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Abstract
Gut bacterial microbiota is altered in patients with advanced renal disease and those

on dialysis. However, it is not clear yet what bacterial composition changes are due to

the renal insufficiency per se, and what are in result of the accompanying interventions

and comorbid conditions. Most studies analyzed diabetic nephropathy, hypertensive

nephropathy, and glomerulonephritis patients which might have directly influenced the

microbiome regardless of alterations in renal function. We present in this report

changes in gut bacterial microbiota in a highly selected group of patients with strict

inclusion criteria to eliminate the effects of the confounding factors on the microbiome

composition. We conducted multiple analysis approaches according to participants’

renal function to further understand microbiome alteration in different degrees of

renal insufficiency. An interesting group of bacteria showed a step-wise change in

relative abundance in response to the three groups’ analysis. These bacteria either

decreased or increased from mild, moderate to severe renal insufficiency indicating

strong and direct effects of the uremic milieu on its relative abundance. We also ran a sensitivity analysis that took into

account an assembly of the significant taxa observed in an approach to investigate whether these taxa can fully explain

the separation noted between the groups. We determined the projected metabolic pathways altered according to the gut

microbiota composition changes. This report not only delineates with a higher certainty the effects of alteration in renal

function on the microbiome, but also explores the possible role of dysbiosis on comorbid conditions through alterations in

the projected metabolic pathways.
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Introduction

The microbes residing within the human intestines have
the ability to influence numerous aspects of human biology.
Alterations in the function and composition of the gut
microbial flora (microbiota) play a major role in the

pathogenesis of diverse human illnesses such as chronic

inflammation,1,2 diabetes mellitus,3–5 and cardiovascular

diseases.6–8 Gut microbes provide protection against path-

ogenic organisms, contribute to energy metabolism, serve a

clear role in the development andmodulation of the human
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gut immune system, and participate in nitrogen and micro-

nutrient homeostasis by synthesizing amino acids and var-

ious vitamins.9–14

We and other researchers have recently shown altera-
tions in the bacterial gut microbiome in experimental ani-
mals models of chronic kidney disease (CKD)15,16 and
patients with various degrees of renal insufficiency.17,18 It
has been established that protein absorption in the small
intestine is impaired in CKD.19 As a consequence, an
increased amount of dietary protein becomes available to
the colon. The reduction in the colonic carbohydrate-to-
protein ratio may favor a shift from a saccharolytic to a
proteolytic fermentation pattern, a shift accentuated by sev-
eral other processes in CKD. Patients and animal models
with advanced renal impairment will exhibit elevations in
blood urea nitrogen (BUN) due to the decline in overall
renal clearance of nitrogenous waste.20 Although the mech-
anisms are still unclear, increased BUN will result in
increased intestinal urea content.15 This upsurge has been
proposed to lead to high ammonia production from
bacteria-mediated urea hydrolysis, which can raise luminal
pH values and foster overgrowth of proteolytic spe-
cies.16,21–23 A second CKD-associated process leading to
dysbiosis may be prolonged colonic transit times.24,25 As
a result, a larger part of the colon becomes carbohydrate-
deprived, which will induce an expansion of proteolytic
species.26,27 Earlier studies have confirmed the increased
carbohydrate absorption and decreased carbohydrate
fecal content in patients with increased colonic transit
time.28–30

The challenge with identifying dysbiotic causality in
CKD is the presence of many co-morbidities and therapeu-
tic interventions. For example, diabetes and hypertension
are the top two leading causes of CKD and end stage renal
disease (ESRD) worldwide.31–36 Additionally, the vast
majority of therapeutic strategies and dietary restrictions
provided to patients with CKD can independently affect
the composition of the gut microbiota.37–41 In an attempt
to examine the independent impact of renal failure on the
composition of gut microbiota, we studied patients with
polycystic kidney disease (PKD). PKD is a hereditary dis-
ease involving amutation in the gene encoding polycystin 1
and 2, which results in progressive cystic formation and
structural damage to the kidneys. Compared to patients
with renal failure due conditions such as diabetic nephrop-
athy or glomerulonephritis, patients with PKD have less
major co-morbid medical conditions or associated medical
interventions (i.e. antimicrobial or anti-inflammatory ther-
apies) that could potentially alter the gut microbiota.
Therefore, we conducted a cross-sectional pilot study to
evaluate colonic microbiome changes in PKD patients
with varying stages of renal impairment.

Materials and methods

Study participants

This was an observational cross-sectional pilot study to
evaluate the differences in gut bacterial microbiota compo-
sition in patients with PKD with varying degrees of renal

insufficiency. The study was approved by the Icahn School
of Medicine at Mount Sinai Institutional Review Board
(IRB, GCO#13–1798). Patients with PKD who visited the
Mount Sinai Medical Center between 2010 and 2015 were
identified using the Icahn School of Medicine database reg-
istry. Full study protocol is available at the U.S. National
Library of Medicine ClinicalTrials.gov (NCT02142101).
Screening, IRB approval, and feasibility were first initiated
on December 2013. Patient recruitment took place on May
2014 and was completed on January 2016.

Recruitment procedures, inclusion and
exclusion criteria

This pilot observational, cross-sectional study was
designed to evaluate changes in gut bacterial microbiota
in patients with PKD and estimated glomerular filtration
rate (eGFR)> 60 mL/min (group 1, CKD I–II), between 15–
60 mL/min (group 2, CKD III–IV) and< 15 mL/min or on
hemodialysis (HD) (group 3, CKD V-ESRD). GFR was esti-
mated using the modification of diet in renal disease
(MDRD) equation.42 Groups were enrolled to achieve a
final participant ratio of 1:1:1. Patients who visited Mount
Sinai Medical Center between 2010 and 2015 with a PKD
diagnosis were contacted via phone and invited to partici-
pate in the study. A total of 1962 patients were identified.
Due to the strict inclusion/exclusion criteria employed in
this project, and to maintain the 1:1:1 ratio, we first identi-
fied and recruited PKD patients with CKD V-ESRD and
then recruited the remaining two groups following the pro-
posed ratio. Patients with advanced liver, cardiac, autoim-
mune disease or those with history of intra-abdominal
surgery, small or large intestine resection, small bowel
obstruction, colon cancer or gastrointestinal bleeding
were all excluded. Patients who received oral multivita-
mins, vitamin D analogues, probiotics, prebiotics, antibiot-
ics, immunosuppressive medications, steroids, or
chemotherapy in the last three months prior to enrollment
were also excluded. Patients receiving intravenous or oral
iron supplementation, laxatives, or resins such as kayexa-
late in the last month before enrollment were excluded.
Patients receiving phosphate binders were not excluded.
Patients on peritoneal dialysis were not included in this
study. Patient with mild polycystic liver changes with no
liver dysfunction as measured by abnormal transaminase,
elevated international normalized ratio (INR) were
not excluded.

Stool sample collection and DNA extraction

Stool sample collections by the participants (and study per-
sonal) were conducted in the office. Participants were given
a stool collection hat placed at the top of the toilet. Stool
sample were collected using sterile tools, placed immedi-
ately in 50 mL conical tubes, and snap frozen in liquid
nitrogen. Tubes were stored in �80�C until sample process-
ing. DNAwas extracted using PowerFecalVR DNA isolation
kits, according to the manufacturer protocol (MOBIO
Laboratory Inc., QIAGEN Company, CA, USA). Fecal mate-
rials were obtained from three grossly firm stool areas
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absent of undigested food, mixed and homogenized on ice,
then placed immediately in extraction tubes.

16S sequencing and annotation

16S sequencing and annotation was performed as
described before.15,17 Briefly, metagenomic DNA was
amplified using the 16S V3 (341F) forward and V4 (805R)
reverse primer pairs with Illumina adapter overhang.
Sequencing was performed using the MiSeq Reagent V3
Kit (Illumina) with 2� 300 bp paired-end sequencing.
Reads were joined using the default parameters in Paired-
End reAd mergeR (PEAR v0.9.6),43 and filtered to retain
sequences in which at least 90% of the bases have a quality
score greater than Q30 using the FASTX Toolkit v0.0.13.44

Closed reference OTU picking was performed against the
Green Genes v13.8 database.45

Laboratory measurements and evaluation of
uremic symptoms

All measurements and clinical laboratory tests were
obtained as standard of care during the clinic visits.
Uremic symptoms were assessed by a modified
Pittsburgh Symptom Score Index (PSSI) that included 10
physical symptoms checklist questionnaire (fatigue, trou-
ble sleeping, difficulty concentrating, restless leg, changes
in taste, loss of appetite, nausea or vomiting, pruritus, bone
pain, muscle pain, or weakness).46–48 The PSSI gives a score
from 0 (not at all) to 5 (very much).

Statistical analysis

To explore detailed changes in microbiota according to
renal function, we performed multiple analyses using dif-
ferent eGFR cutoffs for groups’ allocations. We first per-
formed all analyses on the previously mentioned three
groups: eGFR> 60 mL/min, eGFR between 15–60 mL/
min, and eGFR< 15mL/min or on HD. Secondly, we divid-
ed the cohort into two groups based on the median eGFR
and reran the analyses. Thirdly, we performed all analyses
on HD patients in comparison to those not on HD.
Operational taxonomic units (OTUs) tables were collapsed
to the phyla, genera, and species levels and center log-ratio
transformed for downstream analysis. OTU analysis was
performed as described previously.15 In brief, ordination
analyses and diversity measures were calculated using
Python v3.5,49 and the SciKit-Bio library (Scikit-Bio (2015)
Scikit-Bio. http://scikit-bio.org.). Data manipulation and
statistical analysis was performed with Pandas v0.20.2,50

and numerical measures calculated using NumPy v1.12.
1,51 and SciPy v0.19.0.52 Dimension reduction through prin-
cipal component analysis (PCA) was performed using
Scikit-Learn v0.18.1.53 To evaluate the significance and
quantification of cluster separation in PCA plots, we used
the Mahalanobis metric to quantify the distance between
group centroids, and calculated a two-sample Hotelling’s
T2 statistic from the data. Then, an F-test is applied to deter-
mine the significance of the centroid separation.54 Clinical
data are expressed as mean� standard deviation (M� SD).
Microbiome data are presented as the mean of the center-

log ratio (CLR) transformation. Two-sided unpaired t-tests
were used to analyze data between two groups after deter-
mination of data distributions and variance. The ANOVA
with Bonferroni correction was used when more than two
groups were present. GraphPad Prism software was used
for statistical analysis. P values less than 0.05 were consid-
ered to be statistically significant.

Functional profile of the microbial community

To evaluate the functional profile of the microbiome com-
position in PKD patients according to their renal function,
the functional predictions were made against the Kyoto
Encyclopedia of Genes and Genomes (KEGG).55,56

Orthology was assessed using Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States
(PICRUSt) version 1.1.13.57 Predictions were center-log
ratio transformed to account for the compositional struc-
ture of the data, and significant orthologs were identified as
those with a Student’s t-test P value< 0.05.58,59 Orthologs
were subsequently amalgamated into functional pathways,
which were similarly transformed and significance tested.

Results

Participants’ characteristics

We first contacted and recruited PKD patients with
eGFR< 15 mL/min. Six patients fulfilled the inclusion cri-
teria and agreed to participate in the study. We then con-
tacted candidates in batches consisting of 50 PKD patients
with eGFR between 15–60 mL/min, and 50 patients with
eGFR >60 mL/min at any given time. We continued this
process until we achieved the desired distribution of 1:1:1
between the groups (n¼ 6 each group). We recruited the
first comers (fulfilling the inclusion/exclusion criteria)
regardless of their age, gender and race. This resulted in a
younger group 1 (eGFR> 15 mL/min) (Table 1). All group
3 participants (eGFR< 15 mL/min or on HD) were
already on HD. The median eGFR in the entire cohort
was 45 mL/min. Due to the small sample size, we were
not able to detect/analyze the differences in PKD related
polycystic liver disease events. However, no patient with
abnormal liver function test as measured by abnormal
transaminase, elevated international normalized ratio
(INR) was recruited.

Step-wise microbiome changes detected according
to renal function

Patients on HD showed a non-statistically significant trend
towards decreased a diversity when compared with either
group (1 and 2) or to both combined (Figure 1(a) to 1(d)).
For genera and species level comparisons between the three
groups, we reported all OTUs with at least one significant
difference between any of the three groups (Figure 2). No
differences were observed on the phyla level. A group of 17
OTUs on the species level (Supplementary Table 1) and 11
OTUs on the genera level (Supplementary Table 2) were
identified to have a significant difference between at least
two of the groups. However, we focused on OTUs that
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followed a step-wise pattern across the groups (i.e. system-
atic increases or decreases across groups 1, 2 through 3).
Table 2 summarizes OTUs on the genera and species levels
that showed a step-wise change in expression according to
renal function. We next performed a sensitivity analysis to
explore whether more distinct bacterial composition is pre-
sent after selecting the OTUs with the statistically signifi-
cant changes. This was accomplished by utilizing heat-
map, hierarchical clustering, and PCA first on selected
OTUs, followed by the identical analyses on the remaining
groups minus the selected OTUs (Supplementary Figures 1
and 2). Improved but yet poor separation and clustering
was noted in the selected OTUs compared to the remaining.

Microbiome changes according to the median eGFR

To overcome the small sample size in the three groups’
analysis, we evaluated the microbial changes according to
the cohort median eGFR (45 mL/min). On the phyla level,
no major differences were noted when performing PCA.
However, patients with eGFR< 45 mL/min showed a sig-
nificantly lower relative abundance of the Bacteria
Tenericutes phylum (Figure 3). Species and genera level
analysis revealed a statistically significant relative abun-
dance in 14 species (Supplementary Table 3) and 9 genera
(Supplementary Table 4). Lactobacillus iners relative abun-
dance was increased in patients with eGFR< 45 mL/min,
while Prevotella stercorea, Ruminococcus callidus, Eubacterium
biforme relative expression was decreased. PCA analysis
resulted in a much better separation (Supplementary
Figure 3(B) and 3(C)) than seen in the three groups’ analy-
sis. Heat-map, hierarchical clustering (Supplementary
Figure 4) on the species level showed a strong separation
between the two groups when the 14 species were utilized,
indicating a robust association between these OTUs and
median eGFR.

Microbiome changes in HD versus no HD groups

Metabolic changes in renal failure might be subtle in mod-
erate renal insufficiency.60–67 Thus, we elected to study the
HD group (n¼ 6) against the merged other two groups
(groups 1 and 2, n¼ 12). This approach enabled us to iden-
tify OTUs with the greatest correlation to renal function as
the previous two approaches might have diluted the effect
size. This approach may also provide a better idea of the
gut microbiota changes in dialysis patients.68–70 Patients on
HD expressed lower a diversity when compared to the rest
(Figure 1). The relative abundance of 21 species
(Supplementary Table 5) and 18 genera (Supplementary
Table 6) were differentially expressed between the two
groups. Clostridium saccharogumia, Pyramidobacter piscolens,

(a) (b)

(c) (d)

Figure 1. Alpha diversity. (a, b) Patients with end stage renal disease on HD, (Group 3) showed a trend towards decreased a diversity when compared to Group 1

(patients with chronic kidney disease and eGFR> 60 mL/min) or Group 2 (patients with chronic kidney disease and eGFR between 15–60 mL/min). (c, d) In a separate

analysis, patients on HD showed a decreased a diversity when compared to patients not on HD. HD: hemodialysis, OTUs: operational taxonomic units, eGFR:

estimated glomerular filtration rate. (A color version of this figure is available in the online journal.)

Table 1. Participants characteristics according to their renal function.

Group 1 Group 2 Group 3

Age (years) 36.3� 8.9 56.5� 7.1** 52.5� 5.4**

Height (cm) 169� 6.7 167� 6.7 161� 3.4*

Weight (kg) 72.7� 12.3 70.2� 15 70.6� 5.9

BMI (kg/m2) 25.1� 3.2 24.8� 4.3 27.2� 2.3

Creatinine (mg/dL) 1� 0.23 2.1� 0.85* 7.7� 2.3***

eGFR (mL/min) 78.5� 16.4 32.8� 11.4*** 6.8� 1.9***

PSSI 10.5� 9.5 6.8� 5.6 7.3� 4.3

Male/Female (n) 3/3 5/1 5/1

Race (n) (AA/W/H) 1/5/0 2/2/2 2/2/2

HTN (yes/no) 4/2 4/2 6/0

DM (yes/no) 0/6 0/6 0/6

HD (yes/no) 0/6 0/6 6/0

Group 1, with estimated glomerular filtration rate (eGFR) >60 mL/min are

younger when compared to group 2 (eGFR 15–60 mL/min), or group 3

(eGFR< 15 mL/min or on dialysis). No differences noted in uremic symptoms

between the groups using the Pittsburgh Symptoms Score Index (PSSI), or in

body mass index (BMI) between the groups.

HTN: Hypertension, DM: Diabetes mellitus, HD: hemodialysis, AA: African

American, W: While, H: Hispanic.

*P<0.05, **P< 0.01, ***P< 0.001 in comparison to group 1.
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Streptococcus infantis, and Streptococcus lutecia relative abun-
dances were increased in HD patients, while Ruminococcus
callidus expression was decreased (Figure 4). PCA analysis
and relative expression distribution between the HD and
non-dialysis groups along with the sensitivity analysis after
selecting the statistically significant OTUs on the genera
and species levels are shown in Supplementary Figure 5.
Heat-map and hierarchical clustering on the species level
are shown in Supplementary Figure 6.

Functional profiling of microbial
communities prediction

To predict the metagenomic functional content using the
bacterial 16S rRNA data, we used the Phylogenetic
Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt) software package. We first

divided the two groups based on the median eGFR, then
followed this with another comparison between those on
HD and those who were not. The analysis based on median
eGFR revealed 84 (Supplementary Table 7) pathways with
statistically significant differences, while the analysis based
on HD grouping revealed 153 (Supplementary Table 8)
pathways with a statistically significant difference between
the groups. It is of great interest to note that changes seen
are mainly metabolic pathways. Alterations in taurine-
pyruvate aminotransferase (K03851), tryptophan, glyoxy-
late and dicarboxylate, carbon, purine, and pyrimidine
metabolism and biosynthesis of secondary metabolites
(K03781, K01119, K00148), and biosynthesis of amino
acids (K00619) pathways were noted. Changes seen in
purine metabolism (K00230) are directly associated with
the bacterial capacity to metabolize urea through possess-
ing urease subunit gamma/beta (K00230-K14048, urea ami-
dohydrolase EC 3.5.1.5).

Discussion

To our knowledge, this is the first report evaluating changes
of the bacterial gut microbiome in patients with PKD and
varying degrees of renal insufficiency. We excluded
patients with other co-morbid conditions or therapeutic
interventions that could have potentially influenced the
composition of the gut microbiota. This was not a simple
task when it comes to ESRD patients on HD, which was
reflected in the small sample size. We present a group of
OTUs that showed a stepwise change in relative abundance
according to the eGFR values. This worked to strengthen
the findings and helped confirm the strong effects of renal
function alterations on the relative abundance of these taxa.

There are several lines of evidence to suggest that the gut
microbiome is likely altered in patients with CKD. A dis-
tinct gut microbiome with decreases in both Lactobacillaceae
and Prevotellaceae families has been associated with CKD.16

In contrast to these reports, we have previously shown an
increase in the relative abundance of Lactobacillus Spp. in

(a) (b)

Figure 2. Genera and species three groups’ analysis. Operational taxonomic units (OTUs) with at least one statistically significant comparison between two of the

three groups are shown on genera (a) and species (b) levels. Significant differences were seen in 11 genera, and 17 species. Of note, many OTUs followed a stepwise

increased/decreased relative abundance according to changes in renal function. CLR: center log-ratio. (A color version of this figure is available in the online journal.)

Table 2. Operational taxonomic units (OTUs) with a step-wise change in

relative abundance that follows changes in renal function.

OTUs with increased relative abundance

Acinetobacter Spp.*

Allobacukum Spp.*

Campylobacter s_

Lactobacillaceae g_ s_*

Plancoccaceae g_ s_*

Pyramidobacter Piscolens

Pyramidobacter Spp.

Sphingobium s_

Streptococcus Spp.*

Limnohabitans Spp.

OTUs with decreased relative abundance

Bilophila Spp.*

Oscillospira Spp.*

A significantly different changes in relative abundance was noted in multiple

OTUs, mostly increased in relative abundance with worsening renal failure. Only

Bilophila and Oscillospira genera showed a nominal decrease in relative abun-

dance with worsening renal function.

*Significant change in a non-cultured species along with the changes noted on

the genera level.

**Changes seen in a non-cultured species from the corresponding family.
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experimental CKD.15 In this report we present
Lactobacillaceae family, uncultured genus and species from
this family along with Lactobacillus iners are all increased in
patients with decreased eGFR. This discrepancy may be
attributed to the confounding effects of the comorbid con-
ditions associated with CKD or the original disease, such as
diabetes. The design of the current study was established to
identify the sole impact of uremia on the gut bacterial
microbiota by selecting PKD patients with virtually
no other comorbid conditions or major therapeutic

interventions. In comparison to our previous results in
mice with experimental CKD, both PKD patients and
CKD mice expressed decreased relative abundance of
Oscillospira Spp.15

Byproducts of protein and amino acid catabolism
are known to contribute to medical conditions. For exam-
ple, gut microbe-mediated protein catabolism produces
P-cresol from tyrosine and phenylalanine,71 and indole
from tryptophan which later is converted by the liver to
indoxyl sulfate.72 P-cresol sulfate and indoxyl sulfate are

Figure 3. Phyla, genera and species taxa analysis according to the median estimated glomerular filtration rate (eGFR). When OTUs were compared according to

above or below the median eGFR, Bacteria Tenericutes phylum showed a decreased relative abundance in the lower eGFR group when compared to those above the

median eGFR. All taxa with statistically significant differences on the genera level are increased in the lower eGFR group. At the species level, most of the significantly

different bacteria were uncultivated (denoted by the s_) with the exception of Lactobacillus iners, Prevotella stercorea, Ruminococcus callidus, [Eubacterium] biforme.

CLR: Center log-ratio. (A color version of this figure is available in the online journal.)

(a) (b)

Figure 4. Genera and species taxa analysis according to HD status. Patients were grouped based on whether or not they were undergoing hemodialysis. Statistical

analysis was then performed, and statistically significant differences were observed in 16 genera (a), and 21 species (b). HD: hemodialysis, CLR: center log-ratio.

(A color version of this figure is available in the online journal.)
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considered uremic toxins because they contribute to
adverse cardiac outcomes, and serum concentrations of
these compounds are elevated in patients with advanced
kidney disease.73–75 Thus, we elected to conduct PICRUSt
analysis to establish a dataset for future metabolic analyses.
This will enable the scientific community to explore the
potential pathways associated with microbiome alterations
in CKD populations and discover new candidate metabo-
lites for further studies.

Although the detailed evaluation of the PICRUSt ana-
lyzed pathways was not the focus of the current study, it is
important to note that most of the highly significant path-
ways altered in advanced renal disease (HD and eGFR<
median groups) were metabolic pathways. Of these path-
ways, interestingly we noted changes seen in purine metab-
olism (K00230) and pathways directly associated with the
bacterial capacity to metabolize urea through possessing
urease subunit gamma/beta (K00230-K14048, urea amido-
hydrolase EC 3.5.1.5). This, along with other previous
reports, strengthens the role of intestinal urea content in
shaping the gut bacterial microbiota in CKD.16,21,22,76,77

It is still unclear, however, if increased intestinal urea con-
tent is the major contributor to these changes or not. As we
have recently shown an increased abundance of bacteria with
the ability to metabolize urea in experimental CKD model.15

Changes in the bacterial composition after oral urea supple-
mentation differed from thosewith the experimental model.15

This of course does not diminish the role of urea in CKD
associated dysbiosis but indicates that it may take more
than just a change in intestinal urea concentration to induce
CKD-associated dysbiotic changes. CKD itself is accompanied
with numerous biochemical and bio-physiological changes
that most likely play a supporting dysbiotic role. Such
changes may include increased colonic transit time, altera-
tions in intestinal pH, and increased ammonia content.24,78–82

Here, we report changes in gut bacterial microbiota
according to changes in renal function. We attempted to
mitigate the effects on the gut microbiota by excluding
patients exhibiting multiple confounding factors including
CKD associated co-morbid conditions, therapeutic inter-
vention, or originating disease that resulted in CKD devel-
opment (e.g. diabetes). Our report also descriptively
presented changes in functional pathways associated with
the alteration in microbiota noted in this population.
Another strength of the current work is the methodical
approach in sample collection and downstream steps.
Most previous analyses fell short in implementing the
gold standard stool collection (fresh in office) and used
multiple approaches including transporting samples on
ice, room temperature, or utilizing the commercially avail-
able stool kits. This report, however, needs to be
approached with the knowledge of multiple limitations.
First and foremost, the small sample size. Following the
strict inclusion/exclusion criteria, it was not feasible to
achieve a larger sample size in the HD group. Secondly,
dietary intake was not appropriately recorded by most of
the participants which might have affected the results.
Thirdly, the group with eGFR >60 mL/min was younger
compared to other two groups. Despite these limitations,
our analysis resulted in multiple findings that will further

enable us and other researchers to better understand the
CKD-associated dysbiosis through metagenomics
PICRUSt analysis and detailed presentation of the OTUs
associated with the observed step-wise changes.
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