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Abstract

Celiac disease is an autoimmune disorder induced by consumption of gluten protein present in foods such as wheat and
rye. In recent years there has been increasing evidence that changes in composition of gut microbiota may play a significant
role in the pathogenesis of celiac disease. Multiple methods of bacterial identification may be used to find microbiota changes
characteristic for celiac disease, and the latest methods such as next generation sequencing offer new possibilities of detecting
previously unknown bacterial groups that may play a role in the occurrence of celiac disease. This review focuses on multiple
methods of identifying bacterial gut microbiome and presents results of recent studies exploring the link between gut microbiota

composition and celiac disease.

Introduction

The term “gut microbiota” refers to the collection
of bacteria, archaea, viruses (mainly bacteriophages),
and Eukarya colonising the gastrointestinal tract of hu-
mans. However the microbiome refers to the collection
of genomes from all the microorganisms in the given
environment (in this case, the intestine) [1]. Human
gut is populated with up to 100 trillion microbes [2],
with about 9,879,896 microbial genes [3] and 4644
different species of prokaryotes [4] of gut microbio-
ta currently identified. Most (93.5%) bacteria present
there are members of 4 bacterial phyla: Firmicutes, Pro-
teobacteria, Actinobacteria, and Bacteroidetes [5]. The
composition of microbiota is shaped by both host and
environment. On host’s side, the intestinal immune sys-
tem minimises adverse effects of gut microorganisms
on health and maintains homeostasis by limiting tissue
invasion using a hierarchy of immunological barriers [6].
Several pro-inflammatory and anti-inflammatory pro-
cesses are maintained in balance, which ensures normal

physiological function of the gastrointestinal tract. The
disruption of this balance and homeostasis may lead to
disease [7]. On the other hand, number of factors such
as age [8], geographical location and ethnicity [9], smok-
ing [10], and diet [11, 12] may affect the composition
of gut microbiota. This enormous system has a compli-
cated but significant relationship with human health.
While necessary for proper functioning of the human
organism, providing benefits such as break-down of
dietary elements into bioactive food components, vi-
tamin synthesis, prevention of invasion of gastrointes-
tinal tract surfaces by hostile microorganism, anti-in-
flammatory effect on gut [13], and possibly regulating
cognitive abilities [14], there is evidence that disruption
of microbial gut composition and/or function may lead
to disease. Gut dysbiosis has been linked to the devel-
opment of obesity [15], irritable bowel syndrome [16],
psychiatric disorders [17], and celiac disease.

Celiac disease (CD) is an autoimmune disorder that
affects genetically predisposed individuals. The disease
starts in susceptible patients after ingestion of glu-
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ten — a mixture of proteins presents in cereals. After
consumption, the peptides pass through the epithelial
barrier of the intestine and react with antigen-present-
ing cells in the lamina propria. The immune response
to gluten in celiac patients promotes an inflammatory
reaction, with infiltration of the epithelium and lamina
propria by chronic inflammatory cells and villous atro-
phy. Clinical manifestations of celiac disease include
diarrhoea or constipation, abdominal distension, vom-
iting, and failure to thrive in children [18]. Apart from
genetic factors and gluten exposure, there are other
environmental factors that may play a role in the de-
velopment of celiac disease, including gut microbiota
dysbiosis [19]. Currently, the only widely used treatment
of celiac disease is a lifelong gluten-free diet (GFD). Ad-
herence to GFD ensures clinical improvement within the
first few weeks and recovery of the mucosal damage in
1-2 years [20]. Another potential treatment option is
the use of probiotics. As has been shown, bacteria of
the gut microbiome are involved in gluten metabolism
[21], and dysbiosis may lead to dysfunction in the gut
barrier [22]. Thus, correcting effects of dysbiosis with
use of probiotics, mainly Bifidobacterium and Lactoba-
cillus, may help reduce the symptoms of celiac disease
and correct dysbiosis [23]. Other possible interventions

that are still being developed include the use of glu-
ten-degrading enzymes, regulation of inflammatory
mediators that play role in pathogenesis of CD, and
therapies enhancing the function of the gut barrier [24].

There are several methods of exploring the compo-
sition of human gut microbiota, which might help to
discover a link between certain gut bacteria and celiac
disease. Each of these methods offer several advantag-
es and disadvantages. In addition to the method of gut
bacteria identification, other factors may play a role in
the composition of intestinal microbiota, such as status
of disease — whether patients were treated using a glu-
ten-free diet (tCD) or were untreated (uCD), and the age
of study participants (children or adults). Moreover, the
sampling method may also impact the results. While
faecal samples are often used as proxies for studies of
gut microbiota, there may be significant differences be-
tween microbial composition in faeces and the actual
composition of microbiota in the gut. Whilst invasive,
use of biopsies is often more representative of gut mi-
crobiome contents [25]. This review includes studies
using both faecal and biopsy samples.

This paper presents the characteristics of the meth-
ods used in microbiota and microbiome profiling, as
well as their strengths and weaknesses, in patients with

Table I. Comparison of techniques used in identification of gut microbiota

Technique Strengths

Limitations

Next generation sequencing —
targeted amplicon sequencing

— Fast (dependent on platform)

— Relatively simple, with standardised data
analysis and multiple reference databases

— Often restricted to genus-level, inability to
differentiate at species-level

— Restricted to relative abundance

— Possible errors during DNA extraction and PCR
quantification

— Higher cost

Next generation sequencing
—shotgun metagenomic
sequencing

— Highly accurate
— High reproducibility

— Allows identification at species-level

— Higher costs
— Complex informatic analysis
— Higher risk of host contamination

Next generation sequencing
—shallow metagenomic
sequencing

— Highly accurate
— High reproducibility

— Less costly and complex in informatic analysis

— Often restricted to genus-level, inability to
differentiate at species-level
— Higher risk of host contamination

than shotgun metagenomic sequencing (“deep

sequencing”)

Real-time gPCR — Fast

— Inexpensive

— Ability to determine absolute abundance of taxa

— Unable to detect unknown species
— Possible errors during DNA extraction and PCR
quantification

FISH/flow cytometry — Fast — Unable to detect unknown species
— Inexpensive — Lower sensitivity
— Avoids PCR errors
DGGE/TGGE — Inexpensive — Problems with reproducibility
— Ability to extract bands for further analysis — Problems with identifying single populations
— Possible errors during DNA extraction and PCR
quantification
Culturomics — Inexpensive —Slow

— Ability to detect populations with low cell

counts
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celiac disease. The compared methods are presented
in Table I.

Sequencing methods
Next Generation Sequencing (NGS)

Since their introduction in 2005 [26] next genera-
tion sequencing (NGS) technologies have revolutionised
genomics and have found many uses in fields such as
clinical microbiology [27], oncology [28], and clinical ge-
netics [29]. NGS allows sequencing of entire genomes
cheaper and more rapidly than Sanger sequencing
methods. Thousands to millions of sequencing reactions
are processed in parallel at the same time, instead of
hundreds, and the sequencing output is detected direct-
ly without need for electrophoresis [30]. First technology
that was considered as NGS was pyrosequencing, in-
troduced in 2005 by 454 Life Sciences. In the following
years, many new systems for NGS were developed, and
currently there are multiple NGS platforms available on
the market (e.g. lllumina, lonTorrent, PacBio) [31]. Based
on different methods of DNA immobilisation on a solid
substrate, 3 NGS high-throughput sequencing technol-
ogies were commercialised: high-throughput pyrose-
quencing on beads, sequencing by ligation on beads,
and sequencing by synthesis on a glass substrate [32].

The NGS method consists of 3 steps: template
preparation, sequencing with imaging, and data anal-
ysis [33]. During template preparation the library of
nucleic acids is constructed and adapted to used se-
quencing system [34]. DNA or RNA is fragmented to the
desired length and converted to double-stranded DNA.
The fragmentation may be done by either enzymatic
methods or physical methods, such as nebulisation or
sonication. Although with minimal differences, all these
methods offer similar performance [35]. Then, oligo-
nucleotide adapters are attached at the ends of used
fragments. Adapters are platform-specific sequences,
which allow recognition of sequenced fragments using
dedicated sample-indexing oligonucleotides by the NGS
platform used in sequencing. The next step includes
quantitation of the prepared library.

The sequencing process includes 2 core elements:
clonal amplification and actual sequencing. During clon-
al amplification DNA fragments bind to the solid phase,
and after anchoring they are amplified by polymerase
chain reaction (PCR) [36]. Methods of sequencing in-
clude sequencing by hybridisation and sequencing by
synthesis — SBS (lon Torrent, lllumina, 454 Life Scienc-
es pyrosequencing, PacBio). Sequencing by synthesis
methods do not generally use dideoxy terminators used
in original Sanger sequencing and rely on shorter reads
of about 300-500 bases. In most SBS platforms, DNA
molecules are distributed to millions of separate wells

or chambers. The DNA molecules are then amplified and
subjected to DNA synthesis reactions, in which, depend-
ing on the used platform, labelled nucleotides or chem-
ical reactions of nucleotides are imaged or otherwise
detected [37]. Once sequencing is completed, a signif-
icant amount of raw sequence data produced must be
analysed. A variety of software tools are available for
analysing NGS data [38].

During microbiome analysis 2 sequencing strategies
may be applied: 16S rRNA amplicon sequencing or en-
tire genome metagenomic sequencing [39].

NGS — Targeted amplicon sequencing

The amplicon sequencing relies on analysis of DNA
fragments amplified by PCR (amplicons). The fragments
usually targeted are ribosomal 16S rRNA genes, albeit
ribosomal 23 rRNA genes, the 165-23S rRNA gene in-
ternal transcribed sequences, genes such as rpoB gene
B-subunit of RNA polymerase, the gyrB gene encoding
the B-subunit of DNA gyrase or the groEL gene encoding
the B-subunit of DNA gyrase may be used as targets
for identification using conserved sequences because
those genes are found in virtually all bacteria [40]. The
16S rRNA gene is about 1550 bp long and is composed
of 9 hypervariable regions (V1-V9) that are interspersed
throughout highly conserved sequences.

Amplicon sequencing is relatively simple, inexpen-
sive, and fast. In addition, the workflow of data analysis
for amplicon sequencing is mostly standardised [41].
The method does not rely on whether the bacteria in
the sample are culturable or not, the relative abundance
of total bacteria in the sample can be determined, and
hundreds of samples may be sequenced simultaneously
[42]. Additionally, 16S rRNA amplicon sequencing has
the advantage of massive amounts of publicly acces-
sible sequence information in multiple reference data-
bases [43].

However, the NGS 16S rRNA targeted amplicon se-
quencing method has many potential problems. The
16S amplicon method is limited to only a single region
of the bacterial genome, and the method identifies
fewer bacterial species per read compared to whole
genome shotgun sequencing [44]. Due to 16S rRNA
having only a housekeeping gene, that often only indi-
cates phylogenetic divergence, sequencing cannot give
information about the biological function, metabolic po-
tential, or activity of microbial community. Additionally,
due to limitations of the sequencer, the total microbial
abundance is not reflected, and only relative abundance
is presented. Total bacterial abundance requires a quan-
titative technique such as gPCR and cannot be obtained
by 16S rRNA sequencing alone. The 16S method also
cannot distinguish between dead and alive microbes
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[45]. A complete and high-quality reference database
must be used to ensure high accuracy of taxonomic
identification. Partial 16S rRNA sequencing is also of-
ten restricted to genus-level taxonomic classification
because it lacks the discriminatory power to differen-
tiate prokaryotes at the species level. Other potential
issues relate to sample collection and DNA extraction,
PCR amplification, and bioinformatic analysis [43].

NGS - Shotgun metagenomic

sequencing

The shotgun metagenomic sequencing method re-
lies on untargeted sequencing of whole DNA available
from a sample. The genetic material is divided into
small fragments, which are independently sequenced.
This results in sequence reads that align to various lo-
cations of the bacterial genome, not only selected sites
(e.g. 16S rRNA) as in amplicon sequencing [46].

This approach to sequencing offers significant ad-
vantages. The sequencing of the entire genome not
only provides data for taxonomic identification, but
also for biological functions encoded in the genome.
Compared to 16S rRNA amplicon sequencing, shotgun
metagenomic sequencing identifies approximately
2 times more species and may provide more accurate
identification on species level [44]. Additionally, ana-
lysing the whole genome and not only selected genes,
characteristic to prokaryotes, allows the detection of
other domains such as fungi or parasites and viruses.
On the other hand, the disadvantages of whole genome
shotgun sequencing include its higher cost and higher
risk of host contamination than in amplicon sequencing
[47]. Furthermore, metagenomic data is relatively large
and complex, which may present more computational
problems in informatic analysis [39].

Because the main disadvantage of shotgun metag-
enomic sequencing is its high cost, due to large number
of analysed sequence reads, an alternative method of
shallow shotgun sequencing may be used. Compared
to whole-metagenome shotgun sequencing (“deep
shotgun sequencing”), shallow shotgun sequencing
offers depth of far fewer reads — about 2 to 5 million
reads per sample, compared to more than 10 million in
deep shotgun sequencing — while providing nearly the
same accuracy at species-level identification as deep
shotgun sequencing. In addition, shallow shotgun se-
quencing seems to be better at classification at species
level and with higher reproducibility than 16S amplicon
sequencing. However, similarly to whole-metagenome
shotgun sequencing, shallow sequencing is suscep-
tible to contamination with host DNA. Also, shallow
sequencing method cannot provide strain-level mi-
crobiome information and relies on species-level data

Gastroenterology Review

being present in the reference database, unlike deep
sequencing [48, 49].

Other methods of identifying
microorganisms

Real time qPCR

Real time PCR (also known as quantitative PCR —
gPCR) is method of quantification of genetic material,
by utilising PCR amplification of DNA with fluorescence
markers, which bind during amplification reaction and
emit fluorescence lighting, which might be detected and
analysed. These markers are either DNA dyes, which en-
able both specific and non-specific detection of ampli-
fied products, or fluorescently labelled oligonucleotide
probes, which detect only specific PCR products [50].
The intensity of fluorescence is measured after each
cycle. The increase of fluorescence intensity reflects the
amount of DNA amplicons in a sample at a given time.
The point called the quantification cycle (Cq) refers to
the moment at which fluorescence is distinguishable
from the background. The Cq value corresponds pro-
portionally to the starting number of DNA molecules
present in the sample and allows the determination of
the absolute quantity of target DNA [51].

gPCR is an accessible, simple, and cost-effective
method of bacteria identification. Due to quantitative
character of the method, the gPCR allows determination
of absolute, not only relative, abundances of individual
taxa or all taxa of community at once if combined with
NGS 16S rRNA gene amplicon sequencing [52]. There
are, however, some disadvantages in using real time
gPCR. This method cannot be used to detect unknown
species due to the inability to design primers and probes
[53]. Similarly to NGS methods, errors may occur during
DNA extraction and PCR quantification of genetic mate-
rial used in sequencing. Additionally, in qPCR there are
2 reporter systems commonly used: hybridisation probes
and intercalating dyes, and use of each of them presents
with potential problems. Intercalating dyes bind to all
amplicons non-specifically, so their usage needs addi-
tional analyses (such as amplicon melting curve analy-
sis) to confirm that only targeted genes were quantified.
Hybridisation probes are designed to bind only to the
conserved site on the target gene, to ensure quantifica-
tion of the target gene. However, such conserved sites
might not exist in the case of potentially unknown bac-
teria, so the probe might bind unequally to genes of all
members and produce biased results [52].

FISH/FCM

FISH/flow cytometry is a method combining fluo-
rescence in situ hybridisation (FISH) and flow cytome-
try (FCM). The FISH method uses fluorescently labelled
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probes that hybridise to target complementary se-
quences in intact cells. A typical oligonucleotide probe
is between 15 and 30 base pairs long, with directly
bounded fluorescent dye. The FISH method comprises
5 steps: specimen fixation, sample preparation, hybri-
disation with fluorescent marked probes for detecting
the respective target sequences, removal of unbound
probes, and visualisation and documentation of results
[54]. Fixation is responsible for preservation of cellular
morphology in the case of tissue staining and for en-
suring optimal retention of target sequences. Various
fixatives are used, with paraformaldehyde and meth-
anol being frequently used. In the case of Gram-pos-
itive cells, spore-forming bacteria, and mycobacteria,
enzymatic permeabilisation of the cellular wall may be
necessary to ensure reliable FISH staining. After prepa-
ration, hybridisation occurs. Numerous factors affect hy-
bridisation process, including the GC-pair content of the
probe and the length of the probe. Most FISH probes
can be designed using specially adapted software tools
and tested for specificity and binding conditions [55].
Afterwards, the results of hybridisation must be docu-
mented, either through conventional microscopy or flow
cytometry. In the FISH/flow cytometry method, flow
cytometry is used instead of conventional microscopy.
This allows analysis of a higher number of cells simul-
taneously and with higher throughput [56].
Advantages of FISH/flow cytometry method include
short time-to-result (60-90 min), relatively little diffi-
culty of method and ability to identify bacteria at ge-
nus and species levels [50]. Combining the method with
flow cytometry allows automated, quantitative analysis
of bacteria. Additionally, because the method does not
require use of PCR, a number of biases related to use
of PCR are avoided [53]. However, FISH/flow cytometry
presents many significant disadvantages. Because the
method depends on oligonucleotide probes, it is not
possible to characterise unknown, uncultured species.
In the case of some bacteria and archaea, not every cell
may be permeabilised using standard fixation protocols,
although there are methods of fixation-free FISH [57].

DGGE/TGGE

Denaturing gradient gel electrophoresis (DGGE) and
temperature gradient gel electrophoresis (TGGE) are
methods of analysis of PCR products utilising separation
of DNA fragments. The basis of those methods is a de-
crease of electrophoretic mobility of partially melted
double-strained DNA molecules in polyacrylamide gel.
Once melting temperature | is reached in the domain
with lowest value of Tm, the migration of molecules in
the gel halts. Different DNA sequence variations have
different melting temperatures, especially sequences

rich in GC pairs, which have higher Tm. Melting of dou-
ble-strained DNA is achieved either by increasing the
linear gradient of DNA chemical denaturants — mixture
of urea and formamide (DGGE) - or by linear gradient
of temperature (TGGE) [58].

DGGE and TGGE are low-cost methods of bacterial
identification. The fingerprint bands received can be ex-
tracted from DGGE and applied for further analysis [59].
However, DGGE and TGGE methods face several limita-
tions. There are problems with achieving reproducible
results and difficulty with analysis of complex commu-
nities, because numerous populations in relatively equal
proportions produce a smear of bands, which is hard to
analyse and identify individual populations. Often sin-
gle bands can represent multiple populations, and con-
versely a single bacterial population may be represented
by multiple bands [60].

Culture methods — “culturomics”

In recent years, metagenomic methods of studying
human microbiome have mostly replaced culture-de-
pendent methods. However, metagenomics may not
provide the full picture of human microbiome, due to
its limitations. For example, metagenomics suffers from
difficulties in detecting microorganisms present at very
low cell numbers due to trace amounts of reads com-
pared to the entire pool obtained. Thus, usage of cultu-
romics may address the drawbacks of metagenomics
and help to fill the gaps in our knowledge of human mi-
crobiome and its effect on human health. Culturomics is
defined as a high-throughput culturing approach, which
uses multiple culture conditions and integrates MALDI-
TOF mass spectrometry and 16S rRNA sequencing for
accurate identification of cultured bacterial species [61].

A study using metagenomics estimated that at that
time about 80% of detected bacterial species were not
yet cultivated [62]. Indeed, while many species still are
not cultivable, application of multiple culture conditions
and different techniques allowed culturing of multiple
species that were previously considered uncultivable
[63, 64]. The usage of multiple culture conditions allows
isolation of a number of bacterial species, with recent
studies hinting that blood culture bottle with rumen
fluid and sheep blood in anaerobic conditions may be
best profitable while considering the number of species
detected [65]. The presence of anaerobic conditions is
especially important, because anaerobes are dominant
members of human gut microbiota. Interestingly, in
recent years there have been successful attempts to
cultivate anaerobic bacteria, including strictly anaero-
bic, in aerobic conditions with use of Schaedler agar
supplemented with glutathione and ascorbic acid [66].
Identification of cultured species may then be done
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by use of MALDI-TOF mass spectrometry, a method of
identification based on peptide spectra obtained by ma-
trix-assisted laser desorption ionisation time-of-flight.
Such identification is relatively cost-effective, accurate,
and efficient [67]. Alternatively, 16S rRNA sequencing
for the identification of bacterial species may be used.

Culturomics offer many advantages in the field of
studying human gut microbiota, including the possibili-
ty of detecting minority populations and an increase of
known bacterial species. Finally, pure culture is a crucial
step in exploring bacterial physiology and characteris-
ing the relative roles of these microorganisms in host
health and disease [65].

Studies of microbiota in celiac disease
NGS — amplicon sequencing

Among studies that analysed a-diversity and B-di-
versity of intestinal microbiota, only one study using
next generation sequencing included in this review
found significant differences in both a- and B-diversity
between healthy controls and celiac disease patients
in faecal samples (Singh et al.) [68]. A-diversity refers
to the diversity present within each single sample, and
B-diversity refers to the extent of differentiation be-
tween pairs of samples [69].

The study exploring effect of Bifidobacterium breve
on the intestinal microbiota in children observed that
at baseline, phyla of Firmicutes and Actinobacteria were
relatively less abundant and phylum of Bacteroidetes
were relatively more abundant in CD than in healthy
controls. The study also noted a decreased Firmicutes/
Bacteroidetes ratio in CD compared to healthy children
(HC). Selected microbial groups were further analysed
using gPCR, which allowed for absolute quantification.
Total Lactobacillus spp. group and Enterobacteria group
were significantly lower in CD children, while total Bac-
teroides fragilis were significantly higher [70]. Members
of the genus Lactobacillus are one of the most import-
ant bacteria with probiotic potential, with impacts on
human health, including promotion of anti-inflamma-
tory effects by inhibition of production of pro-inflam-
matory cytokines, including IL-6 and IL-8, upregulating
the expression of TLR-2/TLR-6 heterodimer, a receptor
that act as an inflammatory intracellular signalling net-
work, and restoring the gastrointestinal barrier function
directly or indirectly [71].

A study analysing microbiota of both celiac disease
and diabetes mellitus type 1 patients showed no differ-
ence in bacterial composition at phylum or family levels
between CD and HC. Relative abundance of Shigella/
E. coli, Ruminococcus, Alistipes, Oscillospira, Prevotella,
and Clostridium were significantly higher and Parabac-
teroides, Dialister, and Bacteroides were decreased
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in the CD group compared to healthy controls [68].
Prevotella has been shown to increase susceptibility
to intestinal mucosa inflammation in mice models, al-
though no study confirming similar effect in humans
have been performed [72]. In comparison to other dis-
eases associated with gut dysbiosis, an increase of cer-
tain Ruminococcus bacteria has previously been linked
to Crohn’s disease, due to production of unique pro-in-
flammatory glucorhamnan polysaccharide, which was
shown to potently induce TNF-a cytokine secretion [73].
Similarly, a decrease in the abundance of Oscillospira
has been associated with Crohn’s disease [74].

Zafeiropoulou et al. noted no difference in o diver-
sity between celiac children, both treated (tCD) and
untreated (uCD), and a healthy control group. Howev-
er, B diversity analysis confirmed that the microbiota
structure of tCD children differed from other groups (HC
and uCD). The study found differences in abundance
in multiple operational taxonomic units (OTUs). About
31 OTUs were significantly lower in the uCD group
compared to HC, while 29 OTUs differed significantly
between tCD and HC. Of those 29, 13 OTUs were more
abundant in tCD, with 10 being significantly higher,
and 16 OTUs had lower relative abundance in tCD, with
3 being significantly lower. Eleven OTUs were signifi-
cantly lower in celiac disease group (tCD + uCD) com-
pared to HC. The 2 most influential OTUs were OTU_53
Clostridium sensu stricto 1 followed by OTU_143 Rumi-
nococcus. Despite these differences there were no dif-
ferences in profound dysbiosis at onset of celiac disease
in the paediatric population compared to HC [75].

The study concerning the correlation between gut
microbiota and serum TNF-a. (Primec et al.) found sig-
nificant positive correlation between TNF-a and Verru-
comicrobia, Parcubacteria, and some unknown phyla
of bacteria and archaea using NGS sequencing of ge-
netic material from faecal samples of CD children [76].
A study by Sample et al. found that in faecal samples
genera Alistipes and Bacteroides were significantly more
enriched in uCD than HC [77].

Interestingly, some studies hint that, before onset of
the disease, there may be specific microbiota markers
in children at risk of celiac disease, which differs from
healthy children. However, others showed no such dif-
ference in microbiota composition. Girdhar et al. found
that, while no differences among phylum or genus lev-
els were found by relative abundance analyses, signif-
icant differences between children who progressed to
celiac disease and healthy controls were noted in ampl-
icon sequence variants (ASV) obtained by sample infer-
ence using the DADA2 software package. ASVs enriched
in children who later developed CD include Dialister,
Gemmiger, Ruminococcaceae, Roseburia, Dialister propi-
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onicifaciens, and Clostridium sensu stricto [78]. Milletich
et al. showed that 7 genera (Anaeroglobus, Barnesiel-
la, Candidatus Soleaferrea, Eubacterium, Monoglobus,
Senegalimassilia, and Oscillospiraceae UCG.002) were
more abundant in healthy infants than in infants who
later developed celiac disease. Additionally, 3 genera
(Erysipelatoclostridium, Haemophilus, and Lachnospira-
ceae NK4A136 group) were more prevalent in the future
celiac disease group [79].

Another study (Olivares et al.) discovered that at
4 months of age, infants who later developed CD har-
boured a significantly higher proportion of Firmicutes
in comparison to children who did not develop the dis-
ease. This increase of Firmicutes phylum was accom-
panied by a proportional reduction in Proteobacteria
and Bacteroidetes, although the differences in these
2 phyla were not significant. However, between 4 and
6 months, Firmicutes showed a significant increase in
healthy children, while no differences were detected in
children who later developed CD. This resulted in no
difference at phylum level between groups at 6 months.
The HC group also showed an increase of microbial
richness and diversity during the study period, while
a similar increase did not occur in the CD group. Further
analysis also showed an association between increased
abundance of Bifidobacterium longum in the HC group
and Bifidobacterium breve and Enterococcus spp. in the
CD group [80]. In contrast, Rintala et al. did not find
any statistically significant differences in microbiota in
infants who later developed celiac disease [81]. Con-
stante et al. noted significant differences in microbiota
composition depending on sampling location as the key
determinant. Samples of the first portion of the duode-
num showed an increase of Escherichia and a decrease
of Dolosigranulum, Phenylobacterium, Acidovorax, and
Moraxella genera in CD patients compared to healthy
controls. Samples from the second portion of the duo-
denum showed an increase of genus UCG.001 (Prevotel-
laceae) and a decrease of Methylobacterium, Staphy-
lococcus, Bacillus, Sellimonas, Bradyrhizobium, Delftia,
and Moraxella genera in CD patients, and samples from
the third portion of the duodenum were characterised
by increased Neisseria and Peptostreptococcus and de-
creased Methylobacterium, Acinetobacter, Leuconostoc,
and Phenylobacterium [82]. Multiple E. coli strains have
been linked to both Crohn’s disease and ulcerative coli-
tis, with multiple proposed mechanisms of induction of
proinflammatory responses that may play a role in the
pathogenesis of those diseases [83].

In a study (Panelli et al.) analysing the composition
of microbiota using both duodenal mucosal and faecal
samples, a decrease of Firmicutes and Actinobacteria
phyla and Streptococcus genus, and an increase of Pro-

teobacteria phyla and Neisseria genus were observed in
mucosal samples of CD patients compared to HC. How-
ever, no such differences were noted using stool sam-
ples. In active celiac disease patients’ mucosal samples,
an abundance of Bacteroidetes were decreased, while
treated celiac disease showed an increase, compared
to HC. Stool samples showed an increase of Blautia,
Coprococcus, Roseburia spp. genera and Bifidobacteri-
um longum in uCD and an increase of Veillonella spp.,
Haemophilus spp., Faecalibacterium prausnitzii, and
Veillonella dispar in tCD [84].

A study by Nobel et al. concerning the effect of glu-
ten exposure on gut microbiome in patients with celiac
disease found increased abundance of Akkermansia mu-
ciniphila and Faecalibacterium prausnitzii after 14-day
gluten exposure in celiac disease patients. No difference
in a-diversity was noted, while B-diversity was signifi-
cantly different between CD patients and HC [85]. In
contrast, Nylund et al. noted no significant difference
in microbiota richness or diversity between the celiac
disease group and healthy controls. In this study, abun-
dance of only Bifidobacterium tended to be lower in CD
than in HC, although this difference was only marginally
significant (p = 0.067) [86].

D’Argenio et al. observed greater abundance of
Betaproteobacteria class, the Neisseriales order, the
Neisseriaceae family, and the Neisseria genus in uCD
compared to tCD and HC. The study also found that
the Neisseria flavescens strains found in celiac patients
may induce a pro-inflammatory immune response [87].

The study by Shi et al. regarding gut microbiota
composition in Northwest China showed significant
differences in bacterial communities between healthy
controls and celiac disease patients. The abundance of
Proteobacteria was higher in celiac disease patients,
and at genus level there were 9 bacteria groups with
differences between CD and HC. Abundance of Lacto-
bacillus, Veillonella, Allisonella, and Streptococcus were
significantly increased in the CD group, while groups Ru-
minococcus, Faecalibacterium, Blautia, Gemmiger, and
Anaerostipes were decreased significantly [88].

Palmieri et al. found that the abundance of the Bi-
fidobacteriaceae family, Bifidobacterium longum, and
Coprococcus eutactus were decreased in celiac disease
patients, while Bacteroides genus were more abundant
in CD. However, most CD patients were classified as
non-dysbiotic in this study [89]. Coprococcus eutactus
belongs to the Lachnospiraceae family. Although Lach-
nospiraceae is among the main producers of short-chain
fatty acids, multiple different taxa of Lachnospiraceae
are also associated with multiple extra- and intra-intesti-
nal diseases, including inflammatory bowel disease [90].
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Bodkhe et al. found a difference between celiac
disease patients and healthy controls at the level of
amplicon sequence variants in genera Helicobacter,
Prevotella, Catenibacterium, and Megasphera, which
were highly abundant, and a decrease of Barnesiella
genus when compared to HC [91].

Microbiota analysis of adult Mexican celiac dis-
ease patient revealed significantly lower abundance of
Bacteroidetes and Fusobacteria in duodenal biopsies of
CD patients. Additionally, changes of microbiota after
adherence to a gluten-free diet were observed. This
included increase of Pseudomonas group and other
Proteobacteria (Stenophomonas, Novosphingobium) in
duodenal samples after diet [92].

A study by Pellegrini et al. using a pyrosequencing
method of sequencing genetic material showed an in-
crease in the Firmicutes/Bacteroidetes ratio and reduc-
tion of the Bacteroidetes phylum, Lachnospiraceae, and
Peptosreptococcaceae families in CD paediatric patients
compared to healthy controls [93]. In contrast, a study
by Nistal et al. concerning the adult population of celiac
disease patients did not show statistically significant dif-
ference in the composition of duodenal bacterial commu-
nities between CD groups and healthy controls, as each
bacterial community was specific to each individual [94].

NGS - shotgun metagenomic sequencing

A study concerning the microbiota profile of celiac
children in Saudi Arabia found an increase of E. coli and
a decrease of Desulfovibrio in faecal samples of celiac
disease patients compared to healthy controls. In spe-
cies analysis, several Bacteroides species were signifi-
cantly decreased in celiac disease patients. Additionally,
the study showed an increase of Micrococcales order,
Bifidobacterium angulatum species, and a decrease in
Flavobacteriales order, Clostridium genus, and Roseburia
intestinalis species in CD group mucosal samples, while
faecal samples were characterised by a decrease of Car-
diobacteriales and Methanobacteriales order, Leucono-
stocaceae, Planctomycetaceae families, Tanerella, and
Citrobacter genera, and an increase of Planctomyceta-
ceae family and Kocuria genus [95].

Senicar et al., identifying microbiota population
in faecal samples using metagenomic sequencing of
previously cultivated samples, sowed a decrease of
abundance of Faecalibacterium, Bacteroides, Roseburia,
Fusicatenibacter, Lachnospiraceae, Ruminococcus, Bu-
tyricicoccus, Eggerthella, and Gordonibacter, and an
increase of abundance of Blautia, Romboutsia, and
Ruminococcaceae in CD patients compared to healthy
controls [96].

A study of microbiome in infants who later devel-
oped celiac disease, while not detecting significant
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difference in richness or microorganisms’ composition
at onset between a celiac disease group and a healthy
group, found microorganisms at strain levels that
showed different abundances between those groups.
Additionally, there were differences in analysis of longi-
tudinal changes in the groups, which shown increased
abundance of Parabacteroides species and Lachnospira-
ceae bacterium in the celiac disease group [97].

Analysis of microbiota in the adult population of ce-
liac disease patients has shown significant reduction of
Actinobacteria and Verrucomicrobia in treated celiac dis-
ease patients. An increase of Bacteroidetes abundance
was noted in tCD patients with negative transgluta-
minase serology compared to controls. Celiac disease
patients with positive transglutaminase serology had
a reduction of Euryarchaeota and an increase of Fuso-
bacteria abundance compared to controls. There were
also differences at species level with Tg- celiac patients
having reduced abundance of Bifidobacterium longum,
Roseburia sp. CAG 309, Ruminococcus bicirculans, Ru-
minococcus ranian, and Eubacterium sp. CAG 274 and
increased abundance of Roseburia inulinivorans. Tg+
celiac patients had increased abundance of Veillonella
atypica, Veillonella tobetsuensis, Streptococcus sangui-
nis, and Haemophilus parainfluenzae and decreased
abundance of Firmicutes bacterium CAG 83 and Rumi-
nococcus bicirculans [98].

qPCR - quantitative PCR

Collado et al. analysed the composition of the Bi-
fidobacterium group in active and non-active celiac dis-
ease by using gPCR with species-specific probes. This
study revealed that total Bifidobacterium and B. long-
um numbers were significantly decreased in celiac pa-
tients, in both duodenal and stool samples. In addition,
B. breve and B. bifidum were reduced in treated celiac
disease patients compared to the active disease group
and healthy controls [99]. In another work, analysing
multiple bacterial groups in untreated and treated pae-
diatric celiac disease, study of faecal samples revealed
that total bacterial counts were significantly lower in
uCD and tCD group compared to HC. The duodenal
samples similarly had lower total bacterial counts of
uCD and tCD, although the difference was not signifi-
cant. Significantly higher abundance of Bacteroides and
Clostridium leptum groups were noted in uCD and tCD
than in the HC group in both faecal and duodenal sam-
ples. Additionally, in the untreated group, compared to
HC, significantly higher numbers of E. coli in faecal and
duodenal samples and significantly higher numbers of
Staphylococcus group in duodenal samples were found.
Bifidobacterium counts were significantly higher in
healthy children compared to untreated celiac patients
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[100]. Contrary to other results, a study by Kalliomaki
et al. of the Finnish paediatric population failed to show
differences in the total bacterial count and in the count
of Bacteroides and Bifidobacterium between celiac dis-
ease patients and healthy controls [101].

A study analysing the microbiota of adult Iranian ce-
liac patients using faecal samples found that Bifidobac-
terium spp. was the dominant genus, with lower relative
abundance in celiac disease patients than in the healthy
group. Additionally, patients in the celiac disease group
had significantly lower abundance of Lactobacillus spp.,
while having increased abundance of Firmicutes phylum
[102]. Another study of Iranian celiac patients similarly
noted decreased abundance of Bifidobacterium, Firmic-
utes, and Lactobacillus in celiac disease patients [103].

FISH/flow cytometry

Because FISH/flow cytometry requires specifically
designed probes, studies using this method of micro-
bial detection focus on the main groups of bacteria,
frequently described as important for human gut micro-
biota. Common to these studies are probes specific to
Bifidobacterium genus, Lactobacillus/Enterococcus, Bac-
teroides—Prevotella group, Streptococcus/Lactococcus,
Escherichia coli, Clostridium histolyticum, and Clostridi-
um lituseburense groups and sulphate-reducing bacteria.

A study by De Palma et al., regarding intestinal
dysbiosis in paediatric celiac patients, found that total
gram-positive bacterial populations were lowest in un-
treated celiac disease children and highest in healthy
controls, while reacheing intermediate values in chil-
dren who were on a gluten-free diet. Total Gram-neg-
ative bacteria reached similar values (ranging from
27.5 to 32.7%) in faeces from the 3 population groups.
The ratio of Gram-positive to Gram-negative bacteria
was significantly reduced in celiac disease patients,
both treated and untreated, compared to healthy con-
trols. Bacteroides-Prevotella group and Bifidobacterium
group proportions were significantly more abundant
in untreated CD patients than in healthy controls. The
relative abundance of bacteria belonging to C. histolyt-
icum, C. lituseburense, and F. prausnitzii groups were
also significantly lower in untreated CD patients than
in healthy subjects [104]. This finding is similar to re-
sults in microbiota studies of Crohn’s disease, where
reduction in the F. prausnitzii group was observed.
F. prausnitzii has been shown to produce MAM protein,
which has been linked to anti-inflammatory effects,
inhibiting activation the NF-xB pathway in intestinal
epithelial cells lines [105].

Similar results to previous study were observed
in the work of Nadal et al., where the Bacteroides—
Prevotella group were more abundant in celiac patients

compared to HC. Additionally, the study found that
E. coli populations were also increased in celiac disease
patients. The ratios of beneficial bacterial groups (Lac-
tobacillus plus Bifidobacterium) to potentially harmful
gram-negative bacteria (Bacteroides—Prevotella plus
E. coli groups) detected in biopsy samples were high-
est in healthy children and lowest in CD patients with
active disease, while achieving intermediate values in
treated CD [106]. Interestingly, the study (De Palma
et al.) regarding infants with first-degree relatives with
celiac disease also found that there were significantly
higher proportions of Bacteroides—Prevotella group in
children in the high-risk group of developing celiac dis-
ease compared to low-risk group. A similar trend was
also observed for E. coli, C. lituseburense, C. histolyticum,
Streptococcus-Lactococcus, E. rectale-C. coccoides, and
sulphate-reducing bacteria groups [107].

DGGE/TGGE

Sanz et al. found that the diversity of microbiota,
according to number of bands in DGGE profiles, was
higher in celiac children compared to healthy controls.
The DGGE analysis with Lactobacillus group-specific
primers revealed a higher prevalence of L. casei in faecal
samples of healthy controls and a higher prevalence of
Lactobacillus curvatus, Leuconostoc mesenteroides, and
Leuconostoc carnosum in celiac patients. Furthermore,
DGGE analysis with Bifidobacterum species-specific
primers showed that the diversity of Bifidobacterium
species was significantly higher in healthy patients
compared to the celiac group [108]. Similarly, increased
diversity of Bacteroides was noted in a study by San-
chez et al. Additionally, the study showed significant-
ly higher abundance of multiple Bacteroides species
in HC, including Bacteroides fragilis and Bacteroides
uniformis [109]. The higher diversity of microbiota in
celiac children compared to HC was also noted in the
analysis of duodenal samples by TGGE method (Schippa
et al). The study found increased prevalence of B. vul-
gatus and E. coliin CD patients compared to HC [110].
Similarly, Nistal et al., in a study exploring adult celiac
populations, showed significantly higher diversity of
Lactobacillus and Bifidobacterium groups in untreated
CD patients and healthy controls compared to treated
CD patients. A higher presence of B. bifidum in the un-
treated CD group compared to HC and a higher pres-
ence of Bifidobacterium spp. in HC compared to treated
CD patients were also noted [111]. Caminero et al., by
means of DGGE analysis of previously cultured bacterial
communities from faecal samples, observed a reduction
of the Lactobacillus group in CD patients compared to
HC. Additionally, the Clostridium group was significantly
higher in the CD group [112].
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Di Cagno et al. found that PCR-DGGE profiles of
Lactobacillus and Bifidobacterium differed significantly
between faecal samples of treated CD and HC children.
However, in this study no PCR amplicons were identified
by using a primer targeting the Bifidobacterium group in
samples from duodenal biopsies of both tCD and HC. In
contrast, all faecal samples contained Bifidobacterium
DNA. Further culture-dependent methods showed high-
er counts of presumptive Bacteroides, Porphyromonas
and Prevotella, presumptive staphylococci/micrococci,
and Enterobacteria in faecal samples of tCD patients
[113]. Additionally, the composition and diversity of
microbiota may differ according to different symptoms
presented by patients. Patients with dermatitis herpeti-
formis showed different microbiota clustering compared
to closer clustering in patients with gastrointestinal
symptoms and anaemia [114]. Kopecny et al. identified
bacteria genera Streptococcus, Legionella, Vibrio, Strep-
tococcus pneumoniae, Clostridium sticklandii, and B.
uniformis in faecal samples of CD [115].

Culturomics

Sanchez et al. focused on differences in intestinal
Staphylococcus spp. between celiac disease children
and healthy controls, using a culture-based method
and DNA sequencing. S. epidermidis were more com-
mon in celiac disease patients (both uCD and GFD)
than in controls. Staphylococcus haemolyticus were
more abundant in subjects with active disease than
HC. S. aureus were less frequent in the uCD group than
in other groups, while Staphylococcus warneri were
less common in GFD-CD. Additionally, E. faecium was
more abundant in the control group than in both celiac
groups [116]. Similarly, a study exploring lactobacilli in
celiac patients with use of culture-based and biochem-
ical methods found that faeces of GFD celiac patients
showed significantly reduced counts of lactobacilli
group compared to healthy children [117]. Sanchez
et al. noted an increase of phylum Proteobacteria, fami-
lies Enterobacteriaceae, Staphylococcaceae, and species
S. epidermidis, S. pasteuri in children with active CD
compared to both non-active and healthy groups. Addi-
tionally, S. anginosus and Streptococcus mutans groups
were more abundant in healthy control group than in
the active and non-active celiac groups [118]. Another
study, comparing faecal microbiota between celiac and
healthy children, observed an increase of Bacteroides,
Clostridium, and Staphylococcus genera in the celiac
group [119].

Limitations

In this review we included multiple studies, which
in some cases differed in the exact methodology used

Gastroenterology Review

in identifying microbiota, which may be a reason for
some discrepancies between the results of studies us-
ing the same method. Moreover, so far there are no
established research standards for the microbiome and
the type of samples (faeces or gastrointestinal mucosa
— colon or duodenum), so researchers may obtain less
consistent results. The age of the studied populations
should also be taken into account because it affects the
composition of the microbiome.

Conclusions

In most cases, studies regarding gut microbiota in
celiac disease seem to have mostly divergent results,
even when comparing studies using the same meth-
od of bacteria identification. These disparities may be
caused by differences in preparation of samples, differ-
ences in studied populations, and differences in status
of celiac disease (active vs. inactive). When comparing
different methods, the characteristics and drawbacks
of each method may influence the results. For exam-
ple, the results of bacterial identification using culture
methods or molecular methods that require previous
cultivation of unknown species may suffer from im-
proper transportation of samples or exposure of anaer-
obic bacteria to an aerobic environment during prepa-
ration of samples. Additionally, despite application of
culturomics and numerous improvements in culturing
methods, we are not yet able to cultivate many of the
bacterial species. On the other hand, in the process of
targeted amplicon sequencing using the NGS platform,
amplification of 16S rRNA requires selection of PCR
primers. While universal PCR primers are designed to
amplify as many different 16S rRNA gene sequences
from as many prokaryotic species as possible, there are
no 100% conserved regions of the gene. This may lead
to inefficient primer biding and inaccurate sequence
detection, which affect the results.

The development of methods for identifying mi-
crobiota in disease in recent years presents a chance
for a better understanding of the connection between
gut bacteria and the pathogenesis of celiac disease.
It seems that especially next generation sequencing
methods are useful for this task. While shotgun se-
quencing is generally more accurate than 16S amplicon
sequencing, it also is burdened with higher costs. Thus,
thanks to lesser costs while maintaining rather high ac-
curacy, NGS 16S amplicon sequencing seems currently
to be most useful method of exploring the composition
of gut microbiota, despite limitations associated with
the method. It is currently recommended as the “gold
standard” in research. In our opinion, the least useful
method in microbiome research is the culture method,
because it has low sensitivity and allows the detection
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of only a small part of the bacterial species present in
the gastrointestinal tract.

Despite many different results, there are some find-
ings that are mostly consistent across various present-
ed studies. Numerous studies confirm that Lactobacillus
and Bifidobacterium genera are less abundant in gut mi-
crobiota in celiac disease patients compared to healthy
controls. Similarly, increase of abundance of genera
Prevotella, Clostridium and species E. coli were con-
sistently noticed in celiac disease patients in multiple
studies. In contrast, for Bacteroidetes phyla and Bacte-
roides genus, results were inconsistent when comparing
various studies. In general, studies using next genera-
tion sequencing found multiple genera and species that
were not previously linked to celiac disease in works
using older methods of bacterial identification. Genera
Alistipes and Neisseria were found to be more abundant
in celiac disease in numerous studies using NGS.
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