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Abstract

Background—Relatively high serum carotenoids are associated with reduced risks of chronic
diseases, but inter-individual variability in serum carotenoid concentrations is modestly explained
by diet. The bacterial community in the colon could contribute to the bio-accessibility of
carotenoids by completing digestion of plant cells walls and by modulating intestinal permeability.

Objective—To evaluate whether colonic bacterial composition is associated with serum and
colon carotenoid concentrations.

Design—The study was a randomized dietary intervention trial in healthy individuals who were
at increased risk of colon cancer. Colon mucosal biopsies were obtained before and after six
months of intervention without prior preparation of the bowels.

Participants/Setting—~Participants were recruited from Ann Arbor, MI and nearby areas July
2007 to November 2010. Biopsy data was available from 88 participants at baseline and 82
participants after six months.

Intervention—Study participants were randomized to counseling for either a Mediterranean or a
Healthy Eating diet for six months.
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Results—At baseline, bacterial communities in biopsies from study participants in the highest
versus the lowest tertile of total serum carotenoids differed by several parameters. Linear
discriminant analysis effect size (LEfSe) identified 11 operational taxonomic units that were
significantly associated with higher serum carotenoids. In linear regression analyses, three of these
accounted for an additional 12% of the variance in serum total carotenoid concentrations after
including body mass index, smoking, and dietary intakes in the model. These factors together
explained 36% of the inter-individual variance in serum total carotenoid concentrations. The
bacterial community in the colonic mucosa, however, was resistant to change after dietary
intervention with either a Mediterranean or Healthy Eating diet, each of which doubled fruit and
vegetable intakes.

Conclusions—The colonic mucosal bacterial community was associated with serum carotenoid
concentrations at baseline but was not appreciably changed by dietary intervention.

Introduction

One of the beneficial aspects of a Mediterranean diet is its high content of fruits and
vegetables. Relatively high dietary carotenoid intakes are linked with decreased risks of
several cancer types 1. Although the data linking colon cancer risk with dietary intakes of
carotenoids is equivocal, high serum carotenoid concentrations were significantly associated
with lower rates of colon polyp recurrence and of colon cancer risk when repeated measures
of B-carotene concentrations were analyzed 2 3. A caveat is that in those studies dietary fat
was concomitantly being reduced. In an intervention trial, the Polyp Prevention Trial,
individuals who had the best compliance with the low-fat, high-dietary fiber, high-fruit and -
vegetable eating pattern had lower polyp recurrence rates “.

Inter-individual variation in serum carotenoids is generally large and stem from many factors
5. In the Healthy Eating Study from which colon biopsies were obtained for the present
study, the coefficient of variation for total serum carotenoids was about 65% 6. Carotenoids
are obtained from fruits and vegetables, but the correlation coefficients between serum
carotenoids and dietary intakes are typically not greater than 0.5 7- 8. Behavioral and
metabolic factors therefore might be important in governing serum concentrations of
carotenoids. Many polymorphisms have been identified that either affect carotenoid uptake
(eg. lipoproteins that transport carotenoids) or metabolism, including the p-carotene
oxygenases 2. Demographic factors associated with relatively low serum carotenoid
concentrations include male sex, body mass index (BMI), smoking, and possibly alcohol
intake, although the latter does not display consistent associations with serum carotenoid
concentrations across population groups and/or types of carotenoids 1912, In a middle-aged
French population, age, diet, alcohol intake, serum cholesterol, BMI and smoking status
explained 15.2% of the variance of serum B-carotene in men and 13.9% in women 12, In
another study of European middle-aged adults, gender, BMI, smoking, age, education,
alcohol consumption, season, population center and supplement use explained 15-25% of
the variance in individual serum carotenoids 11. Concurrent intakes of food components
other than carotenoids is also important: dietary fiber can inhibit carotenoid absorption by
interfering with micelle formation and micelle interactions with enterocytes, and a small
amount of dietary fat is needed for complete absorption 13-15,
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Carotenoid bioavailability from foods also varies. In a review of studies, the bioavailability
of B-carotene from vegetables compared with purified B-carotene ranged between 3% and
24%, depending on the vegetable and method of preparation 13. Breakdown of plant cells
walls appears important, and the bioavailability of carotenoids is improved by heat-treatment
of foods 16: 17_ 1t is also possible that undigested plant cells trap carotenoids and other
phytochemicals which are then released upon microbial digestion in the colon. Several
studies show that intestinal bacteria have a role in maximizing bio-accessibility of
phytochemicals by degrading plant cell walls 13. /n vitro, colonic fermentation increases
release of carotenoids from the food matrix 18. Polyphenols in whole plant foods, as opposed
to polyphenols in juices, are estimated to be more bioaccessible in the colon than in the
small intestine 19, which also may be the case for carotenoids.

Thus far, the vast majority of human gut microbiome studies have been based on fecal
bacteria, but we postulate that mucosal bacteria play a more direct role in mediating
availability and absorption of dietary carotenoids. Certain bacteria, such as Akkermansia, are
known to reside in the mucin of the mucosal surface but their physiological roles are not yet
well-defined and this is the subject of ongoing research 29,

In the present study, colonic biopsies were available from individuals with an elevated risk
of colon cancer who were enrolled in a dietary intervention trial 2%, The trial randomized
participants to receive dietary counseling for either a Healthy Eating or a Mediterranean diet
for 6 months. Blood, colon biopsies and dietary data was obtained before and after
intervention. The primary goal of the intervention was to reduce pro-inflammatory
eicosanoids in the colon. The present study evaluated whether the relative abundance of the
bacterial populations adhering to the mucosal surface are associated with inter-individual
variation in carotenoid concentrations in serum. In addition, changes in the relative
abundance of specific bacterial taxa were evaluated after intervention with either a Healthy
Eating or Mediterranean diet for 6 months.

Participants and samples

Details of the Healthy Eating Study have been published previously & 21, The study was
approved by the University of Michigan Institutional Review Board (HUMO00007622) and
registered at clinicaltrials.org (registration number NCT00475722). Briefly, a total 120
individuals at increased risk of colon cancer were enrolled from Ann Arbor, MI and
surrounding areas from July 2007 to November 2010. Study participants provided signed,
informed consent, and were randomized to a Healthy Eating or Mediterranean diet. A total
of 93 participants completed six months of study. Increased risk was defined as a family
history of colon cancer in a first-degree relative or two second-degree relatives, or a personal
history of an adenoma or colon cancer. The primary goal of the study was to evaluate
changes in colonic eicosanoid concentrations. Dietary intakes of carotenoids, from analysis
of food records, roughly doubled in both study arms 6.

Fasting blood samples were obtained in ethylenediaminetetraacetic acid (EDTA) tubes, and
plasma was stored at ~80°C before analysis as described % 21, C-reactive protein,
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lipopolysaccharide (LPS) binding protein, cholesterol, high density lipoprotein (HDL), low
density lipoprotein (LDL) and triglycerides were measured using commercial Kits as
previously published 22. The homeostasis model of assessment for insulin resistance
(HOMAZ2-IR) was calculated from fasting C-peptide and glucose using an online calculator
from the University of Oxford (The HOMA Calculator version 2.2 ) 23, Eight colon biopsies
were obtained without prior preparation of the bowels by flexible sigmoidoscopy from each
participant at each time point. The biopsies were all collected in the colon 20 to 25 cm from
the anal sphincter. Biopsies were flash frozen in liquid nitrogen exactly 5 seconds after
harvesting and were frozen at =70 °C until analysis. After biopsies were used for the primary
study endpoints, one colon biopsy was available for microbiome analysis from 94
participants at baseline and from 85 participants after dietary intervention (179 biopsies of
the 212 biopsies originally collected for the study).

Dietary intervention

Subjects were randomized to receive counseling with a registered dietitian for either a
Healthy Eating or a Mediterranean diet for six months. The Healthy Eating arm had goals
for consuming at least five % cup servings/day of fruit and vegetables (including at least one
serving that is a dark green or dark orange fruit or vegetables), at least three servings/day
from whole grains, and less than 10% of calories from saturated fat. The Mediterranean arm
goals were to maintain 30% of calories from fat while achieving a polyunsaturated:
saturated: monounsaturated fatty acids (PUFA: SFA: MUFA) ratio of 1:2:5. Other goals
were to consume foods high in omega 3 fatty acids at least twice a week, at least three
servings/day from whole grains, at least 7-9 ¥ cup servings of fruits and vegetables per day,
depending on energy intake, and to include both culinary herbs and allium vegetables daily.
The counseling was done mainly by telephone. Details of the interventions, including
adherence, have been published previously and indicated that the main difference between
arms after six month was in fat intakes while fruit, vegetable and fiber intakes all increased
by similar amounts 6: 21,

Bacterial 16S rRNA Gene Sequencing

Bacteria adhering to the biopsies were identified by isolating DNA and sequencing the V4
region of the bacterial-specific 16S rRNA gene. DNA was isolated from biopsies with a
PowerMag Microbiome RNA/DNA Isolation Kit (Mo Bio Laboratories, Inc.) using an
epMotion 5075 liquid handling system. The hypervariable V4 region of the 16srRNA gene
was amplified from each sample using primers described previously: forward sequence
GTGCCAGCMGCCGCGGTAA and reverse sequence GGACTACHVGGGTWTCTAAT
24,25 _Quality control samples included a water blank, a mock bacterial community and a
rinse of the biopsy instrument that had been opened in the biopsy procedure room. These
control samples indicated no problems with assay performance. Polymerase chain reaction
(PCR) products were visualized using an E-Gel 96 with SYBR Safe DNA Gel Stain, 2%
(Life technologies cat# G7208-02).

Libraries were prepared using a dual-indexing strategy according to Illumina’s protocol for
Preparing Libraries for Sequencing on the MiSeq (part# 15039740 Rev. D) for 2nM or 4nM
libraries. Libraries were normalized using Life technologies SequalPrep Normalization Plate
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Kit (cat # A10510-01) following the manufactures protocol for sequential elution. The
concentration of PCR products in the pooled samples was determined using Kapa
Biosystems Library Quantification kit for Illumina platforms (KapaBiosystems KK4824).
The sizes of the amplicons in the library were determined using an Agilent Bioanalyzer
High Sensitivity DNA analysis kit (cat# 5067-4626). The final library consisted of equal
molar amounts from each of the plates, and it was normalized to the pooled plate at the
lowest concentration. If the library concentration was below 1nM, modified hybridization
buffers were used for denaturation 26. The final load concentration was 4pM with a 10%
PhiX spike to add diversity. Sequencing reagents were prepared according to a published
protocol 25 27; custom read 1, read 2 and index primers were added to the reagent cartridge.

Sequencing was done on the lllumina MiSeq platform (San Diego, CA), using a MiSeq
Reagent Kit V2 500 cycles (Cat# MS-102-2003), according to the manufacturer’s
instructions with published modifications that are available in a web-based standard
operating procedure for generating libraries 25 27, The Accuprime High Fidelity Taq (Life
Cat # 12346094) was used instead of Accuprime Pfx supermix. The bacterial 16S sequence
data can be found at the Sequence Read Archive maintained by the National Center for
Biotechnology Information at the National Institutes of Health (SRP115434: Mediterranean
Diet Study, release date August 15, 2018).

Bacterial sequence processing and analysis

The analysis of bacteria present in the biopsies was based on the procedures developed by
the Schloss laboratory 25 27, The 16S rRNA gene sequence data was processed and analyzed
using the software package “mothur” version 1.35.0 and the MiSeq standard operating
procedure using MiSeq Control Software version 2.5.0 released September 15, 2014 (http://
www.mothur.org/wiki/MiSeq_SOP) 25 27 FASTQ files were generated for paired end reads.
Reads were aligned when making contigs. Pre-clustering was used and a uchime chimera
filter was run. The SILVA version 119 reference alignment was used, and quality filtering
was done with the screen.seqs command, filtered by length and by alignment to the V4
region of the SILVA data 28. Sequences were binned into operational taxonomic units
(OTUs) based on 97% sequence similarity using the average neighbor cluster method. A
distance matrix was built with the dist.seq command. An OTU is defined as a group of
sequences clustered together by similarity. Sequence counts per OTU for each sample were
calculated (average 21,136 sequences/sample, SD 15,582) and no OTU filtering was applied.
Subsampling was done to 1047 sequences per sample which eliminated 9 samples.
Subsampling to 3067 sequences per sample yielded similar results but eliminated 18 samples
and therefore was not used. Use of at least 1000 sequences per sample is adequate for the
taxonomic, relative abundance and diversity analyses that were done for this study, and as
reviewed by Jovel et al. 2°. Genus level taxonomic classifications were made using a
modified version of the Ribosomal Database Project (RDP) training set 9 within mothur
30,31 For graphical presentation of changes in bacterial taxa, only the 30 most abundant taxa
were utilized.
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Calculation of diversity indices and principal coordinates analysis

Since the number of OTUs identified is large, methods were used to describe the nature of
the bacterial communities in the biopsies as a whole. The Shannon diversity index (H), that
accounts for both richness and evenness of the species present, and the inverse Simpson
index, another diversity metric, were calculated as previously described 32. The community
distance index (Bvy¢) was calculated using the method of Yue and Clayton that accounts for
the proportions of both shared and non-shared species, producing a “Nonparametric
Maximum Likelihood Estimator” index, with values between 0 and 1 indicating increasing
community diversity 33. The mean inter-individual 6y¢ was calculated for samples both at
baseline and at 6 months after averaging the 8y¢ for all pairs of values at each time point for
each sample. The By values for each pair of samples before and after dietary intervention
(intra-individual 6y c) was also generated and analyzed separately. The principal coordinates
analysis (PCoA) of 6y values were calculated at baseline in mothur using OTU relative
abundance. Results were plotted using the pca3d package with the R program 34 35,

Statistical analyses

The basic analysis approach was to evaluate associations of bacterial communities with
carotenoids at baseline and to evaluate changes in bacterial communities as a result of
dietary intervention. Linear discriminant analysis effect size (LEfSe) methods of Segata et
al. were used to identify bacterial OTUs that differ across tertiles of total serum carotenoids
at baseline 36, Subsequent analyses were performed with SPSS software, version 22 37,
Kruskal-Wallis non-parametric tests were used to identify pairs of values that differ across
carotenoid tertiles. Significant trends across tertiles were identified by the Jonckheere-
Terpstra test for ordered alternatives. Continuous variables of participant characteristics with
a normal distribution or a distribution that could be normalized using log transformation
were compared across carotenoid tertiles using ANOVA after log transformation if
appropriate. Categorical variables were compared across tertiles using Chi-square analyses
(Tables 1-2). Spearman correlations of variables associated with metabolic health and
bacterial variables were performed with correction of p-values for false discovery rates using
the method of Benjamini-Hochberg 38, Paired t-tests were used to evaluate changes in
bacterial diversity and taxa in each diet arm over time.

To evaluate the contribution of differences in bacterial abundance to inter-individual
variation in serum carotenoids at baseline relative to demographic factors that are known to
affect carotenoids, linear regression models were used. The bacterial OTUs identified in
LEfSe to differ by carotenoid tertile at baseline were included in linear regression analyses
shown in Figure 2. In these models, serum carotenoid concentrations were transformed as
needed to satisfy normality assumptions: this was log for serum and colon lycopene and
natural log for all other carotenoids. Variables entered stepwise were those published to
affect serum carotenoid concentrations (BMI in kg/m?, current smoking yes/no, serum
cholesterol in mg/ml, dietary intake in pg carotenoid/1000 kcal) and each of the 11 OTUs
identified in the LEfSe analysis which had the following taxonomic classifications:
Bacteroides, Roseburia, Blautia, three OTUs of Lachnospiraceae unclassified, Collinsella,
Lachnospiraceae incertae sedis, Parasuttrella, Odoribacter and Firmicutes unclassified.
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Results

Bacterial Sequencing and Participant Characteristics

The sequencing of colonic mucosal bacteria was successful, yielding at least 1047 reads in
170 of 179 biopsies after subsampling, representing a 95% success rate. This included 156
successfully sequenced biopsies from 76 participants with paired baseline and six month
samples, 12 additional biopsies from participants at the baseline visit and six additional
biopsies from the six-month visit for which a paired baseline biopsy was not available. The
94 study participants for whom a successfully sequenced biopsy was available at one or both
time points were 75% female, 89% white, mean age 53 years (SD 11 years) and mean body
mass index (BMI) of 27 kg/m? (SD 4 kg/m?). Most were college graduates (79%) and a
small proportion were current smokers (9%) or taking non-steroidal anti-inflammatory drugs
(19%). None of these participant characteristics were significantly different (p<0.05) versus
that of the 120 participants recruited for the study, and these demographic characteristics
were published previously 39, Table 1 shows select characteristics of the 88 participants who
provided baseline, subsampled, data by tertile of baseline serum total carotenoids.

Characteristics of Mucosal Bacteria by Serum Carotenoid Tertile

The baseline data was categorized by tertile of total serum carotenoid concentrations to
facilitate analysis of potential associations of carotenoids with bacterial communities: low
(110-720 pg/ml), medium (730-1038 ug/ml) and upper (60-4760 pg/ml) tertiles. Insulin
resistance, C-reactive protein, lipopolysaccharide (LPS) binding protein, BMI and
triglycerides were lower in the highest tertile while HDL was higher, versus the lowest
tertile, as shown in Table 1. Several bacterial taxa differed across serum carotenoid tertiles at
baseline, as shown in Table 2. Higher bacterial variation, indicated by a larger bacterial
community Ov¢ distance, was found in tertiles 2 and 3. Principal Covariate Analysis (PCoA)
of colonic mucosal bacterial community 8y distances across tertiles of serum total
carotenoids at baseline indicated clustering of 6y distances in the lowest carotenoid tertile
with more variability of By ¢ distances in the two upper tertiles.

At the phylum level, there was a significantly lower abundance of Firmicutes and higher
abundance of Proteobacteria with higher serum carotenoids (p<0.027 after adjusting for false
discovery rates), with no significant differences in the other major phyla. The relative
abundance of OTUs in the Lachnospiraceae family, and the OTUs classified in the genera
Blautiaand Roseburia were lower with higher serum carotenoids but the relative abundance
of the OTUs in the Prevotella genus was higher (Table 2). LEfSe analysis of bacterial
communities identified 11 individual OTUs that differed by tertile of total serum carotenoids
(p<0.05). Using the Kruskal-Wallis test, six of these remained significant (p<0.027). In
addition, significant trends across tertiles were identified for Blautia, Prevotella, Roseburia
and six of the OTUs from LEfSe analysis using the Jonckheere-Terpstra test for ordered
alternatives with p<0.05 (Table 2).

Associations of Demographic Factors with Relative Bacterial Abundance at Baseline

The relationships of participant characteristics associated with metabolic health and the
identified bacterial taxa were explored using Spearman correlations at baseline
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(Supplemental Table 1). The strongest correlations with BMI were positive correlations with
abundance of the Firmicutes phylum and Roseburia genera and three OTUs in the
Lachnospiraceae family (R?>0.3 in each case). Correlations with triglycerides, CRP,
HOMAZ2-IR and lipopolysaccharide (LPS) binding protein were similar in magnitude and
direction as the correlations with BMI. The correlations of the relative abundance of these
taxa was opposite in direction with HDL and serum carotenoids versus that with the
aforementioned measures that are indicative of adverse metabolic health (Supplemental
Table 1). LDL cholesterol, however, did not display any significant correlations with
bacterial taxa (using p>0.015 to control for false discovery rates).

The correlations of serum and colon carotenoids with the relative abundance of bacterial
taxa are shown in Supplemental Table 2 as a heat map. In serum, correlations of bacterial
variables with a-carotene were weakest. In general, most of the correlations with individual
carotenoids and bacterial taxa were in the same direction, and the pattern of correlations
with xanthophylls tended to differ somewhat from that with the other carotenoids
(Supplemental Table 2A). The correlations of the relative abundance of bacterial taxa with
concentrations of carotenoids in colonic biopsies (expressed as in pg per mg protein) were
much weaker versus that that with serum carotenoids, as shown in Supplemental Table 2B.

Bacterial Predictors of Serum Carotenoids

Regression analyses were performed to determine if the abundance of specific bacterial
populations is associated with inter-individual variability in serum carotenoid concentrations
after accounting for demographic factors previously identified to be associated with
carotenoids. Models were constructed using stepwise selection of factors known to be
associated serum carotenoids: BMI, smoking, serum total cholesterol, gender, age, dietary
intakes of total carotenoids, dietary fat and dietary soluble fiber 10-13. 40, Bacterial OTUs for
inclusion in the linear regression models were selected based on the LEfSe results of OTUs
that differed significantly across carotenoid tertiles, p<0.05, as shown in Table 2. Adding
season of blood collection or carotenoid supplement use (which was in 14% of participants)
did not improve the models. The significant predictors of total serum carotenoids were
dietary intakes of total carotenoids per 1000 kcal, BMI, serum cholesterol, smoking and the
relative abundance of OTUs that were classified as Bacteroides, Roseburiaand a genus of
the Lachnospiraceae family (Figure 2). These variables together accounted for 36% of the
variance in serum total carotenoid concentrations at baseline (p<0.001 overall model). For
colon carotenoids, similar analyses of demographic factors and the same bacterial
populations explained a much smaller proportion of the inter-individual variance (<15%, not
shown), which is consistent with the relatively weak correlations of bacterial taxa with colon
carotenoids shown in Supplemental Table 2.

Changes in Bacterial Populations with Dietary Intervention

Finally, we evaluated if dietary intervention to increase carotenoid intakes would alter
bacterial populations in the colonic mucosa. We reported previously that carotenoid intakes
increased in both arms by a similar amount, about 2-fold versus baseline 21. Total carotenoid
intakes increased from a mean of 5.3 to 11.4 mg/1000 kcal/day in the Healthy Eating arm
and from 6.0 to 11.2 mg/1000 kcal/day in the Mediterranean arm in the participants from
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whom biopsies were analyzed by 16s rRNA sequencing. A unique feature of the Healthy
Eating arm was a decrease in total fat intake while in the Mediterranean arm, total fat intake
remained constant while monounsaturated fat intake increased 2. The relative abundance of
30 of the most abundant genera before and after six months of dietary intervention are
shown in Supplemental Figure 1. Paired t-tests for pre/post-intervention differences in the
bacterial taxa listed in Table 2 revealed no significant differences after adjustment for false
discovery rates (not shown). The inverse Simpson and Shannon indices also showed no
significant changes after intervention. There was, however, a decrease in the community 6y¢
distance (indicating increased similarity) in both diet arms, and this was significant for the
Healthy Eating arm after adjustment for false discovery raters with p=0.000004 (Table 3).
This is consistent with participants pursuing the same dietary goals as a result of the
counseling provided. Similar results were obtained when analyzing the log of 8y inter-
individual distance using mixed models (which allows for analysis of all the data) with BMI,
serum choelsterol and smoking as covariates (not shown). The intra-individual 6y ¢ distance
also was calculated for each participant from baseline to 6 months. The intra-individual 6y ¢
distance was smaller than the inter-individual 6y ¢ shown in Table 3 and did not differ by
diet group assignment (mean intra-individual 6y ¢ of 0.55, SD 0.32 for the Healthy Eating
group and mean of 0.59, SD 0.28, for the Mediterranean group).

Discussion

There is much interest in deciphering the role of the intestinal microbiota in various aspects
of human health and disease, and this area of research is now rapidly growing. Interactions
of the microbiota and intestinal epithelium are important for maintaining homeostasis of the
intestinal epithelium and host immune or inflammatory status that in turn affects multiple
health risks 41. In the present study, six months of dietary intervention did not appreciably
alter the colonic mucosal bacteria (Table 3 and Results). This is consistent with other studies
showing that changes in dietary patterns have a minimal effect on the nature of the gut
microbiota and that long-term dietary patterns may be more important for determining the
gut enterotype 42745, Larger changes in the gut bacteria have been reported with prebiotics
and bariatric surgery 46-48_ One study reported that initial intestinal bacterial richness was
associated with smaller changes in bacteria after fiber supplementation 49, but other studies
found no significant bacterial changes after dietary supplementation with fiber containing
foods 47-50. 51 In rodent models, irreversible changes in the gut microbiota after a low fiber
diet occurred only after several generations 2. This is consistent with a weight loss study in
humans that found initial changes in the gut microbiota followed by return to the baseline
composition after one year 53,

We therefore focused additional data analyses on the relationships between bacterial
communities in the colonic mucosa with carotenoid concentrations in serum and colon at
study baseline. There were stronger associations of bacterial abundance with carotenoid
concentrations in the serum versus that in the colon (Supplemental Table 2). We previously
reported that diet more directly affects serum versus colon carotenoids, indicating that host
metabolic factors are relatively more important in governing tissue versus serum
concentrations 8. We therefore explored the associations of relative bacterial abundance with
serum carotenoids in more depth.
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Bacterial communities in biopsies from individuals in the highest tertile of carotenoids did
tend to cluster with each other in the PCoA analysis (Figure 1). In evaluating differences in
bacterial abundance across tertiles of total serum carotenoids at baseline, several differences
emerged as shown in Table 2. The most notable difference was a lower abundance in
Firmicutes taxa, particularly in the Lachnospiraceae family, in the highest carotenoid tertile.
A high Firmicutes to Bacteroidetes ratio has been associated with a Western diet and with a
high fat diet > 55, Although studies do vary, positive associations of a high Firmicutes to
Bacteroidetes abundance ratio also have been observed with obesity 45 5659 and increased
intestinal Lachnospiraceae abundance has been associated with development of diabetes
60,61 Consistent with these observations, our data also showed that individuals in the
highest tertile of carotenoids had lower prevalence of obesity and insulin resistance (Table
1). Several studies have suggested that the gut microbiota with relatively high abundance of
Prevotella and a low abundance of Bacteroides is characteristic of a diet high in plant foods
62, In our study Prevotella abundance was higher in the highest versus the lowest carotenoid
tertile, but the decrease in Bacteroides was not significant (Table 2).

In linear regression analyses shown in Figure 2, three colonic mucosal OTUs were retained
as statistically significant predictors of serum carotenoids; one OTU was classified as a
genus of Bacteroides, another was a genus of Roseburia (family Lachnospiraceae), and the
third was an unclassified OTU in the family Lachnospiraceae. The relative abundance of
each was lower in the highest tertile of serum carotenoids (Table 2), making it difficult to
discern a functional role for these observations. There is in vitro evidence that certain natural
products from plant-based foods have anti-bactericidal activity 63 64, Decreased abundance
of select bacterial populations would allow other types of bacteria to expand °, and if these
changes are distributed among many species they would be difficult to detect.

Despite this significant association of colonic mucosal bacterial abundance with serum
carotenoids at baseline, dietary intervention to increase serum carotenoids with either a
Mediterranean or Healthy Eating approach did not result in large changes in the relative
abundance of any bacterial taxa (Supplemental Figure 1). The only notable change was a
decrease in the By distance after intervention, indicating greater community similarity,
likely since all participants were given dietary advice with the same goals (Table 3). The
decrease in the By distance after dietary intervention to increase carotenoids therefore
contrasted with the result at baseline showing a relatively larger Oy distance in the highest
carotenoid tertile. In a small cross-sectional study, lower abundances of Firmicutes and
Lachnospiraceae, and higher abundances of Bacteroidetes, Prevotellaceaand Prevotella,
were associated with a higher Mediterranean diet score 6. Our dietary intervention results
suggest that such associations of bacterial abundance with diet are more likely due to other
characteristics of the participants who consume specific types of diets versus that of the diet
per se. Alternatively, these associations may depend on how the Mediterranean diet is
defined.

Our study differs from published studies in which microbiota typically were quantified in
excreted stool of rodents or humans, or in the ceca of rodents. The bacterial species present
in the mucin layer lining the luminal colonic epithelium differ from those in the lumen and
stool 87: 88, The mucin layer provides protection to the colonic epithelium, but it is also a
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niche for bacterial growth 6. 70, Bacteria localized in the mucin vs. that in the lumen layer
might have greater impact on the biology of the colonic epithelium 89 71. 72 Alternatively,
we speculate that the bacteria adhering to the mucin layer might alter the absorptive abilities
of the epithelial layer by degrading the mucin to increase permeability of the intestinal
barrier. Several species of normal human gut bacteria have the ability to degrade mucin
glycoproteins /3. A study of 24 healthy humans showed that the luminal and mucosal
bacterial populations differ markedly, and large differences have been found in animal
studies as well 7476, This makes it difficult to compare our results with that of other studies
that largely evaluated fecal bacteria.

There are several limitations to this study. Genetic polymorphisms in the metabolism of
carotenoids do contribute somewhat to serum carotenoid concentrations, and this was not
measured 7779, The dietary intervention in this study was only 6 months long 21. With
longer periods of intervention, changes in bacterial populations may become more evident.
The data in this study were analyzed up to the genus level. Therefore, this might not be
sufficient to uncover all important bacterial contributors to carotenoid accessibility. Methods
to describe similarities and differences among complex bacterial populations are still
evolving. In addition, we only analyzed bacteria in the colonic mucosal biopsies. Bacteria
localized in the mucin may be relatively resistant to dietary change versus the bacteria in the
lumen. Our results are, however, consistent with data from other studies that stool
enterotypes (based on the relative abundance of Prevotella and Bacteroides) are resistant to
change with diet, although transient changes can be observed in the first 1-4 days 42: 43. 80,

Conclusions

Changes in the intestinal microbiota were not evident after six months of dietary
intervention. The relative abundance of specific OTUs was, however, significantly associated
with serum carotenoid concentrations at baseline, indicating that long-term dietary
exposures might be relatively more important in governing the bacterial community in the
colonic mucosa. Further research is therefore warranted to better understand the role of the
intestinal microbiota in modulating carotenoid accessibility and absorption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Axis 2

Principal Covariate Analysis (PCoA) of colonic mucosal bacterial community 8y ¢ distances
and tertile of serum total carotenoids at baseline. PCoA is a multidimensional scaling metric
that is constructed using the 8y ¢ distance matrix of the samples. The analysis produces a set
of uncorrelated (orthogonal) axes that summarize the variability in the data. Axis 1
contributed to 18.9% of the variance, axis 2 contributed 11.5% and axis contributed 7.8%.

Objects ordinated closer to one another are more similar than those ordinated further away.

Samples from study participants in the lowest tertile of serum carotenoids (filled black

squares) are shown to cluster in a different pattern than samples from participants in the 2"d
and 3" tertiles (open circles and triangles, respectively).
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Figure 2.
Graphical representation of the regression models for baseline serum carotenoids. Models

were constructed including dietary intakes of respective carotenoids per 1000 kcal, variables
known to affect carotenoid concentrations (body mass index denoted as “BMI”, smoking,
gender, serum total cholesterol) and the relative abundance of 11 bacterial operational
taxonomic units (OTUs) that were identified to be associated with serum carotenoids from
linear discriminant analysis effect size (LEfSe) analysis. OTUs are constructed based on
sequence similarity and represent bacteria at the genus level. Only the variables that
remained significant after stepwise selection are shown, and the final model explained 36%
of the variance in total serum carotenoids. For bacterial relative abundance, the retained
OTUs were OTUL (Bacteroides), OTU118 (an unclassified species of Lachnospiraceae) and
OTU4 (Roseburid). The adjusted R? was significant across models (R? = 0.034 for model 1,
R2 = 0.243 for model 2 and RZ = 0.360 for model 3, p<0.05 for the F change in each case).
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Table 1

Demographic characteristics of 88 study subjects at study baseline by serum total carotenoid tertile. The
tertiles represent low, medium and high serum carotenoids, and the mean and range for each tertile is shown in
the column headings. Data shown is mean (standard deviation) or number (%). The mean and range of serum
total carotenoids for each tertile is shown in the table column headings.

Tertile 1 Tertile 2 Tertile 3

Characteristic N=29 N=29 N=30
487 (110-720) pg/ml 859 (730-1038) pg/ml 1627 (1060-4760) pg/ml

Dietary carotenoids (mg/1000 kcal/day) 4.8 (2.6) 5.7(3.3) 6.4 (2.3)€
Colon Carotenoids (pg/ug protein) 19 (26) 16 (12) 18 (15)
Age (Years) 54 (10) 51 (11) 54 (11)
Femaled 20 (69%) 20 (69%) 25 (83%)
Smoker@ 4 (14%) 1(3%) 2. (71%)
Aspirin User@ 6 (21%) 5 (17%) 5 (17%)
Married@ 18 (62%) 21 (72%) 21 (70%)
HOMA2-IRY 21(11) 15(0.9) ¢ 1.2 (0.4) ¢
C-Reactive Protein (mg/L) 3.8(4.7) 1.9 (1.8) 15(1.4) €
LPS binding protein? 20(7) 15() 15(7) ¢
BMI (kg/m?)? 28.8(3.7) 25.9 (4.5) € 25.7(2.9) €
Total Cholesterol (mg/dL) 197 (47) 207 (38) 214 (33)
Triglycerides (mg/dL) 152 (74) 105 (44) ¢ 99 (57) ¢
HDL (mg/dL)? 57 (15) 67 (15) ¢ 73(17) ¢

a . . . I . . . .
For categorical variables, Chi-square tests were used and no significant differences between tertiles were found. These subjects were 88% white
and there was no significant difference in race by tertile. Subjects consuming aspirin regularly for cardiovascular disease prevention (defined as 81

mg/day or 325 mg every other day) were classified as aspirin users.

bAbbreviations used in the table are homeostatic model of assessment for insulin resistance (HOMAZ2-IR, from the HOMA Calculator version 2.2,
University of Oxford) body mass index (BMI) and high density lipoprotein (HDL).

cThese values are significantly different than tertile 1 from ANOVA. Log transformation was used before conducting ANOVA for the HOMAZ2-IR,
C-reactive protein, lipopolysaccharide (LPS) binding protein, dietary carotenoids, serum carotenoids, triglycerides and HDL. Serum low density
lipoprotein, interleukins (IL1p, IL6, IL10, IL13), interferon gamma (IFN-y) and tumor necrosis factor alpha (TNFa) displayed no significant
differences across serum carotenoid tertiles, not shown.
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Table 2

Characteristics of colonic mucosal microbiota at baseline among 88 study subjects by serum carotenoid tertile.
Data shown are the median and inter-quartile range of the summed relative abundance for each phylum, family
or genus using abundance data subsampled to 1047 sequences per sample. Major phyla, families and genera
shown were generated from summing appropriate taxonomic-based operational taxonomic units (OTUSs). The
11 OTUs identified to differ by serum carotenoid tertile from linear discriminant analysis effect size (LEfSE)
analyses are also shown, given using the taxonomic classification for each OTU (phylum, family, genus).

Characteristic Tertile 1 Tertile 2 Tertile 3
Indices

Shannon Diversity Index 3.43 (0.53) 3.68 (0.94) 3.60 (1.03)

Inverse Simpson Index 19.9 (10.5) 19.4 (24.7) 18.1 (19.1)

Oy Distances &0 069(0.11)  pg1(0.16)7 0.84(0.15) ¢
Major Phyla®

Actinobacteria 18 (31) 18 (24) 14 (27)

Bacteroidetes 247 (157) 230 (206) 280 (192)

Firmicutes &0 725 (117) 634 (280) 594 (276) 9

Proteobacteria &2 12(17) 31(78) ¢ 23(33) ¢

Verrucomicrobia 2 (14) 3(20) 3(33)

Major Families®

Firmicutes, Lachnospiraceae ab 450 (216) 341 (243) d 287 a77) d
Firmicutes, Ruminoccaceae 156 (111) 128 (129) 119 (110)
Genera®

Bacteroidetes, Bacteroidaceae, Bacteroides 203 (151) 96 (166) 137 (179)
Bacteroidetes, Prevotellaceae, Prevotella ab 0(4) 1(34) 2(37) d
Firmicutes, Lachnospiraceae, Blautia ab 121 (72) 49 (91) d 64 (76) d
Firmicutes, Lachnospiraceae, Roseburia ab 70 (66) 31 (38) d 13 (42) d
\Verrucomicrobia, Verrucomicrobiaceae, Akkermansia 2(14) 3(20) 3(32)

OTUs identified from LEfSe analysis to differ by carotenoid tertile, with taxonomic classification of each OTU

OTU24: Actinobacteria, Coriobacteriaceae, Collinsella 6 (24) 6 (17) 2(8)
OTUL1: Bacteroidetes, Bacteroidaceae, Bacteroides 92 (90) 57 (74) 54 (100)
OTU102: Bacteroidetes, Porphyromonadaceae, Odoribacter? 1(4) 0(1) 0(1)
OTU3: Firmicutes, Lachnospiraceae, Blautia ab 55 (62) 18 (39) d 26 (34) d
OTU4: Firmicutes, Lachnospiraceae, Roseburia ab 65 (60) 22 (37) d 13 (41) d
OTU75: Firmicutes unclassified 0(0) 2 (5) 0(3)
‘OTU20: Firmicutes, Lachnospiraceae, Lachnospiracea incertae sedis ab 11 (10) 9(21) 7 (10) d
OTU12: Firmicutes, Lachnospiraceae unclassified ab 25 (39) 11 (23) 6 (17) d
OTUA45: Firmicutes, Lachnospiraceae unclassified ab 3(10) 1(3) 1(3) d
OTU118: Firmicutes, Lachnospiraceae unclassified 1(0) 1(2) 0(2)
OTUG3: Proteobacteria, Sutterellaceae, Parasutterella 2 2(7) 0(2) d 1(7) €
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a.. .. . . . . . . . .
Significant difference in relative bacterial abundance across tertiles of serum carotenoids by the Kruskal-Wallis test, after adjustment for false
discovery rates. The 8y C distances were calculated by the method of Yue and Clayton as given in the Methods section.

b, .. . .
Significant trend across tertiles by the Jonckheere-Terpstra test for ordered alternatives.

DOTUs in the subsampled data were summed based on their taxonomic classification to generate phyla, families and/or genera shown. For genera,
the number of OTUs summed was as follows: Prevotella 19 OTUs, Bacteroides 23 OTUs, Akkermansial OTU, Blautiall OTUs, Roseburia 2
OTUs.

Significantly different than tertile 1 by the Kruskal-Wallis test with pairwise comparisons, p<0.05.

eSignificantIy different than tertile 2 by the Kruskal-Wallis test with pairwise comparisons, p<0.05.

J Acad Nutr Diet. Author manuscript; available in PMC 2019 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Djuric et al. Page 22

Table 3

Bacterial diversity indices in the colonic mucosal biopsies before and after dietary intervention. Data shown is
mean and standard deviation (SD) for diversity measures in biopsies from subjects from whom paired baseline
and 6 month samples were available.

Bacterial Diversity Index Healthy Eating Arm, n=39  Mediterranean Arm, n=37
Baseline 6 Months Baseline 6 Months

Shannon Diversity, H 3.35(0.78)  3.62(0.40) 3.46 (0.54)  3.52(0.36)

Inverse Simpson 19.6 (11.1) 23.3(10.1) 19.7 (10.1) 20.5 (8.8)

Inter-individual Distances ©yc ~ 0.79(0.10) 72 (0.10)@ 0.78 (0.10) 0.74 (0.10)

a . - . N . .
Paired t-tests were conducted on the indices shown and on all taxa and operational taxonomic units (OTUs) shown in Table 2. After correction for
false discovery rates (FDR), the only pair that was statistically different pre/post intervention was for the 8y C distances shown in the Healthy

Eating arm (p<0.001).
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