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Abstract
Interactions between gut microbes and dietary components modulate intestinal permeability (IP) and inflammation. Recent studies have reported altered
fecal microbiota composition together with increased IP and inflammation in individuals consuming military food rations in austere environments, but could not
isolate effects of the diet from environmental factors. To determine how the U.S. Meal, Ready-to-Eat food ration affects fecal microbiota composition, IP and
inflammation, 60 adults (95% male,18–61 years) were randomized to consume their usual ad libitum diet for 31 days (CON) or a strictly controlled Meal, Readyto-Eat-only diet for 21 days followed by their usual diet for 10 days (MRE). In both groups, fecal microbiota composition was measured before, during (INT, days
1–21) and after the intervention period. IP and inflammation [high-sensitivity C-reactive protein (hsCRP)] were measured on days 0, 10, 21 and 31. Longitudinal
changes in fecal microbiota composition differed between groups (P=.005), and fecal samples collected from MRE during INT were identified with 88% accuracy
using random forest models. The genera making the strongest contribution to that prediction accuracy included multiple lactic acid bacteria (Lactobacillus,
Lactococcus, Leuconostoc), which demonstrated lower relative abundance in MRE, and several genera known to dominate the ileal microbiota (Streptococcus,
Veillonella, Clostridium), the latter two demonstrating higher relative abundance in MRE. IP and hsCRP were both lower (34% and 41%, respectively) in MRE
relative to CON on day 21 (Pb.05) but did not differ otherwise. Findings demonstrate that a Meal, Ready-to-Eat ration diet alters fecal microbiota composition and
does not increase IP or inflammation.
© 2019 . Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
The gut microbiota and intestinal barrier coexist in a dynamic,
bidirectional relationship that generally reﬂects a mutualistic symbiosis between host and microbiota. However, that relationship can be
perturbed by various environmental and physiologic stressors,
initiating a cycle in which translocation of antigens from the gut
lumen (e.g., bacterial lipopolysaccharide) activates immune and
inﬂammatory responses that promote intestinal barrier dysfunction
and increase intestinal permeability (IP) [1–3]. Sequelae of increased
IP and associated inﬂammation can include gastrointestinal distress
[1,4]; impaired nutrient absorption and metabolism [5]; decrements

in cognition and physical performance [6]; and increased risk of
illness, infection and chronic disease [2,7]. As such, there is increasing
interest in identifying factors that inﬂuence gut microbiota–intestinal
barrier interactions and the resulting impact on human health [2].
Interactions between gut microbes, and both nutritive and
nonnutritive dietary components are now recognized as impacting
intestinal barrier health and function. Macronutrients are thought to
be especially critical. For example, low-ﬁber diets, often as part of
“Western-style” diets containing high amounts of saturated fat and
sugar, have been shown to induce intestinal barrier damage and
dysfunction in animal models [8–11]. Underpinning mechanisms
include macronutrient-mediated changes in ratios of beneﬁcial and
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proinﬂammatory gut bacteria and bacterially derived metabolites,
with reduced bacterial synthesis of the short-chain fatty acids (SCFA)
acetate, propionate and butyrate thought to be particularly important
[12,13]. These bacterial byproducts of ﬁber fermentation, and butyrate
in particular, have several beneﬁcial health effects which include
enhancing intestinal barrier function and integrity [14]. Less attention
has been given to the effects of other dietary factors on gut
microbiota–intestinal barrier interactions. However, intakes of foodborne microbes [15,16], non-nutritive food additives (e.g., emulsiﬁers
and artiﬁcial sweeteners) [17–19], micronutrients [20,21] and various
other plant- and animal-derived compounds [22–24], as well as food
form and processing [25–27], have all been shown to alter the
composition and/or metabolic activity of the gut microbiota and, in
some cases, intestinal barrier health [18,19,23,28,29]. As such, a shift in
diet macronutrient composition is not the only dietary factor expected
to inﬂuence interactions between the gut microbiota and intestinal
barrier.
Every year, hundreds of thousands of U.S. military personnel and
civilians involved in natural disasters shift from consuming their
habitual diets to subsisting on the U.S. Armed Services Meal, Ready-toEat food ration. The macronutrient proportions and ﬁber density of the
ration are similar to an average American diet, and the micronutrient
content is made to comply with U.S. military dietary reference intakes
through fortiﬁcation [30]. However, the ration differs from most diets
in that it contains only commercially sterile, highly processed items
and no fresh foods [31]. Recent studies have reported changes in gut
microbiota composition and microbiota-related metabolites along
with increased IP and inﬂammation in individuals consuming military
food rations in austere environments [32–35]. However, those studies
could not separate effects of the unique ration-based diets from
confounding environmental factors known to impact the gut microbiota and IP [36]. As a result, the impact of military food rations, and
the Meal, Ready-to-Eat ration in particular, on the gut microbiota and
IP is unclear. This study aimed to address that gap by isolating the
effects of a Meal, Ready-to-Eat diet on gut microbiota composition and
IP. Secondary outcomes included fecal SCFA concentrations, gastrointestinal symptoms, and circulating markers of inﬂammation and
intestinal barrier function.
2. Materials and methods
2.1. Participants
Sixty-one men and three women 18–61 years of age and recruited from the Natick,
MA, area participated in this trial conducted between June 2015 and March 2017 at the
U.S. Army Research Institute of Environmental Medicine. Both military personnel and
civilians were enrolled. Study exclusion criteria included BMI N30 kg/m2; any antibiotic
use during the previous 3 months; history of any gastrointestinal disease; infrequent
bowel movements (b4 weekly); regular use of medications impacting gastrointestinal
function (e.g., laxatives, stool-softeners or antidiarrheals); colonoscopy within the
previous 3 months; inability to avoid NSAID use; following a vegetarian diet; pregnant
or lactating at time of participation; and actively trying to lose or gain body weight.
Participants were instructed to discontinue use of any probiotic, prebiotic or other
dietary supplements beginning 2 weeks prior to study participation.
The study was reviewed and approved by the US Army Research Institute of
Environmental Medicine Institutional Review Board. Investigators adhered to the
policies regarding the protection of human subjects as prescribed in Army Regulation
70-25, and the research was conducted in adherence with the provisions of 32 CFR Part
219. All participants provided written informed consent prior to participation. The trial
was registered on www.clinicaltrials.gov as NCT02423551.
2.2. Study design
This parallel-arm, randomized, controlled study consisted of a 9-day baseline
period (days −8 to 0), a 21-day intervention period (INT; days 1–21) and a 10-day
washout period (POST; days 22–31). Upon enrollment, participants were randomized
using computer-generated randomization to one of two study groups. The control
group (CON) did not receive any diet intervention but was instructed to continue
following their habitual diet throughout the study. The intervention group (MRE) was
instructed to follow their habitual diet during baseline and POST but was provided with
and instructed to consume nothing but the Meal, Ready-to-Eat U.S. military ration

during INT. The 21-day feeding period was selected in accordance with Army policy
stipulating 21 days as the maximum time period in which the Meal, Ready-to-Eat ration
can serve as the sole source of subsistence for soldiers.
All participants met with research dietitians at baseline to complete a 3-day food
record (2 weekdays and 1 weekend day) to estimate usual dietary intake. Throughout
the subsequent 31-day study period, participants met with study staff 3 d/wk for the
study-related activities detailed below.

2.3. Study diets and diet assessment
Participants in MRE were provided with two to three Meal, Ready-to-Eat meals
daily during INT. The Meal, Ready-to-Eat is a general purpose ration used by the U.S.
Armed Services, and also by several disaster relief organizations, to provide nutrition
when food availability is limited [37]. The ration is comprised of 24 menus containing
shelf stable, precooked and ready-to-eat foods which include an entrée, a starch, a
spread (cheese, peanut butter, jam/jelly), a dessert and/or snack, a beverage powder,
instant coffee or tea and chewing gum. On average, an individual Meal, Ready-to-Eat
menu provides 1340 kcal, 13% energy from protein, 50% energy from carbohydrate and
37% energy from fat. The average menu also provides 12 g ﬁber (9 g ﬁber/1000 kcal), but
the physicochemical characteristics of that ﬁber (e.g., soluble vs. insoluble, low vs.
highly fermentable) have not been characterized. The ration is made nutritionally
complete using micronutrient fortiﬁcation, and the macro- and micronutrient
compositions of the ration meet the Nutritional Standards for Operational Rations
which are derived from the military dietary reference intakes [30].
The number of meals and speciﬁc foods provided to MRE participants was
individualized and intended to match the mean macronutrient distribution of the
composite Meal, Ready-to-Eat ration while keeping macronutrient intake across MRE
participants consistent and maintaining body weight. In so doing, the prescribed
macronutrient distribution of the MRE diet was constant throughout INT within and
between participants in MRE. Weight maintenance energy needs were calculated at
baseline using a combination of energy intake measured from the 3-day food record,
physical activity energy expenditure estimated using the International Physical Activity
Questionnaire [38] and resting metabolic rate estimated using the Harris Benedict
equation. MRE participants were instructed to consume all ration food items issued with
no outside food or beverage other than water and 2–3 cup/d of black coffee if desired.
Individual ration items were removed or added to match weight maintenance energy
needs while maintaining the prescribed macronutrient distribution, and energy
prescriptions were adjusted if a trend for weight gain or loss that met or exceeded 1
kg was measured over several study visits.
Dietary intake during INT was monitored in MRE participants using ration-speciﬁc
food logs completed at the time of consumption and by collecting all empty food
packaging and uneaten food items. Food logs and trash were reviewed by research
dietitians, and any inconsistencies were adjudicated with participants. Nutrient intake
was then analyzed using a database composed of chemically analyzed nutrient proﬁles
for each ration item. Following INT, MRE participants returned to their usual eating
habits. During this time, dietary intake was ad libitum and measured using three 24-h
food records completed on nonconsecutive days.
Dietary intake in CON was measured using nine separate 24-h food records (six
during INT and three during POST) which were completed on nonconsecutive weekend
days and weekdays. All food records for MRE and CON were individually reviewed with
a research dietitian and then entered in to Food Processor SQL (v11.0, ESHA, Salem, OR)
for macro- and micronutrient analysis.

2.4. Anthropometrics
Height was measured at baseline using a portable stadiometer. Body weight was
measured at baseline and 3 d/wk thereafter using a calibrated digital scale.

2.5. Questionnaires
All participants were asked to maintain their normal physical activity patterns
throughout the study. Adherence to that instruction was measured using the
International Physical Activity Questionnaire [38] which was administered at baseline
and weekly thereafter to monitor physical activity energy expenditure over the
previous week.
To assess gastrointestinal symptoms over the previous week, modiﬁed versions of
the Irritable Bowel Syndrome-Symptom Severity Scale (IBS-SSS) [39] and the
Gastrointestinal Quality of Life Index (GIQLI) Questionnaire [40] were administered
weekly throughout the study. The IBS-SSS was scored out of 500 total points, with a
higher score indicating greater severity. Participants were categorized as having no IBS
symptoms (score b75) or mild IBS symptoms (score 75–175) [41]. Throughout the
study, only two IBS-SSS scores exceeded the 175 point cutoff for mild IBS symptoms, and
those two observations were categorized into the mild group for analysis. The GIQLI
Questionnaire asked participants to subjectively rate the frequency of several GI-related
symptoms (e.g., ﬂatulence, constipation, loose stool, cramping) which were then used
to compute an overall GIQLI score in which lower scores indicate worse symptomology
[40].
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2.6. Fecal sample collection and analysis

2.8. Intestinal permeability

A fecal sample was collected twice during baseline between study days −7 and −3
(BL-1 and BL-2), once weekly during INT [study days 8–10 (INT-1), days 15–17 (INT-2)
and days 20–21 (INT-3)], and twice between study days 28 and 31 (POST-1 and POST-2)
to measure microbiota community composition. Short-chain (SCFA) and branchedchain (BCFA) fatty acid concentrations were also measured in the BL-1 sample, all INT
samples and the POST-2 sample. All samples were collected into plastic collection
containers and processed within 12 h [median (interquartile range)= 52 min (95 min)]
of sample collection. Aliquots were immediately frozen and stored at −80°C until
processing.

Regional and whole-gut intestinal permeability was assessed by quantifying the
urinary excretion of orally ingested sugar and sugar substitutes [34,50] on study days 0,
10, 21 and 31. Measurements began immediately after the fasting blood draw by having
participants consume 5 g sucrose, 5 g lactulose, 4 g mannitol and 2 g sucralose dissolved
in 180 ml water. All urine produced over the subsequent 24 h was collected. Aliquots
were taken after 1 h, 5 h and 24 h, immediately frozen and stored at −80°C until
analysis. All participants remained under constant supervision for the ﬁrst 2 h of
collection, and many for the ﬁrst 5 h. Participants remained fasted and sedentary during
the ﬁrst 5 h of collection but were allowed to consume water ad libitum. During the next
19 h, participants were free-living but instructed not to engage in strenuous exercise
and not to consume any alcohol or foods/beverages containing sucralose, lactulose or
mannitol.
Urine sucrose (0–1 h), lactulose (0–5 h), sucralose (0–5 h and 5–24 h) and mannitol
(0–5 h) concentrations were measured by HPLC (Agilent 1100 HPLC, Santa Clara, CA,
USA) as previously described [51,52]. Sucrose can be passively absorbed through the
gastric mucosa and is used to assess gastric mucosal integrity [53]. Lactulose is excreted
in proportion to paracellular permeability but is degraded by the colonic microbiota and
therefore used to assess small intestinal permeability [2,53]. In contrast, sucralose is not
degraded by the colonic microbiota, is excreted in proportion to paracellular
permeability and is a marker of whole-gut and colonic permeability [50,53]. Finally,
mannitol provides a control for differences in gastrointestinal surface area, hydration
status and transit time [53]. Like lactulose, mannitol is degraded by the colonic
microbiota and is therefore only useful for assessing small intestinal permeability.
Fractional excretion of each probe was calculated by multiplying the measured
concentration by the total volume of urine collected during the appropriate time period
and dividing by the dose administered. The fractional excretion of sucrose over 0–1 h
was interpreted as a measure of gastric mucosal integrity. The lactulose concentration of
the majority of samples was below the lower detectable limits of the assay and is not
reported. Instead, the ratio of the fractional excretions of sucralose and mannitol from
0–5 h was used as a measure of small intestinal permeability. The fractional excretions
of sucralose from 5–24 h and 0–24 h were interpreted as measures of colonic and
whole-gut permeability, respectively.
Finally, 24-h urine creatinine concentrations were measured using the Jaffe
enzymatic rate method (Dimension Xpand Plus; Siemens, Malvern, PA, USA) and used
to calculate a creatinine ratio based on body mass [men: 24-h creatinine excretion/
(body weight×24); women: 24-h creatinine excretion/[body weight×21)] [54]. A
creatinine ratio of b0.07 was considered evidence of a potentially incomplete 24-h urine
collection [55], and analyses were run both with and without participants who had ≥1
potentially incomplete 24-h urine collections.

2.6.1. Fecal metabolites
Fecal fatty acid concentrations were measured as previously described [32]. Fecal
aliquots were thawed immediately prior to extraction, homogenized in distilled water
(1:4 w/v) and centrifuged. Samples were then acidiﬁed using 50% H2SO4 (1:2 w/v), and
fatty acids were extracted using diethyl ether (2:5 w/v). After incubating on ice for 2
min, samples were centrifuged, the organic layer was removed, and ethyl butyric acid
was added as an internal standard. Samples were then stored at −80 °C until analysis.
Acetic, propionic, butyric, isobutyric, isovaleric and valeric acids were quantiﬁed using
an Agilent 7890A GC system with Flame Ionization Detection (60 m × 250 μm × 0.25 μm;
DB-FFAP, Agilent J&W). Samples (1 μl) were injected by autosampler in triplicate using a
split ratio of 10:1. The temperature program started with an initial temperature of 110°C
for 2 min, increased 10°C/min up to 180°C and was then maintained at 180°C for 5 min.
The carrier gas was nitrogen with a constant ﬂow of 1 ml/min. Calibration standards
were included for each fatty acid and used for peak identiﬁcation and quantiﬁcation.

2.6.2. Fecal microbiota composition
Fecal microbiota composition was assessed as previously described [32]. DNA was
extracted from fecal samples using the MoBio PowerFecal DNA isolation kit (Qiagen,
Germantown, MD, USA). Primers designed to amplify the V3–V4 region of the 16S rRNA
gene were used for PCR ampliﬁcation, and all samples were sequenced in triplicate on
the Illumina MiSeq platform (Illumina, Inc., San Diego, CA, USA) over ﬁve separate
sequencing runs. Sequencing data were processed using Quantitative Insights Into
Microbial Ecology (QIIME) v.1.9.1 [42]. Read quality assessment, ﬁltering, barcode
trimming and chimera detection were performed on demultiplexed sequences using
Trimmomatic [43]. Reads were joined in QIIME using a minimum overlap of 32 bp and a
maximum percent difference within the overlap of 20%. Operational taxonomic units
(OTU) were assigned by clustering sequence reads at 97% similarity and aligned against
the Greengenes database core set v.13_8 [44] using PyNAST [45]. Taxonomic
assignment was completed using the RDP classiﬁer v.2.2 [46].
The median read count for each sample was 59,207 reads (range: 493–184,665
reads/sample). Reads were classiﬁed into 77,483 unique OTUs which could be assigned
to 243 unique genera and 18 unique phyla. Prior to analysis, 23 samples which clustered
with sequencing controls were removed from the data set, and the remaining 392
samples (n=5 missing samples) were used for differential abundance analyses. For
diversity analyses, six samples with low read counts were also removed from the data
set, and diversity metrics were then calculated for the remaining 386 samples after
rarefaction at 22,526 reads/sample. Within-sample diversity (α-diversity) was
calculated in QIIME using the Shannon and observed OTU diversity metrics. Betweensample diversity (β-diversity) was measured using Bray–Curtis dissimilarity, and both
weighted and unweighted UniFrac distances were calculated using the R packages stats
v.3.4.3 and phyloseq v.1.16.2. Ordinations of β-diversity metrics were completed using
principal coordinates analyses within the R package ape.

2.7. Blood biochemistries
Blood samples were collected in the morning by venipuncture following a ≥12-h
fast during baseline (study day 0), INT (study days 10 and 21) and POST (study day 31)
to assess markers of intestinal barrier function and inﬂammation. All samples were
separated into serum or plasma, frozen and stored at −80°C until analysis. Serum
concentration of GLP-2, a pleiotropic enteroendocrine hormone shown to stimulate
intestinal epithelial cell proliferation [47] and modulate effects of diet–gut microbe
interactions on IP [48], was measured by enzyme-linked immunosorbent assay (ELISA)
according to manufacturer instructions (EMD Millipore, St. Charles, MO, USA). Plasma
concentration of intestinal fatty acid binding protein (I-FABP), a cytosolic protein found
within mature enterocytes and a marker of enterocyte turnover and intestinal cell wall
damage [2], was measured by ELISA according to manufacturer instructions (Hycult
Biotech; Wayne, PA, USA). Plasma concentration of claudin-3, a tight junction protein
and marker of paracellular barrier integrity loss [2], was measured by ELISA according to
manufacturer instructions (MyBioSource; San Diego, CA, USA). Plasma concentration of
lipopolysaccharide binding protein (LBP), an acute-phase protein secreted by the liver
in response to bacterial lipopolysaccharide and an indirect measure of bacterial
lipopolysaccharide translocation from the gut lumen into circulation [49], was
measured by ELISA according to manufacturer instructions (Abonva, Taipei, Taiwan).
Finally, serum high-sensitivity C-reactive protein (hsCRP) was measured by immunoassay (Immulite 2000; Siemens, Malvern, PA) as a marker of inﬂammation.

2.9. Statistical analysis
Sample size estimates were calculated based on expected and clinically relevant
mean differences and variance in IP. Speciﬁcally, Li et al. [34] reported a 0.03
greater lactulose:mannitol ratio during combat training in soldiers with elevated IBSSSS scores relative to those with normal scores, suggesting a clinically relevant
effect. The estimated number of subjects needed to detect an effect of that magnitude,
using an expected S.D. of 0.026 [56] with power=0.80 and α=0.05, was determined to
be 30 subjects/group. Unless otherwise noted, statistical analyses were completed using
SPSS v.24 and data are presented as mean ± S.D. Statistical signiﬁcance was set at
P≤.05, and P values between .05 and .10 were considered evidence of a trend for an
effect.
Baseline participant characteristics were compared using t tests. Between-group
differences in changes in body weight and dietary intake over time were examined
using marginal models. All other outcomes, with the exception of data related to
microbiota composition, were analyzed using marginal models which included time,
diet and their interaction as ﬁxed factors, and age, baseline BMI and baseline value of the
dependent variable as covariates. Unstructured, compound symmetry and autoregressive covariance structures were examined, and Akaike's information criterion was used
to select the best ﬁt covariance structure for each model. Data were examined
quantitatively and graphically for outliers, adherence to model assumptions was
veriﬁed, and data transformations were used when necessary to meet model
assumptions. Any signiﬁcant main effects or interactions were further analyzed for
within- and between-group differences using t tests with Bonferroni corrections.
For microbiota data, PERMANOVA implemented in the R (v 3.5) package vegan was
used to determine main effects of diet, time and their interaction on community
dissimilarities (Bray–Curtis, weighted UniFrac and unweighted UniFrac) while
controlling for effects of age, BMI, sequencing run and correlations among repeated
measurements on the same subject. The effects of diet, time and their interaction on
Bray–Curtis dissimilarities from each time point relative to BL-1 were also examined
using marginal models which included diet, time and their interaction as ﬁxed factors,
and age, baseline BMI and sequencing run as covariates. α-Diversity metrics were
examined using the same model with the addition of baseline α-diversity as a covariate.
Any signiﬁcant main effects or interactions were further analyzed for within- and
between-group differences using t tests with Bonferroni corrections.
There is currently a lack of consensus on the most appropriate approach for
longitudinal analysis of individual taxa within microbial communities, with different
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models each having strengths and weaknesses [57]. Therefore, multiple approaches
were used to determine the effect of diet on the relative abundance of individual genera
and phyla over time. First, random forest analysis was used to determine whether genus
relative abundances could accurately discriminate samples collected from MRE and
CON over time and to identify the genera making the largest contribution to the
predictive accuracy of the analysis. Age, BMI and sequencing run were included in the
random forest model which was grown using 10,001 trees. As discussed in Section 3.3,
the random forest analysis accurately discriminated MRE samples collected during INT
from other samples. The eight genera making the greatest contribution to that
prediction accuracy, deﬁned as genera with a mean decrease accuracy of ≥25%, were
then extracted and subjected to two separate longitudinal analyses.
The primary longitudinal analysis used marginal models and arcsine-square root
transformed taxa relative abundances [57]. Diet, time and their interaction were
included as ﬁxed factors and covariates included age, baseline BMI, sequencing run and
baseline (BL-1) taxa relative abundance. One genus identiﬁed in the random forest
analysis, Leuconostoc, was found to be present in only 28% of samples; therefore, its
presence or absence over time was modeled using a binary logistic generalized linear
model with the same factors and covariates noted above. Because marginal models do

Table 1
Baseline participant characteristics, body weight change and dietary intake
P value 1

n (M/F)
Age (year)
PAEE (kcal/d)
BMI (kg/m2), day 0
Height (m)
Weight (kg)
BL, day 0
INT, day 10
INT, day 21
POST, day 31
Energy (kcal/d)
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31
Carbohydrate (%)
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31
Protein (%)
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31
Fat (%)
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31
Saturated fat (%)
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31
Polyunsaturated fat (%)
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31
Fiber (g/1000 kcal/d) 2
BL
INT, days 1–9
INT, days 10–21
POST, days 22–31

CON

MRE

Diet

29/1
24 [18]
906 [1079]
25.6±2.9
1.73±0.09

28/2
29 [27]
812 [1114]
26.0±3.1
1.76±0.07

.55
.26
.31
.62
.24
.40

.01

b.001

77.0±11.7a,b
77.1±11.8a
77.6±12.0b,c
77.9±12.2c

80.7±13.3a
80.0±13.2b,c
79.6±13.0b,c
80.2±13.3a,c
.01

.23

.03

2651±667a
2360±574b
2464±730a,b
2626±673a,b

2758±747
2902±397 ⁎
3004±389 ⁎
2958±809
b.001

.31

.16

b.001

b.001

b.001

.26

.11

.12

.78

.07

.47

45± 8
44± 6
45± 7
45±5

50±7 ⁎
50 ± 1
50± 1
47±8

18± 5a,b
19±4a
18±4b
18± 3a.b

17 ± 3a
13 ± 1b, ⁎
13±1b, ⁎
17±3a

37± 7
36 ± 6
37±6
37±5

33±7
1
36±1
36±7

12± 4
12±3
12±3
12±2

11 ± 3
13 ± 1
13± 1
12±3

5±2
5±2
5±2
5±2

4±2a, ⁎
6± 0.4b, ⁎
6±0.4b
4±2a, ⁎

7.7 [5.7]
7.0 [4.6]
6.0 [4.4]
6.7 [4.6]

8.5 [3.4]a,b
9.1 [0.4]a ⁎
9.0 [0.3]a ⁎
7.4 [5.2]b

Time

Diet*time

.45

.001

b.001

.09

.02

.03

Values are mean ± S.D. or median [IQR]. PAEE, physical activity energy expenditure.
1
Baseline participant characteristics and dietary intake compared between groups
by χ2 test, independent-samples t test, or Mann–Whitney U test. Main effects of diet
and time, and their interaction on body weight and dietary intake were analyzed by
marginal models with Bonferroni adjustments. Within a diet group, values not sharing
a superscript letter are significantly different, Pb.05.
2
Log10-transformed for analysis.
⁎ Different from CON at same time point.

Table 2
Gastrointestinal symptom ratings
P value 1

IBS-SSS score
BL
INT, week 1a
INT, week 2a,b
INT, week 3a,b
POST, week 4b
POST, week 5b
Mild IBS (%) 2
BL
INT, week 1a
INT, week 2a,b
INT, week 3a,b
POST, week 4b
POST, week 5b
GIQLI score
BL
INT, week 1a
INT, week 2a,b
INT, week 3a,b
POST, week 4b
POST, week 5b

CON
(n=30)

MRE
(n=30)

32 [56]
35 [77]
32 [44]
22 [49]
12 [43]
22 [46]

45 [71]
50 [66]
62 [49]
60 [49]
34 [60]
35 [46]

21
37
22
18
7
12

30
35
32
25
26
19

84± 5
85±5
87± 4
87±5
87±5
88±5

82± 8
83 ± 6
85±5
85±5
86±4
87±4

Diet

Time

Diet*time

.01

.004

.27

.26

.01

.35

.33

.002

.91

Values are mean ± S.D., median [IQR] or frequency. BL, baseline (study days −8 to 0);
GIQLI, Gastrointestinal Quality of Life Index (higher scores indicate better quality of
life); IBS-SSS; Irritable Bowel Syndrome Symptom Severity Scale; INT, intervention
(study days 1–21); POST, postintervention (study days 22–31).
1
IBS-SSS and GIQLI scores analyzed by marginal model with Bonferroni corrections
controlling for age, baseline BMI and baseline value of the dependent variable. Within
the full cohort, time points not sharing a superscript letter are significantly different,
Pb.05.
2
Mild IBS defined as IBS-SSS scoreN75. Analyzed by generalized linear models with
Bonferroni corrections controlling for age, baseline BMI and baseline value.

not explicitly handle sparse and overdispersed data, a second longitudinal analysis
employing a loess spline model implemented in the R package SplinectomeR [58] was
also used. The method uses loess splines to smooth longitudinal data before examining
whether relative abundances of individual genera measured in two groups (i.e., MRE
and CON) follow more different trajectories over time than would be expected by
random chance, and identiﬁes time points at which relative abundances differ between
groups. The model accounts for missing data, correlations among repeated measurements, and the sparse and compositional nature of microbiota community taxonomic
proﬁles, but, in contrast to the marginal model, it does not currently allow for covariate
adjustment. Using the spline model, each genus identiﬁed from the random forest
analysis was analyzed individually over 999 permutations with a smoothing parameter
of 0.5, and the number of intervals (i.e., time points) set to 7. To adjust for multiple
comparisons, Pb.01 was used to identify between-group differences at individual time
points.

3. Results
Sixty participants completed the study and were included in the
analysis (Table 1). Reasons for study withdrawal included gastrointestinal distress following the ﬁrst IP measurement (n=1), personal
reasons (n=1), nonadherence to study procedures (n=1) and time
commitment (n=1).
Participants in MRE lost, on average, 1.1 kg [95% CI: 0.4–1.7 kg]
body weight during INT and partially regained that weight (0.6 kg [95%
CI: 0–1.3 kg]) during POST (Table 1). In contrast, participants in CON
experienced a mean weight gain of 0.9 kg ([95% CI: 0.1–1.8 kg]) during
the study (Table 1). Physical activity declined in both groups during
the study (mean overall decrease in combined cohort=473 kcal/d
[95% CI: 125–822 kcal/d]; main effect of time, P=.005) independent of
diet group (diet-by-day interaction, P=.58).
3.1. Dietary intake
Diet adherence was high in MRE with 92%±6% of prescribed food
and beverages reported as consumed. All but three participants
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reported consuming N85% of the prescribed diet. As planned, actual
macronutrient intakes in MRE were consistent with the mean
macronutrient distribution in all 24 ration menus (Table 1). This
resulted in ﬁber intake being higher in MRE relative to CON during INT,
whereas the proportion of energy derived from protein was lower
(Table 1). The proportion of energy derived from carbohydrate was
higher in MRE relative to CON throughout the study (Table 1).
Absolute macronutrient intakes, and both absolute and energyadjusted intakes of micronutrients reported in the Meal, Ready-toEat chemical analysis database are reported in the Online Supplemental Material (Supplemental Tables 1 and 2). The Meal, Ready-toEat diet had higher micronutrient density than habitual diets, with
energy-adjusted intakes of several vitamins (vitamin A, vitamin E,
thiamin, riboﬂavin, vitamin B6, vitamin C) and minerals (magnesium,
zinc) being higher in MRE relative to CON during INT.

diet-by-time interaction, P=.50) and plasma LBP concentrations (Fig.
1C) did not differ between groups at any time. Finally, median hsCRP
concentrations were 41% lower on study day 21 in MRE relative to CON
but did not differ before or after (Fig. 1D).
Mean sucralose excretion during the 0–5-h urine collection period
demonstrated a trend to be lower in MRE relative to CON on day 21
(P=.08), whereas mean mannitol excretion was 9% lower (P=.01)
(Fig. 2A–B). As a result, the sucralose:mannitol ratio over the initial 5 h
did not differ between groups on any day (Fig. 2C).
Median sucralose excretion was 34% lower during the 5–24-h
(colonic permeability) and 0–24-h (whole gut permeability) urine
collection periods on study day 21 in MRE relative to CON but did
not differ before or after (Fig. 2D–E). Those results were unchanged
after adjusting for urine volume which did not demonstrate any
between-group differences over either time period. Total 24-h
urine creatinine excretion also did not differ between groups (data
not shown; diet-by-day interaction, P=.36; main effect of diet, P=
.43). However, 40 urine collections from 23 participants (CON: n=
11, MRE: n=12, P=.79) were identiﬁed as being possibly
incomplete. After removing these individuals from analyses of 5–
24-h and 0–24-h urine collections, a main effect of diet (P-diet=
.01), rather than a diet-by-time interaction, on 5–24-h sucralose
excretion was observed with participants in MRE having lower
excretion (data not shown). Results for 0–24-h sucralose excretion
did not change.
Sucrose excretion in the 0–1-h urine collection (gastroduodenal
permeability) did not differ by diet (Fig. 2F).

3.2. Subjective and objective markers of gastrointestinal health and
function
After adjusting for baseline scores, mean IBS-SSS scores during and
after INT were higher in MRE relative to CON (Table 2). However, the
clinical signiﬁcance of that difference was likely minimal, as the
incidence of “mild IBS” did not differ between groups at any time
point. GIQLI scores increased (i.e., improved) over time independent of
diet group (Table 2). Bowel movement frequency demonstrated a
tendency to be lower during the ﬁrst 2 weeks of INT in MRE relative to
CON (adjusted mean difference=1 bowel movement/wk at both time
points, P≤.06) but not thereafter (diet-by-time interaction, P=.08;
data not shown).
Mean serum GLP-2 concentrations were 14%–25% lower in MRE
relative to CON on study days 10 and 21 and did not differ on day 31
(Fig. 1A). Median plasma I-FABP concentrations were 15% lower in
MRE relative to CON on day 10 but not did not differ thereafter (Fig.
1B). Plasma claudin-3 (data not shown; main effect of diet, P=.57;

A
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3.3. Fecal microbiota composition
Principal coordinates analysis of β-diversity measures did not
show any distinct clustering of samples within MRE (Supplemental
Fig. 1); however, PERMANOVA of Bray–Curtis dissimilarities did
indicate a signiﬁcant diet-by-time interaction (P=.005). To gain

C

CON
MRE

D
B

*
a,b

b

a

P-diet=.45
P-time=.09
P-diet*time=.03

Fig. 1. Effects of a Meal, Ready-to Eat-only diet on markers of gastrointestinal barrier function and inﬂammation. Participants consumed their habitual diets for 31 days (CON, n=30) or a
Meal, Ready-to-Eat ration diet (MRE, n=30) for 21 days (days 1–21) and then their habitual diet for 10 days (days 22–31). (A) Serum glucagon-like peptide (GLP)-2 concentrations
(log10-transformed for analysis); (B) plasma intestinal-fatty acid binding protein (I-FABP) concentrations (log10-transformed for analysis); (C) plasma lipopolysaccharide binding
protein (LBP) concentrations; (D) log10-transformed high sensitivity serum C-reactive protein (hsCRP) concentrations. (A–D) Marginal model with Bonferroni corrections controlling
for age, baseline BMI and baseline value of the dependent variable. Bars are mean ± S.E.M. *Different from CON on the same day, Pb.05. Within MRE, values not sharing a superscript
letter are signiﬁcantly different, Pb.05. Shaded area indicates time period during which MRE consumed the Meal, Ready-to-Eat diet.
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CON

A

D

MRE

b

a,b

b

a
a,b
*
a

B

E

b
a,b

a

*
a

a
b

C

F

Fig. 2. Effects of a Meal, Ready-to Eat-only diet on gastrointestinal permeability. Participants consumed their habitual diets for 31 days (CON, n=30) or a Meal, Ready-to-Eat ration diet
(MRE, n=30) for 21 days (days 1–21) and then their habitual diet for 10 days (days 22–31). Fractional urinary excretion of sucralose (A, D, E), mannitol (B) and sucrose (F), and the
sucralose:mannitol ratio (C) analyzed by marginal models with Bonferroni corrections which included diet, time and their interaction as ﬁxed factors, and controlled for age, baseline
BMI and baseline value of the dependent variable. All measures over 5–24 h and 0–24 h were log10-transformed for analysis. Boxes show median and interquartile range; whiskers are
1.5 times the box height or min/max value if no values within that range. *Different from CON at the same time point (Pb.05). Within MRE, values not sharing a superscript letter are
signiﬁcantly different (Pb.05). Shaded area indicates time period during which MRE consumed the Meal, Ready-to-Eat diet.

further insight into that interaction, the similarity of each individual's
fecal microbiota to their initial community composition (BL-1), as
measured by Bray–Curtis distances (higher values indicate greater
dissimilarity), was analyzed (Fig. 3A). This analysis revealed an initial
increase in dissimilarity during INT within CON that was sustained
thereafter. In contrast, within MRE, dissimilarity increased during INT
but did not differ from BL during POST, suggesting an effect of diet on
community composition. No signiﬁcant between-group differences
for any α-diversity metric was observed (Fig. 3B, C).
Random forest analysis of all time points correctly classiﬁed 88% of
samples collected from MRE during INT, but only 61% of samples from
CON during INT and only 2%–20% of samples collected from either
group at BL and POST (out-of-bag error rate for full model=63%). A
25% mean decrease accuracy cutoff was visually identiﬁed as the ﬁrst
obvious break point on a plot of the mean decrease accuracies
calculated in the random forest analysis (Supplemental Fig. 2), and the
genera with the strongest inﬂuence on the prediction accuracies of the
classiﬁcation (≥25% mean decrease accuracy) are shown in Fig. 4A.
Several of these taxa demonstrated different between-group trajectories over time in one or both longitudinal analyses (Fig. 4 and
Supplemental Fig. 3). Ruminococcus, Veillonella, Clostridium (all
members of the Firmicutes phylum) and Sutterella (phylum: Proteo-

bacteria) demonstrated a pattern of increasing in relative abundance
during INT within MRE (diet-by-time interaction, Pb.05 and/or effect
of diet in spline model, Pb.05; Fig. 4B–C,G–H and Supplemental Fig. 3),
whereas Leuconostoc, Lactococcus and Lactobacillus (all Firmicutes)
demonstrated decreases in relative abundance during INT within MRE
(diet-by-time interaction, Pb.10 and/or effect of diet in spline model,
Pb.05; Fig. 4D–F and Supplemental Fig. 3). Despite contributing to
the prediction accuracy of the random forest analysis, Streptococcus
(phylum: Firmicutes) did not differ within or between groups in
longitudinal analyses (Fig. 4I).
In longitudinal analyses of phyla relative abundances, Firmicutes
relative abundance was lower in MRE relative to CON (main effect of
diet, P=.05; spline model P=.02; Supplemental Fig. 4), which resulted
in a trend towards a lower Firmicutes:Bacteroidetes ratio in MRE (data
not shown; main effect of diet, P=.08). Proteobacteria relative
abundance was higher in MRE relative to CON at INT1 (P=.002)
when analyzed using marginal models (diet-by-time interaction, P=
.07; Supplemental Fig. 4) but did not differ between groups when
analyzed using the spline model (spline model P=.65).
All of the genera that were decreased in MRE are lactic acid bacteria
(LAB) and include species commonly used in food fermentations:
Lactobacillus spp. in yogurt, cheeses and sausages; Lactococcus spp. in
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cheeses; and Leuconostoc spp. in fermented dairy (e.g., cheese, sour
cream) and cabbage (e.g., sauerkraut, kimchi) [59,60]. Therefore,
intake of LAB-containing fermented foods was estimated using food
records (Supplemental Table 3). A limitation of this estimation was
that intakes for LAB-containing foods other than yogurt could only be
approximated because LAB-containing foods that were an ingredient
in another food (e.g., cheese and pepperoni on pizza) could not be
accurately estimated unless information on the quantities of individual ingredients was available (e.g., slice of cheese on a sandwich).
During BL, individuals in MRE were more likely to report consuming
yogurt than individuals in CON (n=15 vs 7; Pearson χ2=4.59, P=.03)
and had higher overall yogurt intake (median [IQR]: MRE=20 g/d [123
g/d] vs. CON=0 g/d [9 g/d], P=.02). Cheese consumption was higher
in CON (25 g/d [47 g/d]) relative to MRE during INT (0 g/d; cheese
spreads in the Meal, Ready-to-Eat not included) but did not differ
before or after. Intake of other LAB-containing fermented foods was
infrequent (Supplemental Table 3).
3.4. Fecal short-chain fatty acid concentrations

B

Fecal acetate, propionate, butyrate and valerate concentrations did
not differ between groups at any time point (Fig. 5). A trend for a dietby-time interaction was observed for fecal isobutyrate and isovalerate
concentrations (diet-by-time interaction, P≤.09), with post hoc testing
indicating a trend (P≤.09) for lower concentrations of both fatty acids
in MRE relative to CON during POST.
4. Discussion

C

Fig. 3. Effects of a Meal, Ready-to Eat-only diet on fecal microbiota community diversity.
After a baseline period (BL), participants consumed their habitual diets for 31 days
(CON, n=30) or a Meal, Ready-to-Eat ration diet (MRE, n=30) for 21 days (INT-1
through INT-3) and then their habitual diet for 10 days (POST-1 and -2). (A) Bray–Curtis
dissimilarity from ﬁrst baseline (BL-1) sample (log10-transformed for analysis).
Analyzed by marginal models with Bonferroni corrections which included diet, time
and their interaction as ﬁxed factors, and controlled for age, baseline BMI and
sequencing run. Boxes show median and interquartile range; whiskers are 1.5 times the
box height or min/max value if no values within that range. *Different from CON on the
same day, P=.05. Within a diet group, values not sharing a superscript letter are
signiﬁcantly different (Pb.05). (B–C) Alpha diversity analyzed by marginal models with
Bonferroni corrections which included diet, time and their interaction as ﬁxed factors,
and controlled for age, baseline BMI, sequencing plate and baseline diversity. Bars are
mean ± S.E.M. Shaded area indicates time period during which MRE consumed the
Meal, Ready-to-Eat diet.

This study is the ﬁrst to examine changes in gut microbiota
composition and IP in individuals subsisting on the U.S. Armed
Services Meal, Ready-to-Eat food ration. In this study, consuming a
diet comprised solely of the unique, commercially sterile and highly
processed ration for 21-day altered gut microbiota composition, did
not increase IP or inﬂammation, and did not result in clinically
meaningful gastrointestinal symptoms when compared to typical
American diets. These ﬁndings do not provide evidence to suggest that
either the Meal, Ready-to-Eat ration itself or its effects on the gut
microbiota promote decrements in gastrointestinal health and
function in individuals consuming the ration for up to 21 days.
Changes in fecal microbiota community composition while
consuming the Meal, Ready-to-Eat diet were subtle, and the changes
detected varied depending on the method used to analyze the data
(see Fig. 4 and Supplemental Figs. 1 and 3). However, analyses
collectively suggested a transient shift in community composition
during ration consumption (Fig. 3A) that could be characterized by
reductions in the relative abundance of multiple LAB and increases in
the relative abundance of two genera, Veillonella and Clostridium (Fig.
4), known to dominate the ileal microbiota. The reduction in fecal LAB
proportions is likely attributable to changes in the dietary intake of
those bacteria as the habitual diets of both MRE and CON participants
contained LAB-containing foods (see Supplemental Table 3) which are
largely absent from the ration. Further, foodborne microbes generally
do not persist within the gut microbiota for more than a week after
ingestion [61], and consuming LAB-containing foods increases LAB
proportions within the fecal microbiota [15,16,62], while reductions in
LAB such as Lactobacillus have been reported in individuals consuming
sterilized diets [63]. These ﬁndings are also consistent with a recent
observational study that reported reduced fecal LAB relative abundances in individuals consuming a Meal, Ready-to-Eat-based diet
during a 21-day high-altitude sojourn [32], and with an in vitro colonic
fermentation experiment conducted using fecal specimens collected
from a subset of participants in this study which demonstrated that
growth of Lactobacillus spp. was attenuated in fermentations following
Meal, Ready-to-Eat consumption [64]. Therefore, consequences of
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Fig. 4. Effects of a Meal, Ready-to Eat-only diet on genus relative abundances. After a baseline period (BL), participants consumed their habitual diets for 31 days (CON, n=30) or a Meal,
Ready-to-Eat ration diet (MRE, n=30) for 21 days (INT-1 through INT-3) and then their habitual diet for 10 days (POST-1 and -2). Fecal samples were collected weekly during INT. (A)
Results of random forest analysis. Genera and covariates with the strongest contribution to the prediction accuracy of the analysis (mean decrease accuracy ≥25%) are plotted. (B–I)
Plotted values are arcsine-square root transformed relative abundances which were analyzed by marginal models or binary logistic generalized linear model (Leuconostoc only) with
Bonferroni corrections. Models included diet (P-diet), time and their interaction (P-diet*time) as ﬁxed factors, and controlled for age, baseline BMI, sequencing plate and baseline
relative abundance. Also analyzed using permuted spline tests implemented in the R package Splinectome R (Spline P-diet). Boxes show median and interquartile range; whiskers are
1.5 times the box height or min/max value if no values within that range. *Different from CON at the same time point in marginal model (Pb.05). #Different from CON at the same time
point in spline model (Pb.01). Within MRE, values not sharing a superscript letter are signiﬁcantly different (marginal model, Pb.05). Shaded area indicates time period during which
MRE consumed the Meal, Ready-to-Eat diet.

consuming a commercially sterile Meal, Ready-to-Eat ration diet
appear to include reduced LAB proportions within the gut microbiota
resulting from decreased intake of LAB-containing foods.
LAB ingested in the diet can remain viable and metabolically active
during intestinal transit [15,16], and likely compete with commensal
gut bacteria for mono- and disaccharides within the gastrointestinal
tract [61,65]. This competition has greater potential to inﬂuence
community dynamics within the small intestine than in the colon due
to the less dense commensal bacterial population in the small
intestine [61]. Further, microbiota community dynamics within the
small intestine are thought to be strongly inﬂuenced by the
availability of simple carbohydrates which are metabolized by a
cross-feeding network of bacteria wherein Clostridium and Streptococcus readily ferment carbohydrate while Veillonella and other lactic
acid-utilizing bacteria rely on lactate produced by LAB such as
Streptococcus during that fermentation [66–68]. Thus, changes in the
competitive dynamics for carbohydrate due to a reduction in LAB in
combination with the higher carbohydrate intake MRE could, in part,
explain the observed increases in Clostridium and Veillonella relative
abundances, although additional factors such as an undetected
reduction in the proportions of other lactic-acid utilizers could also
contribute.

Importantly, no decrements in gastrointestinal health or function
could be attributed to either the Meal, Ready-to-Eat ration or its effects
on the gut microbiota. In support, despite a reduction in Lactobacillus
and an increase in Sutterella relative abundances, colonic permeability
and systemic inﬂammation decreased on the ration diet, while small
intestinal permeability and LBP concentrations were not affected.
Lactobacillus is widely considered a beneﬁcial LAB due to antiinﬂammatory, antioxidative and antimicrobial activities, capability
for SCFA production, and evidence supporting beneﬁts on intestinal
health and barrier function [59,69,70]. In contrast, Sutterella is a
lipopolysaccharide-producing genus previously associated with increases in IP during military training [33] and with suppressed
concentrations of secretory IgA, a critical modulator of the intestinal
immune barrier [71]. These ﬁndings contrast with previous studies
using similar methods which have reported 60% to threefold increases
in IP in individuals consuming military food rations while training and
living in austere environments [32–34]. However, the austere
environments in which those studies were conducted, and in which
military rations are commonly consumed, are characterized by
environmental and physiologic stressors that have independently
been shown to modulate gastrointestinal function and IP [36]. In this
study, wherein ration consumption was isolated from those stressors,
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POST

Fig. 5. Effects of a Meal, Ready-to Eat-only diet on fecal fatty acid concentrations. After a
baseline period (BL), participants consumed their habitual diets for 31 days (CON, n=
30) or a Meal, Ready-to-Eat ration diet (MRE, n=30) for 21 days (INT-1 through INT-3)
and then their habitual diet for 10 days (POST). Fecal samples were collected weekly
during INT. Analyzed by marginal models with Bonferroni corrections which included
diet, time and their interaction as ﬁxed factors, and controlled for age, baseline BMI and
baseline fatty acid concentration. Acetate, propionate and butyrate were log10transformed for analysis. Isobutyrate, isovalerate and valerate were square roottransformed for analysis. Bars are median + IQR/2. No statistically signiﬁcant main
effects or interactions were observed.

increased IP was not observed despite changes in gut microbiota
composition that might be expected to increase IP. Any decrements in
IP experienced within the austere environments in which the Meal,
Ready-to-Eat is often consumed are therefore more likely attributable
to stressors common to those environments than the ration itself or
the ration's impact on the gut microbiota.
Fecal SCFA concentrations were measured to gain insight into one
possible pathway through which interactions between Meal, Readyto-Eat consumption and the gut microbiota may inﬂuence intestinal
barrier function. These byproducts of bacterial fermentation have
trophic effects on the intestine and enhance intestinal barrier function,
in part by stimulating GLP-2 secretion from enteroendocrine cells [72].
In this study, GLP-2 concentrations decreased; however, this response
did not result in increased IP or appear to be mediated by SCFA which
were largely unaffected by the ration diet. Of note, changes in SCFA
production may have gone undetected as fecal SCFA concentrations
poorly represent in situ SCFA production due to rapid intestinal
absorption [73]. Alternately, the reductions in GLP-2, I-FABP and
mannitol excretion suggest intestinal epithelial cell proliferation,
enterocyte turnover and intestinal surface area, respectively, decreased during ration consumption. Collectively, these observations
suggest that the GLP-2 response could reﬂect a decrease in small
intestinal mass, possibly resulting from the mild caloric restriction
experienced in the MRE group [74] rather than an effect of any rationmediated changes in SCFA production.
Study results should be interpreted within the context of several
strengths and limitations. Strengths include providing controlled and
measured diets to MRE, and assessing study outcomes before, during
and after the intervention period. An important limitation was the
observed body weight loss in MRE. Although diligent measures were
taken to maintain energy balance and body weight loss was
attenuated once detected, this weight loss does complicate interpretation of some outcomes as caloric restriction has been associated with
reductions in inﬂammation and IP [75–77]. Additionally, the colonic
and whole-gut permeability measurements used herein and in
previous studies [33,34] did not include a control probe to account
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for any changes in intestinal surface area, hydration status and
intestinal transit time. Hydration status, estimated by 24-h urine
volume, did not differ between groups, and transit time, estimated by
bowel movement frequency, was longer in MRE relative to CON, which
would be expected to increase sucralose absorption. However, the
decrease in mannitol excretion is consistent with reduced intestinal
surface area, which could be a result of the slight energy deﬁcit in MRE,
and precludes concluding that the Meal, Ready-to-Eat ration reduced
colonic permeability. Lastly, deﬁnitive conclusions as to which
components or characteristics of the Meal, Ready-to-Eat were
responsible for observed effects cannot be made because controlled
diets were not provided to CON. However, the study was not designed
to identify those dietary components per se but rather to approximate
the real-world situation wherein individuals must quickly transition
between eating ad libitum diets and military rations, and to isolate the
effects of this dietary shift from stressors characteristic of environments in which military rations are generally consumed.
U.S. military personnel and civilians involved in natural disasters
shift from consuming habitual diets to relying on the commercially
sterile, highly processed Meal, Ready-to-Eat food ration for sustenance. The new ﬁndings from this study indicate that this shift has
marginal impact on gut microbiota composition but may reduce
proportions of LAB due to reduced intake of LAB-containing foods.
Importantly, those reductions were reversed once usual ad libitum
diets were resumed, and neither the ration itself nor its effects on the
gut microbiota and SCFA concentrations resulted in increased IP or
inﬂammation, or caused clinically meaningful gastrointestinal symptoms over 21 days. However, observed reductions in LAB abundance
could have implications for military-relevant health outcomes not
measured in this study given the multiple health beneﬁts attributed to
LAB such as various Lactobacillus species [78], especially in situations
wherein reliance on the Meal, Ready-to-Eat ration must extend
beyond 21 days. Research aimed at developing interventions to
prevent Lactobacillus depletion during sustained periods of Meal,
Ready-to-Eat consumption may therefore warrant consideration.

Acknowledgments
The authors thank the study volunteers for their time and
commitment to the study. We also thank Ryanne Haskell, Anthony
Karis, Laura Lutz, Susan McGraw, Anna Nakayama, Alfonzo Patino,
Irene Potter, Patrick Radcliffe, Katakyie Sarpong, Jeffrey Staab, Claire
Whitney and Marques Wilson for signiﬁcant technical contributions to
data collection and sample analysis, and Briana Vecchio-Pagan,
Kathleen Verratti, Ellen Forsyth, Peter Thielen and Craig Howser for
signiﬁcant technical contributions to DNA extraction, sequencing and
analysis.

Competing interests
There are no competing interests to report.

Disclaimer
The opinions or assertions contained herein are the private views
of the authors and are not to be construed as ofﬁcial or reﬂecting the
views of the Army or the Department of Defense. Any citations of
commercial organizations and trade names in this report do not
constitute an ofﬁcial Department of the Army endorsement or
approval of the products or services of these organizations. Approved
for public release; distribution is unlimited.

10

J.P. Karl et al. / Journal of Nutritional Biochemistry 72 (2019) 108217

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jnutbio.2019.108217.

References
[1] van Wijck K, Lenaerts K, Grootjans J, Wijnands KA, Poeze M, van Loon LJ, et al.
Physiology and pathophysiology of splanchnic hypoperfusion and intestinal
injury during exercise: strategies for evaluation and prevention. Am J Physiol
Gastrointest Liver Physiol 2012;303:G155–68.
[2] Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke JD, Serino M, et al.
Intestinal permeability — a new target for disease prevention and therapy. BMC
Gastroenterol 2014;14:189.
[3] Dokladny K, Zuhl MN, Moseley PL. Intestinal epithelial barrier function and tight
junction proteins with heat and exercise. J Appl Physiol (1985) 2016;120:
692–701.
[4] Wells JM, Brummer RJ, Derrien M, MacDonald TT, Troost F, Cani PD, et al.
Homeostasis of the gut barrier and potential biomarkers. Am J Physiol
Gastrointest Liver Physiol 2017;312:G171-G93.
[5] McClung JP, Karl JP. Iron deficiency and obesity: the contribution of inflammation
and diminished iron absorption. Nutr Rev 2009;67:100–4.
[6] Clark A, Mach N. Exercise-induced stress behavior, gut–microbiota–brain axis and
diet: a systematic review for athletes. J Int Soc Sports Nutr 2016;13:43.
[7] Turner JR. Intestinal mucosal barrier function in health and disease. Nat Rev
Immunol 2009;9:799–809.
[8] Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA, Wolter M, et al. A
dietary fiber-deprived gut microbiota degrades the colonic mucus barrier and
enhances pathogen susceptibility. Cell 2016;167:1339–53 e21.
[9] Schroeder BO, Birchenough GMH, Stahlman M, Arike L, Johansson MEV, Hansson
GC, et al. Bifidobacteria or fiber protects against diet-induced microbiotamediated colonic mucus deterioration. Cell Host Microbe 2018;23:27–40 e7.
[10] Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, et al. Changes
in gut microbiota control metabolic endotoxemia-induced inflammation in highfat diet-induced obesity and diabetes in mice. Diabetes 2008;57:1470–81.
[11] Everard A, Belzer C, Geurts L, Ouwerkerk JP, Druart C, Bindels LB, et al. Cross-talk
between Akkermansia muciniphila and intestinal epithelium controls dietinduced obesity. Proc Natl Acad Sci U S A 2013;110:9066–71.
[12] Sonnenburg ED, Sonnenburg JL. Starving our microbial self: the deleterious
consequences of a diet deficient in microbiota-accessible carbohydrates. Cell
Metab 2014;20:779–86.
[13] Zmora N, Suez J, Elinav E. You are what you eat: diet, health and the gut
microbiota. Nat Rev Gastroenterol Hepatol 2019;16:35–56.
[14] Hamer HM, Jonkers D, Venema K, Vanhoutvin S, Troost FJ, Brummer RJ. Review
article: the role of butyrate on colonic function. Aliment Pharmacol Ther 2008;27:
104–19.
[15] David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet
rapidly and reproducibly alters the human gut microbiome. Nature 2014;505:
559–63.
[16] McNulty NP, Yatsunenko T, Hsiao A, Faith JJ, Muegge BD, Goodman AL, et al. The
impact of a consortium of fermented milk strains on the gut microbiome of
gnotobiotic mice and monozygotic twins. Sci Transl Med 2011;3:106ra.
[17] Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O, et al. Artificial
sweeteners induce glucose intolerance by altering the gut microbiota. Nature
2014;514:181–6.
[18] Chassaing B, Van de Wiele T, De Bodt J, Marzorati M, Gewirtz AT. Dietary
emulsifiers directly alter human microbiota composition and gene expression ex
vivo potentiating intestinal inflammation. Gut 2017;66:1414–27.
[19] Chassaing B, Koren O, Goodrich JK, Poole AC, Srinivasan S, Ley RE, et al. Dietary
emulsifiers impact the mouse gut microbiota promoting colitis and metabolic
syndrome. Nature 2015;519:92–6.
[20] Hibberd MC, Wu M, Rodionov DA, Li X, Cheng J, Griffin NW, et al. The effects of
micronutrient deficiencies on bacterial species from the human gut microbiota.
Sci Transl Med 2017;9.
[21] Paganini D, Zimmermann MB. The effects of iron fortification and supplementation on the gut microbiome and diarrhea in infants and children: a review. Am J
Clin Nutr 2017;106:1688S–93S.
[22] Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, et al. Intestinal
microbiota metabolism of L-carnitine, a nutrient in red meat, promotes
atherosclerosis. Nat Med 2013;19:576–85.
[23] Roopchand DE, Carmody RN, Kuhn P, Moskal K, Rojas-Silva P, Turnbaugh PJ, et al.
Dietary polyphenols promote growth of the gut bacterium Akkermansia
muciniphila and attenuate high-fat diet-induced metabolic syndrome. Diabetes
2015;64:2847–58.
[24] Tzounis X, Rodriguez-Mateos A, Vulevic J, Gibson GR, Kwik-Uribe C, Spencer JP.
Prebiotic evaluation of cocoa-derived flavanols in healthy humans by using a
randomized, controlled, double-blind, crossover intervention study. Am J Clin
Nutr 2011;93:62–72.
[25] Perez-Burillo S, Pastoriza S, Jimenez-Hernandez N, D'Auria G, Francino MP,
Rufian-Henares JA. Effect of food thermal processing on the composition of the gut
microbiota. J Agric Food Chem 2018;66:11500–9.

[26] Holscher HD, Taylor AM, Swanson KS, Novotny JA, Baer DJ. Almond consumption
and processing affects the composition of the gastrointestinal microbiota of
healthy adult men and women: a randomized controlled trial. Nutrients 2018;10.
[27] Vanegas SM, Meydani M, Barnett JB, Goldin B, Kane A, Rasmussen H, et al.
Substituting whole grains for refined grains in a 6-wk randomized trial has a
modest effect on gut microbiota and immune and inflammatory markers of
healthy adults. Am J Clin Nutr 2017;105:635–50.
[28] Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H, Nadimpalli A, et al.
Dietary-fat-induced taurocholic acid promotes pathobiont expansion and colitis
in Il10−/− mice. Nature 2012;487:104–8.
[29] Llewellyn SR, Britton GJ, Contijoch EJ, Vennaro OH, Mortha A, Colombel JF, et al.
Interactions between diet and the intestinal microbiota alter intestinal permeability and colitis severity in mice. Gastroenterology 2018;154:1037–46 e2.
[30] Headquarters DotA, the Navy, and the Air Force. Army regulation 40-25 nutrition
and menu standards for human performance optimization. In: Departments of the
Army tN, and the Air Force, editor. Washington, DC2017.
[31] Barrett AH, Cardello AV. Military food engineering and ration technology.
Lancaster, PA: DEStech Publications, Inc; 2012.
[32] Karl JP, Berryman CE, Young AJ, Radcliffe PN, Branck TA, Pantoja-Feliciano IG, et al.
Associations between the gut microbiota and host responses to high altitude. Am J
Physiol Gastrointest Liver Physiol 2018; 315:G1003-G15.
[33] Karl JP, Margolis LM, Madslien EH, Murphy NE, Castellani JW, Gundersen Y, et al.
Changes in intestinal microbiota composition and metabolism coincide with
increased intestinal permeability in young adults under prolonged physiological
stress. Am J Physiol Gastrointest Liver Physiol 2017;312:G559-G71.
[34] Li X, Kan EM, Lu J, Cao Y, Wong RK, Keshavarzian A, et al. Combat-training
increases intestinal permeability, immune activation and gastrointestinal symptoms in soldiers. Aliment Pharmacol Ther 2013;37:799–809.
[35] Phua LC, Wilder-Smith CH, Tan YM, Gopalakrishnan T, Wong RK, Li X, et al.
Gastrointestinal symptoms and altered intestinal permeability induced by combat
training are associated with distinct metabotypic changes. J Proteome Res 2015;
14:4734–42.
[36] Karl JP, Hatch AM, Arcidiacono SM, Pearce SC, Pantoja-Feliciano IG, Doherty LA,
et al. Effects of psychological, environmental and physical stressors on the gut
microbiota. Front Microbiol 2018;9:2013.
[37] Natick Soldier Research DaECCFD. Operational rations of the Department of
Defense. In: Defense Do, editor. Natick, MA2015.
[38] Hallal PCVC. Reliability and validity of the International Physical Activity
Questionnaire (IPAQ). Med Sci Sports Exerc 2004;36:556.
[39] Francis CY, Morris J, Whorwell PJ. The irritable bowel severity scoring system: a
simple method of monitoring irritable bowel syndrome and its progress. Aliment
Pharmacol Ther 1997;11:395–402.
[40] Eypasch E, Williams JI, Wood-Dauphinee S, Ure BM, Schmulling C, Neugebauer E,
et al. Gastrointestinal quality of life index: development, validation and
application of a new instrument. Br J Surg 1995;82:216–22.
[41] Miller LE. Study design considerations for irritable bowel syndrome clinical trials.
Ann Gastroenterol 2014;27:338–45.
[42] Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al.
QIIME allows analysis of high-throughput community sequencing data. Nat
Methods 2010;7:335–6.
[43] Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 2014;30:2114–20.
[44] McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, et al. An
improved Greengenes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea. ISME J 2012;6:610–8.
[45] Caporaso JG, Bittinger K, Bushman FD, DeSantis TZ, Andersen GL, Knight R.
PyNAST: a flexible tool for aligning sequences to a template alignment.
Bioinformatics 2010;26:266–7.
[46] Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ
Microbiol 2007;73:5261–7.
[47] Drucker DJ, Yusta B. Physiology and pharmacology of the enteroendocrine
hormone glucagon-like peptide-2. Annu Rev Physiol 2014;76:561–83.
[48] Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, Rottier O, et al. Changes
in gut microbiota control inflammation in obese mice through a mechanism
involving GLP-2-driven improvement of gut permeability. Gut 2009;58:
1091–103.
[49] Schumann RR. Old and new findings on lipopolysaccharide-binding
protein: a soluble pattern-recognition molecule. Biochem Soc Trans
2011;39:989–93.
[50] McOmber ME, Ou CN, Shulman RJ. Effects of timing, sex, and age on site-specific
gastrointestinal permeability testing in children and adults. J Pediatr Gastroenterol Nutr 2010;50:269–75.
[51] Anderson AD, Poon P, Greenway GM, MacFie J. A simple method for the analysis of
urinary sucralose for use in tests of intestinal permeability. Ann Clin Biochem
2005;42:224–6.
[52] Marsilio R, D'Antiga L, Zancan L, Dussini N, Zacchello F. Simultaneous HPLC
determination with light-scattering detection of lactulose and mannitol in studies
of intestinal permeability in pediatrics. Clin Chem 1998;44:1685–91.
[53] Meddings JB, Gibbons I. Discrimination of site-specific alterations in gastrointestinal permeability in the rat. Gastroenterology 1998;114:83–92.
[54] Joossens JV, Geboers J. Monitoring salt intake in the population: methodological
considerations. EC Workshop. Ghent, Belgium1983.
[55] John KA, Cogswell ME, Campbell NR, Nowson CA, Legetic B, Hennis AJ, et al.
Accuracy and usefulness of select methods for assessing complete collection of

J.P. Karl et al. / Journal of Nutritional Biochemistry 72 (2019) 108217

[56]

[57]

[58]
[59]

[60]
[61]
[62]

[63]

[64]

[65]
[66]

[67]

24-hour urine: a systematic review. J Clin Hypertens (Greenwich) 2016;18:
456–67.
van Elburg RM, Uil JJ, Kokke FT, Mulder AM, van de Broek MG, Mulder CJ, et al.
Repeatability of the sugar-absorption test, using lactulose and mannitol for
measuring intestinal permeability for sugars. J Pediatr Gastroenterol Nutr 1995;
20:184–8.
Mallick H, Ma S, Franzosa EA, Vatanen T, Morgan XC, Huttenhower C.
Experimental design and quantitative analysis of microbial community multiomics. Genome Biol 2017;18:228.
Shields-Cutler RR, Al-Ghalith GA, Yassour M, Knights D. SplinectomeR enables group
comparisons in longitudinal microbiome studies. Front Microbiol 2018;9:785.
Marco ML, Heeney D, Binda S, Cifelli CJ, Cotter PD, Foligne B, et al. Health benefits
of fermented foods: microbiota and beyond. Curr Opin Biotechnol 2017;44:
94–102.
Douglas GL, Klaenhammer TR. Genomic evolution of domesticated microorganisms. Annu Rev Food Sci Technol 2010;1:397–414.
Derrien M, van Hylckama Vlieg JE. Fate, activity, and impact of ingested bacteria
within the human gut microbiota. Trends Microbiol 2015;23:354–66.
Kim JY, Choi EY, Hong YH, Song YO, Han JS, Lee SS, et al. Changes in Korean adult
females' intestinal microbiota resulting from kimchi intake. J Nutr Food Sci 2016;
6:1000486.
Crucian BE, Chouker A, Simpson RJ, Mehta S, Marshall G, Smith SM, et al. Immune
system dysregulation during spaceflight: potential countermeasures for deep
space exploration missions. Front Immunol 2018;9:1437.
Pantoja-Feliciano IG, Soares JW, Doherty LA, Karl JP, McClung HL, Armstrong NJ,
et al. Acute stressor alters inter-species microbial competition for resistant starchsupplemented medium. GutMicrobes 2019;10:439–46.
Pessione E. Lactic acid bacteria contribution to gut microbiota complexity: lights
and shadows. Front Cell Infect Microbiol 2012;2:86.
Zoetendal EG, Raes J, van den Bogert B, Arumugam M, Booijink CC, Troost FJ, et al.
The human small intestinal microbiota is driven by rapid uptake and conversion
of simple carbohydrates. ISME J 2012;6:1415–26.
El Aidy S, van den Bogert B, Kleerebezem M. The small intestine microbiota, nutritional
modulation and relevance for health. Curr Opin Biotechnol 2015;32:14–20.

11

[68] Booijink CC, Boekhorst J, Zoetendal EG, Smidt H, Kleerebezem M, de Vos WM.
Metatranscriptome analysis of the human fecal microbiota reveals subjectspecific expression profiles, with genes encoding proteins involved in carbohydrate metabolism being dominantly expressed. Appl Environ Microbiol 2010;76:
5533–40.
[69] George F, Daniel C, Thomas M, Singer E, Guilbaud A, Tessier FJ, et al. Occurrence
and dynamism of lactic acid bacteria in distinct ecological niches: a multifaceted
functional health perspective. Front Microbiol 2018;9:2899.
[70] Ohland CL, Macnaughton WK. Probiotic bacteria and intestinal epithelial barrier
function. Am J Physiol Gastrointest Liver Physiol 2010;298:G807–19.
[71] Moon C, Baldridge MT, Wallace MA, D CA, Burnham Virgin HW, et al. Vertically
transmitted faecal IgA levels determine extra-chromosomal phenotypic variation.
Nature 2015;521:90–3.
[72] Tappenden KA, Albin DM, Bartholome AL, Mangian HF. Glucagon-like peptide-2
and short-chain fatty acids: a new twist to an old story. J Nutr 2003;133:
3717–20.
[73] Verbeke KA, Boobis AR, Chiodini A, Edwards CA, Franck A, Kleerebezem M, et al.
Towards microbial fermentation metabolites as markers for health benefits of
prebiotics. Nutr Res Rev 2015;28:42–66.
[74] Chappell VL, Thompson MD, Jeschke MG, Chung DH, Thompson JC, Wolf SE. Effects
of incremental starvation on gut mucosa. Dig Dis Sci 2003;48:765–9.
[75] Dietrich M, Jialal I. The effect of weight loss on a stable biomarker of inflammation,
C-reactive protein. Nutr Rev 2005;63:22–8.
[76] Damms-Machado A, Louis S, Schnitzer A, Volynets V, Rings A, Basrai M, et al. Gut
permeability is related to body weight, fatty liver disease, and insulin resistance
in obese individuals undergoing weight reduction. Am J Clin Nutr 2017;105:
127–35.
[77] Xiao S, Fei N, Pang X, Shen J, Wang L, Zhang B, et al. A gut microbiota-targeted
dietary intervention for amelioration of chronic inflammation underlying
metabolic syndrome. FEMS Microbiol Ecol 2014;87:357–67.
[78] Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, et al. Expert consensus
document. The International Scientific Association for Probiotics and Prebiotics
consensus statement on the scope and appropriate use of the term probiotic. Nat
Rev Gastroenterol Hepatol 2014;11:506–14.

