this relative abundance was again
dominated by the KPC-2 K. pneumoniae, reaching 78.4%
(Fig. 4). Following vancomycin treatment, qPCR revealed D. fra-
gilis trophozoite numbers decreased to an estimated 150 tropho-
zoites per mL by qPCR. Despite the reduced cell count, D.
fragilis cultures remained viable and stable for a period of 6
weeks. DNA was extracted from this culture for genomic DNA
sequencing.

Structure and general features of the D. fragilis 285-18S rDNA
repeat

Following read filtering and trimming, 48 067259 paired end
reads remained. Mapping to the D. fragilis transcriptome and T.
vaginalis shotgun genome revealed 809 813 of those reads map-
ping to the indexed sequences. This equates to 1.6% of the total
reads, with the remaining 98.4% of reads being of prokaryotic

https://doi.org/10.1017/50031182019001173 Published online by Cambridge University Press

origin. Assembly of the filtered and trimmed reads generated
32427 contigs, the longest being 1 235 710 bp in length, identified
via BLASTN as the Lachnoclostridium sp. YL32 complete genome
(GenBank accession number: CP 015399.2). Following metagen-
ome assembly, an 8 Kb contig was identified in Bandage using
a BLASTN search with a T. vaginalis 28S rDNA sequence.

In order to confirm the sequence of the rDNA contig, long
range PCR amplified a product of ~8 Kb, although following
sequencing, a contig of only 4702 bp (Sup. 2.) could be assembled,
the structure of which can be found in (Fig. 5). The contig con-
tained 1501 bp of 18S rDNA, 85bp of ITSI, 161 bp of 5.8S
rDNA, 63 bp of ITS2, 2847 bp 28S rDNA and finally a 45 bp
IGS partial sequence (GenBank accession number: MK526886).
BLASTN analysis showed the D. fragilis 18S, ITS1 and ITS2
sequences to be highly homologous with those previously depos-
ited in Genbank (JQ677148, DQ233461). The D. fragilis 28S
rDNA returned similarities of 85% and 79% to the Histomonas
meleagridis (HM185490) and T. vaginalis 28S (NW_001581582)
rDNA sequences respectively.

Discussion

Transcriptome studies on D. fragilis trophozoites suggest that this
species expresses proteins associated with virulence (Barratt et al.,
2015). However increasing recognition of the complexity of the
host/parasite/microbiome relationship indicates commensal
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Isolate Q post Meropenem treatment

g__lactobacillus,

g__Bacteroides, 1-90%

3.00%

g__Prevotella, 4.10%

g_ Parabacteroides,
5-10%

g__Sutterella, 7-90%

f__Clostridiaceae,
9-70%

g__Bifidobacterium,
12-90%

f__Lachnospiraceae,
1-50%

Klebsiella, 49-10%

Isolate Q post Vancomycin treatment

g__Bilophila, 4-13%

g__Desulfovibrio,
4.96%

g__Sutterella,
10-48%

g__Phascolarctobacterium, 1-87%

g_ Klebsiella, 78-40%

Fig. 4. Effect of antibiotic treatment on bacterial diversity in D. fragilis cultures. (A) Bacterial diversity post meropenem treatment and (B) bacterial diversity post
meropenem and vancomycin treatment. Meropenem reduced bacterial diversity from 18 OTUs over 1% abundance to nine bacterial OTUs. Vancomycin further

reduced bacterial diversity to only five OTUs with abundance over 1%.

185 5-85 285
1501bp 161bp 2847bp
ITS1  ITS2 1G5
85bp  63bp

Fig. 5. D. fragilis ribosomal DNA repeat gene structure. D. fragilis rDNA gene structure
and arrangement following sequencing of long range PCR amplicon. The three ribo-
somal RNA genes (18S, 28S and 5.8S), internal transcribed spacers (ITS1 and 2) and
(IGS) are shown.

bacteria and probiotics play some role in the outcome of proto-
zoan infections (Bér et al., 2015; Partida-Rodriguez et al., 2017;
Leung et al., 2018). It is currently impossible to isolate D. fragilis
from faecal samples without co-culturing of the host’s gastrointes-
tinal microbiota. However, there has been no investigation exam-
ining the associations between D. fragilis infection and host
gastrointestinal microbiota. While this association was not the
primary aim of this study due to the limited sample size, it was
necessary to assess bacterial diversity of in vivo and in vitro
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samples in order to select an appropriate bacterial species to
spike cultures with in order to prevent trophozoite death.

Host cells within the human gastrointestinal tract are outnum-
bered by bacterial cells to a factor of 10 (Bull and Plummer, 2014).
The majority of these bacterial cells are considered strict anae-
robes, outnumbering aerobic bacteria by 100 fold (Harris et al.,
1976). Although a wide range of bacteria have been identified
in the human gut to date, the typical host gut microbiome is
dominated by two phyla, Firmicutes and Bacteroidetes, the vast
majority of which are commensal or beneficial to the host
(Lozupone et al., 2012). This allows the gut to attempt to maintain
homeostasis via functional redundancy, where multiple microbial
groups carry out the same functional process under the same con-
ditions, allowing for bacterial diversity between individual hosts
without compromising complete function for a particular host
(Sekirov et al., 2010; Lozupone et al., 2012). This delicate network
that is formed from the amalgamation of host/bacterial interac-
tions is vital to human health and disruption to this complex bal-
ancing act has been associated with a myriad of human diseases
including inflammatory bowel disease (IBD) (Dicksved et al.,
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2008), obesity (Ley et al., 2006), and cancer (Roy and Trinchieri,
2017). Additional complexity is added to these networks when the
presence of commensal and pathogenic protozoa are considered.
What develops is a food chain hierarchy of protozoan apex preda-
tors and bacterial prey.

The bacterial microbiomes of two sample groups (10 stool
containing D. fragilis and 10 negative stool controls) were
sequenced using 16S: V3-V4 341F - 806R on the Illumina
MiSeq platform, then compared against each other to understand
what bacterial diversity D. fragilis encounters in vivo and to exam-
ine if normal bacterial diversity is different in the presence of D.
fragilis trophozoites. This information was necessary for the pro-
gression of this study, as it was suggested that the initial bacterial
composition of in vitro D. fragilis cultures is likely to emulate that
found in vivo. DNA was extracted from 10 faecal samples that did
not contain D. fragilis and 10 faecal samples that were positive for
D. fragilis infection via qPCR. Over 200 individual OTUs were
identified between the 20 samples. Bacterial abundance was
dominated by 20 OTUs, leaving a large varied collection of aux-
iliary microbiota, again indicative of gastrointestinal functional
redundancy.

Significant differences were seen between the two sample
groups (P =0.02) although overall separation was low with an
R value of 0.1353. The sample size used makes association of spe-
cific OTUs to D. fragilis infection problematic so we restrict our
comments to significant observations.

Major differences between the two sample groups were confined
to a limited number of OTUs, primarily Enterobacteriaceae,
A. muciniphila and P. copri. The high abundance of A. muciniphila
in D. fragilis positive groups is particularly interesting due to
A. muciniphila’s use as an anti-inflammatory agent (van Passel
et al., 2011) and has not been observed in similar studies focusing
on D. fragilis (O’Brien Andersen et al., 2016). Studies have con-
cluded that an increase in A. muciniphila corresponded with a
reduction in gastrointestinal inflammation in mice, a finding
potentially at odds with the data returned from our study
(Caesar et al, 2015). It is possible that the patients from which
the D. fragilis positive faecal samples were collected may have
been taking probiotic supplements containing A. muciniphila but
this information was not accessible in this study. The overall reduc-
tion of Enterobacteriaceae across the D. fragilis positive samples
was surprising, considering this OTU was the most abundant in
three of the four long term D. fragilis cultures.

Bacterial diversity profiles were established for all D. fragilis cul-
tures available, in order to explore the identity of the bacteria present
in long term in-vitro cultures as well as to identify the most effective
antibiotic treatments needed to reduce the bacterial diversity present
in them. A predominance of the Gram-negative bacteria was seen in
these long term cultures where members of the Enterobacteriaceae
family, and the Prevotella and Bacteroides genera, contributed 65%
of bacterial 16S sequence reads across the four isolates.

On the basis of the 16S bacterial diversity profiles for faecal and
long term cultures, meropenem was chosen as the first antibiotic to
reduce bacterial diversity within cultures of isolate Q. Meropenem is
a broad spectrum antibiotic with activity against a range of
Gram-negative and positive bacterial species (Sheikh et al., 1993).
This broad spectrum activity was apparent upon first use, as bacter-
ial cell numbers drastically dropped within 4 days and D. fragilis
trophozoite numbers followed suit within an additional 2 days,
indicating the requirement for a minimum threshold of bacteria
needed in D. fragilis culture, an observation supporting earlier stud-
ies (Brug, 1936; Jacobs, 1953). It became apparent that without the
inclusion of a constant bacterial food source resistant to merope-
nem activity, trophozoite numbers would never recover.

Meropenem and vancomycin were selected for the first round
of treatments due to their broad coverage over Gram-negative
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and Gram-positive bacteria, both inhibiting bacterial cell wall
synthesis with vancomycin also inhibiting RNA synthesis
(Watanakunakorn, 1981; Wiseman et al, 1995). KPC-2
K. pneumoniae was chosen for its specific meropenem resistance
and its availability on site. Dixenic culture with K. pneumoniae
and Bacteroides vulgatus was previously reported by Chan et al.
(1994). In that study, dixenic Dientamoeba cultures were obtained
from the American Type Culture Collection (ATCC), although
bacterial composition was only assessed via conventional methods
using culture media and standard biochemical tests. Assessing
taxonomy via the inoculation of bacteriological media does
not offer the same resolution as next generation sequencing, as
many bacterial species are not culturable or unable to be distin-
guished to a taxonomic level through morphology and growth
conditions alone. Indeed, Chan et al. (1994) reported two distinct
colony morphologies for B. vulgatus suggesting a higher bacterial
diversity than reported. In the study reported here, addition of
KPC-2 to the D. fragilis culture had an immediate effect and pre-
vented loss of D. fragilis trophozoites along with a clear reduction
in bacterial diversity from the antibiotic treatment.

The elimination of Gram-positive bacteria was the logical next
step and vancomycin was selected for its Gram-positive specifi-
city. Not only were all Gram-positive bacterial OTUs eliminated
from the culture but overall diversity dropped to an unprece-
dented level. It must be noted that this result is only indicative
of isolate Q, as this was the only in vitro culture available at the
time. Any conclusions on D. fragilis’ ability to survive in the
absence of Gram negative bacterial cells can only be extrapolated
for other isolates at this time.

The incredible coverage that 16S next generation sequencing
provides has highlighted the shortcomings of previous investi-
gations into the bacterial diversity found in D. fragilis cultures.
Historially, both mono and dixenic D. fragilis cultures have been
reported (Balamuth, 1946; Jacobs, 1953), although neither of
these studies were able to be reproduced and the limitations
of the time are apparent once new sequencing technology is
considered. What may appear to be one or two bacterial species
through traditional techniques is often revealed to be much
more complex and diverse through next generation sequencing.
Identification of the co-cultured bacterial species was often
inaccurate as was the case with Balamuth’s study, with their ori-
ginal identification of Clostridium perfringens and Aerobacter
aerogenes being later revised to K. pneumoniae and C. perfrin-
gens, and then again later reclassifying the anaerobic species to
Bacteroides (Chan et al., 1993). The presence of a Gram positive
bacteria in these previous studies is at odds with the findings of
this paper, although it is apparent that even with the inclusion of
antibiotic treatment, previous studies were not able to confi-
dently exclude the presence of unidentifiable and ‘unculturable’
bacteria, of which a menagerie are present within faecal samples.
This uncertainty leaves much room for error and revision.

More recently, a preliminary study identified E. coli as the pre-
dominant bacterial species within in-vitro cultures of isolate A, E
and V (Barratt et al., 2010). Susceptibility studies by (Nagata et al.,
2012) identified several members of the Enterobacteriaceae family
and other Gram-negative species within isolates A, E and V using
a combination of RapID API strips (Biomeriéux) and 16S sequen-
cing, although this study did not quantify their relative levels of
abundance. Due to the diversity found within each culture,
where many bacterial species lack published culturing methodolo-
gies, standard laboratory techniques are limited for detailed inves-
tigations of bacterial community composition.

The final aim of the study was to generate new genome
sequence data from D. fragilis following elimination of bacteria
from cultures. DNA sequencing showed that bacterial DNA was
still present at significant levels even after antibiotic treatment of
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the cultures, and so very few contigs from D. fragilis were identified
in the assembled sequence data. The use of Bandage helped iden-
tify a 28S-18S rDNA repeat with homology to T. vaginalis and
H. meleagridis. This is likely the most abundant sequence in the
D. fragilis cell and as such offered a convenient locus to identify
as a proof of concept for this metagenomics approach to sequen-
cing a protozoan genome from mixed microbial reads. There are
potentially hundreds of rDNA repeats in each D. fragilis genome
and so it is not surprising that this sequence was recovered. The
rDNA repeat shares the features typical of many protozoa, a
185 - 5.8S - 28S ribosomal DNA region separated by non-
transcribed spacers ITS spacers (Srivastava and Schlessinger,
1991). The 28S region of the D. fragilis rDNA repeat has not
been reported to date and this data represents a novel addition
to the D. fragilis rDNA sequence. The D. fragilis 28s region,
while sharing a high degree of homology, is significantly larger than
that of the GenBank submitted H. meleagridis 28S partial sequence
(1928 bp, HM185490). At 2847 bp, the D. fragilis 28S sequence is
similar in length to the T. vaginalis complete 28S sequence
(NW_001581582), suggesting that the assembled sequence is indeed
represented in its entirety. The intergenic spacer (IGS) could be visua-
lized using Bandage, seen as multiple divergent contigs and paths, typ-
ical of a highly repeated region that exhibits a wide degree of
variability. Indeed, this variability can be attributed to the failure of
metaSPAdes to successfully integrate this region into a single contig
covering the entirety of the rDNA repeat. Intergenic spacer regions
vary inlength from ~2 kb in yeast to 21 kb in mammals and are highly
variable even between individuals of the same species (Moss and
Stefanovsky, 1995). Considering a long range PCR product of ~8
Kb was amplified, it can be reasoned that the D. fragilis IGS must
be at least 3 kb in size, accounting for the 4.7 kb rDNA contig that
was assembled.

Ultimately, this study is the first to confirm that Gram-positive
bacteria are not a requirement for D. fragilis growth in vitro. In
addition, this study is the first to adopt a metagenomic approach
to accurately characterize the microbial composition of D. fragilis
cultures and sequence the D. fragilis 28S rDNA. While the persist-
ence of bacterial reads within sequence data has proven a difficult
hurdle to overcome, a significant amount of D. fragilis related
reads are present within the source material as shown by the map-
ping of over 800 000 reads to trichomonad related reference
indexes. We continue to investigate alternative bioinformatics
approaches for the generation of D. fragilis genome data and
remain optimistic that meaningful D. fragilis genomic data can
be generated from this methodology. Ultimately, however,
increasing the number of D. fragilis trophozoites in the culture
still remains a hurdle to overcome as it remains a limiting factor
in the sequencing strategy, even with the inclusion of K. pneumo-
nige in the cell culture.
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