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Abstract

Purpose. The microbiome from nursing home (NH) residents is marked by a loss in diversity that is associated with

increased frailty. Our objective was to explore the associations of NH environment, frailty, nutritional status and residents’

age to microbiome composition and potential metabolic function.

Methodology. We conducted a prospective longitudinal cohort study of 23 residents, 65 years or older, from one NH that had

four floors: two separate medical intensive floors and two floors with active elders. Residents were assessed using the mini

nutritional assessment tool and clinical frailty scale. Bacterial composition and metabolic potential of residents’ stool

samples was determined by metagenomic sequencing. We performed traditional unsupervised correspondence analysis and

linear mixed effect modelling regression to assess the bacteria and functional pathways significantly affected by these

covariates.

Results/Key findings. NH resident microbiomes demonstrated temporal stability (PERMANOVA P=0.001) and differing

dysbiotic associations with increasing age, frailty and malnutrition scores. As residents aged, the abundance of microbiota-

encoded genes and pathways related to essential amino acid, nitrogenous base and vitamin B production declined. With

increasing frailty, residents had lower abundances of butyrate-producing organisms, which are associated with increased

health and higher abundances of known dysbiotic species. As residents became malnourished, butyrate-producing

organisms declined and dysbiotic bacterial species increased. Finally, the microbiome of residents living in proximity shared

similar species and, as demonstrated for Escherichia coli, similar strains.

Conclusion. These findings support the conclusion that a signature ‘NH’ microbiota may exist that is affected by the

residents’ age, frailty, nutritional status and physical location.

INTRODUCTION

In the USA, nursing homes (NHs) provide custodial care to
older adults who need both medical and non-medical assis-
tance, such as support for daily living activities. These NH
elders are grouped together and share a diet that is typically
low in fibre with moderate to high fat content [1]. Residents
living in NHs suffer from a high prevalence of Clostridium
difficile and multi-drug resistant organisms (MDROs) that
both colonize the intestinal tract and cause active disease.
The prevalence of these pathogens colonizing the gut is so
high that the NH is now considered a reservoir for introduc-
ing these pathogens into other healthcare settings [2, 3].
Unrelated individuals living together have more similar gut
bacterial communities compared to individuals living in

other households, suggesting a shared environment affects
the similarity of the faecal microbiome [4]. Similarities of
NH elders’ microbiome have not previously been explored,
warranting further research to better understand the factors
leading to the development of the NH as a reservoir for
MDROs for the community at large [5].

A healthy, diverse intestinal microbiome interacts positively
with the host immune system and contributes to pathogen
resistance [6]. Older adults that enter a NH experience an
overall decline in intestinal microbiome function [7] and a
significant loss in diversity when compared to community-
dwelling elders [1]. Elders from NHs differ from
community-dwelling counterparts in their microbiome
composition, with higher proportions of the phylum
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Bacteroidetes compared to phylum Firmicutes and lower
genus Coprococcus and Roseburia levels [1]. Most previous
elder microbiome investigations have focused on comparing
community-dwelling to NH elders. These studies have con-
cluded that NH residents gain a NH-associated microbiome
that is mostly a result of the NH-provided diet along with the
increasing individual frailty associated with elders that need
NH services [8]. Given the variability in diets of elders living
in NHs or community-dwelling environments included in
these studies, their conclusions have strongly highlighted the
associations between diet and microbiome composition.
This still leaves ambiguity as to what occurs to a NH resident
microbiome as they age and their health status evolves with
increasing frailty and malnutrition.

Elders are commonly grouped together in sections of the
NH by medical or mental (i.e. dementia units) needs. Geo-
graphical location is known to influence the microbiome
composition, however the influence of diet versus physical
location is not well understood [9]. A better understanding
of environmental influences on human microbial communi-
ties could be an important factor to consider when under-
standing disease etiologies, especially among vulnerable NH
elders. Accordingly, the ‘NH microbiota’ remains poorly
defined especially when it comes to other factors besides
frailty and diet that may influence its composition such as
increasing age, malnutrition or physical location. In addi-
tion, the complex interplay between patient-level and envi-
ronmental (facility)-level factors and their influence on the
microbiome in this vulnerable population is poorly
understood.

Accordingly, we set out to follow a cohort of elders from
one NH to investigate what associations age, frailty, malnu-
trition and physical location had on observed dysbiosis and
the stability of the microbiome over time. We performed
these observations among NH elders consuming the same
diet, however they live in separate sections of the same NH
facility with specific floors being isolated from others. Our
findings contribute to the understanding of how patient-
level factors, such as age, frailty and malnutrition level,
influence the microbiota composition while adding novel
discoveries as to the associations that facility-level factors
(i.e. floor location) have with microbiome composition.

METHODS

Study setting and population

This prospective cohort study was approved by the institu-
tional review board at the University of Massachusetts
Medical School. This cohort is of NH residents �65 years of
age who lived in one NH facility that contained four differ-
ent floors. The third floor was the facility’s locked dementia
unit where residents were not allowed to leave the floor
except for issues regarding medical care. The next floor
(fourth floor), termed the medical care unit, housed resi-
dents with chronic medical issues requiring a higher level of
nursing care, their food and care limited to this location.
The fifth and sixth floors housed higher functioning long-

term care residents who all ate and engaged in activities at
one central location. They were also allowed to leave the
floor and travel frequently into the community. We
approached residents across all floors who had been living
at that facility for �1month and did not have any diarrheal
illness or antimicrobial exposure within the preceding
4weeks. All residents throughout the facility followed the
same low-fibre diet across all floors prepared in one central
kitchen that is typical for a NH diet. No patients suffered
from dysphagia or had a feeding tube.

Data collection

We conducted baseline and end of study medical record
abstraction for factors associated with key study outcomes.
These factors included: age, nutritional status, comorbidities,
use of proton pump inhibitors and frailty [1]. Prior history of
hospitalizations, antibiotic exposures in the past year and
histories of Clostridium difficile infection or urinary tract
infections were collected from medical records. We obtained
age, sex, race and length of NH stay from medical records.
We categorized residents based on the continuous age
variable into four age categories for analysis: (1) 65–74; (2)
75–84; (3) 85–94; and (4) �95 years of age. Frailty was cate-
gorized according to the validated and widely utilized Cana-
dian Study of Health and Aging’s seven-point clinical frailty
scale [10]. This has been previously validated in demonstrat-
ing signatures of frailty in the gut microbiota [11, 12]. We
assessed nutritional status using the mini nutritional assess-
ment (MNA) tool [13–15]. Residents were categorized as
normal, at risk or malnourished based on the MNA survey
administered to the residents by trained research staff or the
nurse caring for the resident if mentally impaired. All resi-
dents were enrolled for a total of 5months in which we mon-
itored for any changes to their care.

Sample collection and processing

We collected four monthly stool samples from each resi-
dent. Additionally, from six residents we collected samples
every 3 days for 2weeks and then monthly for 4months.
DNA was extracted from samples using the PowerMagTM
Soil DNA Isolation Kit on an epMotion 5075 TMX liquid
handling workstation according to manufacture protocols
(MO BIO Laboratories, #27100-4-EP). Sequencing libraries
were constructed using the Nextera XT DNA Library Prep
Kit (Illumina, #FC-131-1096) and sequenced on a NextSeq
500 Sequencing System as 2�150 base pair-end reads.

Sequence processing and analysis

Shotgun metagenomic reads were first trimmed and filtered
to the host contamination using Trimmomatic [16] and
Bowtie2 [17] as part of the KneadData pipeline (https://bit-
bucket.org/biobakery/kneaddata). Reads were then profiled
for microbial species abundances using Metaphlan2 [18]
and for abundance of Uniref genes, KEGG orthologues, and
of the corresponding functional pathways (Metacyc path-
ways, KEGG pathways, and KEGG modules) using the soft-
ware pipeline HUMAnN2 [19] and in-house written scripts
(available upon request). Normalized taxonomic, gene and
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pathway abundances were then used for downstream statis-
tical analysis in R (see below). Strain-level analysis of
Escherichia coli present in metagenomic samples was
performed using StrainPhlAn [20]. Reads were mapped
against the MetaPhlan2 clade-specific marker gene database
[18]. Reconstructed E.coli-specific consensus markers were
derived from the mapping data. The reconstructed markers
were then used to build a phylogeny of the strains. The tools
cited, in turn, depend upon the following tools – for Knead-
Data: Trimmomatic [16], Bowtie2 [17], SAMtools (https://
github.com/samtools/); for StrainPhlan: MetaPhlan2 [18],
MUSCLE [21], RAxML [22], blastn [23]. The phylogenetic
tree was visualized with FigTree (http://tree.bio.ed.ac.uk/
software/figtree/)

Data analysis

We performed traditional unsupervised correspondence
analysis (NMDS and unsupervised hierarchical clustering)
to first determine the similarity of samples with respect to
the above covariate of interest. Permutation multivariate
analysis of variance (PERMANOVA) was performed to
evaluate inter- vs intra-individual variability in bacterial
abundance. To determine the contribution of each covariate
to changes in microbiome composition (including microbial
and functional pathway abundances) we performed linear
mixed effect modelling regression after arcsine square root
transformation [24] using the R package lme4. P-values
were calculated using a Kenward–Roger degrees of freedom
approximation and the returned t-value from the regression
modelling. Covariates with P<0.05 were retained and used
for downstream visualization and data interpretation.

RESULTS

Characteristics of the study subjects by floor
location

Over a 6 month period we enrolled and followed 23 NH eld-
ers collecting monthly samples for a total of 4months. Resi-
dents of the medical floor (fourth floor) and dementia unit
(third floor) had higher frailty and malnutrition scores that
those on the fifth and sixth floors (Table 1). Residents on
the fourth floor were older with an average age of 96.4.
There were no differences in how long the resident had
been living on that floor (length of stay) nor with regards to
Charlston comorbidity index score. No residents were

exposed to antimicrobials or hospitalized during the study
period. The last antimicrobial exposure occurred 3 months
prior in only one subject.

The individual NH microbiome demonstrates
stability over short and long time-interval
observations

There were six residents for whom we collected samples
every 3 days for 2weeks and then monthly afterwards for
4months, resulting in a total of 10 samples per resident. For
one resident we were only able to obtain eight samples with
two missed time points during the 2week sampling time
period. The average age of this group was 82.7 (9.2) years,
all living on the fifth and sixth floors with an average frailty
score of 5.2 (0.4) and malnutrition score of 0.2 (0.4). None
of these residents had any changes in medications or health-
care exposure over the study period. Microbiota composi-
tional differences were greater between individuals than
within individuals demonstrating faecal microbiota stability
in NH elders (PERMANOVA – Jaccard distance P=0.001;
Fig. 1a). The microbiome composition between individuals
varied as demonstrated at the order level in Fig. 1(b). These
data indicate that, for long-stay NH residents, both 3 day
and 30 day collection frequencies exhibit similar micro-
biome variation within an individual which remains stable
over time as long as there are no changes to their diet or
medication.

Distance measures demonstrate grouping patterns
by age, frailty and malnutrition

We explored beta-diversity by principal coordinate analysis
(PCA) using Jaccard distances for a measure of community
species dissimilarity among combinations of malnutrition
scores, frailty scores, age categories and floor locations in
Fig. 2. Microbiota compositional differences were greater
between the covariates of malnutrition scores, frailty scores,
age categories and floor location than within them with a
PERMANOVA – Jaccard distance P<0.001 for each of the
covariates. First, with regards to age and frailty, we note not
only a pattern of composition shifting towards the right as
the age category increases but also a clustering of groups by
frailty score, Fig. 2(a). Comparing malnutrition and frailty,
we see a similar pattern of shifting composition towards the
top right as malnutrition scores increase, maintaining the
clustering by frailty score, Fig. 2(b). However, when we

Table 1. Characteristics of the NH cohort by floor of residence

Floor no. (n) Third (3) Fourth (4) Fifth (7) Sixth (8) P-value

Age 82 (2.0) 96.4 (4.6) 89.9 (7.1) 86.3 (8.4) 0.036

Age category 2 (0.0) 3.6 (0.5) 2.9 (0.9) 2.5 (0.8) 0.010

Length of stay 23 (18.2) 14.6 (19.2) 22.9 (32.3) 17.9 (22.2) 0.93

CCI score 2 (1.7) 1 (1.7) 1.3 (1.8) 1.0 (1.4) 0.82

Malnutrition 1 (0.0) 1.6 (0.5) 0.6 (0.5) 0.4 (0.5) 0.008

Frailty 6.7 (0.6) 6.8 (0.8) 4.9 (0.9) 4.9 (0.6) 0.053

Data presented as means (SD). CCI, Charlston comorbidity index; length of stay in months; age category: 1=65–74, 2=75–84, 3=85–94 and 4 =�95.
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explore PCA by floor location any discernable pattern seems
to be mixed with floors three and four clustered towards the
middle surrounded by resident samples from floors five and
six, Fig. 2(c). We explored combinations of each of the vari-
ables represented in Fig. 2(a–c), with ellipses that represent
75% confidence intervals. These ellipses demonstrate clus-
tering of combinations of the grouping categorical variables.
If there were less than four samples per grouping we omit-
ted the ellipses. From these groupings certain patterns
emerge. For example, in Fig. 2(a), residents in age category
3 shift in microbiome composition to the right as their

frailty score increases from 3 to 6. From this analysis we
noted clustering among the variables of malnutrition, frailty
and age without any specific pattern to floor location, sug-
gesting the overall microbiome composition did not corre-
late with location as it did to malnutrition, frailty and age.

Mixed effect modelling demonstrated age,
malnutrition, frailty and location affected bacterial
species composition and functional pathways

After unsupervised correspondence analysis, we performed
linear mixed effect modelling regression to determine the

Fig. 1. Individual variability over time. (a) Distance matrix of sample similarity from the presence or absence of bacterial species in

each sample using the Jaccard binary index. Sample-to-sample distances are presented in a 2D principal component analysis plot.

Samples from six NH residents are coloured by participant. No resident experienced any change in medications or a healthcare event

over the sampling period. Each point represents a sample time point taken at 3 day and then 30 day intervals over a 4month period.

(b) The different community compositions among the six residents defined at the order level.
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bacterial species and contributed functional pathways that
were significantly affected by the covariates of interest.
Briefly, after arctangent-square root transformation of micro-
bial species (and pathway) abundances, we performed linear
mixed effect modelling regression. We fit the model abun-
dance ~1+age+malnutrition+floor+frailty+(1|ID), where age,
malnutrition, floor and frailty are the fixed effect and ID rep-
resents the random effect. Using this approach, we decouple
the effect of each of the modelled covariates towards the
microbial (or pathway) abundance and assess each covari-
ate’s statistical significance independently. Row-normalized
abundances of significant species and KEGG pathways are
displayed as hierarchical clustered heatmaps in Fig. 3(a, b).
The species and KEGG pathways depicted in Fig. 3 are sta-
tististically significant for at least one of the model fixed
effects.

Dysbiosis with increasing age in both bacterial
species and metabolic pathways

We observed the correlation of species and pathway abun-
dances with increasing age. Akkermansia muciniphila, a
mucin-degrading bacterium known to decrease in the
elderly [25], was significantly decreased in residents in age
category 3 (P=0.018) and Ruminococcus bromii, a keystone
species in degradation of starch, was elevated in age cate-
gory 2 (P=0.012) and then decreased in older age categories.
The bacterial species Ruminococcus gnavus, which has been
associated with a dysbiotic microbiota [26], was more abun-
dant in age category 2 (0.003) and lower in older residents
with the lowest abundances in age category 4 (0.015). Sev-
eral bacterial species known to be butyrate producers [27]
were elevated in older adults. Butyrate is known to contrib-
ute to the maintenance of the gut barrier functions, and has

(a)

(c)

(b)

Fig. 2. PCO plots. (a) Jaccard binary index principal component analysis by age category and frailty score. Jaccard binary index com-

pares similarity in the presence or absence of bacterial species in the microbiome between samples. Residents are categorized into

different age groups represented by different symbols, where category 1 includes residents aged 65–74 years, category 2 is 75–84,

category 3 is 85–94 and category 4 is �95 years of age. Frailty scores are each coloured differently. (b) Jaccard binary index principal

component analysis by malnutrition and frailty score. Malnutrition scores are represented by different symbols where frailty scores

are each coloured differently. (c) Jaccard binary index principal component analysis by malnutrition and floor location. Malnutrition

scores are represented by different symbols where each floor is coloured differently. All panels display ellipses with a confidence

interval of 75%. Ellipses are drawn for each combination of the grouping variables (e.g. frailty 5 and malnutrition 0). Ellipses cannot

be drawn for a group with less than four samples and are therefore omitted from the plots.
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both immunomodulatory and anti-inflammatory properties
[28]. Butyrate-producing Eubacterium siraeum was signifi-
cantly elevated in age category 4 (P=0.004) and Roseburia
intestinalis was elevated in age categories 2 (P=0.012), 3
(P=0.002) and 4 (P=0.016).

Metabolic pathways involved in essential amino acid bio-
synthesis and metabolism were higher in younger residents
and decreased over the subsequent age categories, Fig. 4.
This involved cysteine and methionine metabolism
(ko00270; P=0.017), histidine metabolism (ko00340;
P=0.020), valine, leucine and isoleucine biosynthesis
(ko00290; P=0.005), and lysine biosynthesis (ko00300;
P<0.001). In addition, nitrogenous base metabolism also
decreased with increasing age as purine and pyrimidine
metabolism decreased over age categories 2 (ko00230 and
ko00240; P=0.004, 0.010) and 3 (0.028, 0.010). Finally, vita-
min metabolism was also lower in older residents with vita-
min B5, pantothenate and CoA biosynthesis, decreased in

age categories 2 (ko00770; P=0.013) and 3 (P=0.004) and
vitamin B1 thiamine metabolism decreased with increasing
age and was lowest in age category 3 (ko00730; P=0.022).
Combined with the species data, these results indicate that
the dysbiosis associated with ageing included decreases in
mucin and starch degradation, essential amino acid synthe-
sis, and decreases in nitrogenous base and vitamin
synthesis.

In conjunction with the observed butyrate-producing spe-
cies being of higher abundance in older residents, we also
noted that butyrate metabolism also rose with increasing
age and was significantly elevated in age category 3
(ko00650; P=0.031). Pyruvate metabolism increased over
the age categories and was highest in age category 3
(ko00620; P=0.019) while CoA biosynthesis increased in age
category 2 (ko00770; P=0.013) and 3 (P=0.004). Butyrate is
synthesized via pyruvate and acetyl-coenzyme A (CoA)
[29]. Taken together this signifies that butyrate-producing

Species

Subdoligranulum unclassified

Marvinbryantia formatexigens

Clostridium bartlettii

Paraprevotella clara

Eubacterium eligens

Eubacterium siraeum

Peptostreptococcaceae unclassified

Bacteroides finegoldii

Roseburia hominis

Lachnospiraceae bacterium 7158FAA

Oscillibacter unclassified

Eubacterium ventriosum

Coprococcus catus

Eubacterium ramulus

Dorea formicigenerans

Ruminococcus obeum

Lachnospiraceae bacterium 5163FAA

Roseburia intestinalis

Roseburia unclassified

Akkermansia muciniphila

Dorea longicatena

Ruminococcus bromii

Streptococcus vestibularis

Bacteroides ovatus

Veillonella parvula

Lactobacillus reuteri

Streptococcus pasteurianus

Enterococcus faecalis

Citrobacter freundii

Clostridium leptum

Clostridium scindens

Lachnospiraceae bacterium 1157FAA

Lachnospiraceae bacterium 8157FAA

Clostridiaceae bacterium JC118

Blautia producta

Clostridium bolteae

Ruminococcus gnavus

Ab.

−2
0
2
4
6

Frailty

3
4
5
6
7

Age

1

3

2

4
Malnur

0
1
2

Floor

3

4

5

6

ID

CH1017
CH1003
CH1009
CH1006
CH3004
CH1007
CH1011
CH1027
CH1001
CH1002
CH1004
CH1005
CH1018
CH1019
CH1020
CH1022
CH1024
CH1025
CH1026
CH1037
CH1038
CH1039
CH1040

Steroid biosynthesis
 Carotenoid biosynthesis

Arachidonic acid metabolism
Selenocompound metabolism

One carbon pool by folate
Phenylalanine metabolism
Caprolactam degradation

Non homologous end joining
Penicillin and cephalosporin biosynthesis

Inositol phosphate metabolism
RNA transport

Protein processing in endoplasmic reticulum
Phenylalanine tyrosine and tryptophan biosynthesis

Methane metabolism
D Glutamine and D glutamate metabolism

Zeatin biosynthesis
Galactose metabolism
Vitamin B6 metabolism

Epithelial cell signaling in H. pylori infection
Biosynthesis of vancomycin group antibiotics

Cysteine and methionine metabolism
Nucleotide excision repair

Thiamine metabolism
Base excision repair

Ribosome
Histidine metabolism

Terpenoid backbone biosynthesis
Pantothenate and CoA biosynthesis

Lysine biosynthesis
Valine, leucine and isoleucine biosynthesis

Aminoacyl tRNA biosynthesis
Glycine serine and threonine metabolism

RNA degradation
Purine metabolism

Pyrimidine metabolism
Streptomycin biosynthesis

Bacterial chemotaxis
Flagellar assembly
Sulfur relay system

Glycerolipid metabolism
Phosphotransferase system PTS

Pyruvate metabolism
Bacterial secretion system

Starch and sucrose metabolism
N.A. (ko00312)

Plant pathogen interaction
Citrate cycle TCA cycle
Butanoate metabolism
Riboflavin metabolism

Lysine degradation
Lipopolysaccharide biosynthesis

Pentose and glucuronate interconversions
Ascorbate and aldarate metabolism

Glyoxylate and dicarboxylate metabolism
ko00640 Propanoate metabolism

Fructose and mannose metabolism
Oxidative phosphorylation
Sphingolipid metabolism
Insulin signaling pathway

Meiosis  (yeast)
African trypanosomiasis
D Alanine metabolism

Peptidoglycan biosynthesis
Mismatch repair
DNA replication

Homologous recombination

Ab.

−2
0
2
4
6

Frailty

3
4
5
6
7

Age

1

3

2

4
Malnur

0
1
2

Floor

3

4

5

6

ID

CH1017
CH1003
CH1009
CH1006
CH3004
CH1007
CH1011
CH1027
CH1001
CH1002
CH1004
CH1005
CH1018
CH1019
CH1020
CH1022
CH1024
CH1025
CH1026
CH1037
CH1038
CH1039
CH1040

 KEGG Pathways

Fig. 3. Heatmap of the relative abundance of each gene type in each individual and hierarchical clustering, depicting (a) species and

(b) pathways. (a) The heatmap depicts the relative abundances of gene sequences assigned to each bacterial genus (y-axis) across the

100 samples analysed (x-axis). The heatmap colours represent the relative abundances of the microbial genus assignments within

each sample. Square colours shifted towards red to indicate higher abundance. The coloured bars across the top of the graph depict

the frailty score, age category, malnutrition score, floor location and finally individual resident from top to bottom. (b) This heatmap dif-

fers by depicting the relative abundances of gene sequences assigned to each KEGG pathway (y-axis) across the 100 samples ana-

lysed (x-axis).
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organisms and butyrate production, a sign of intestinal
health, increased with age.

Dysbiotic patterns with increasing frailty

After adjusting for age, malnutrition and floor location, resi-
dents with lower frailty scores had higher abundances of
butyrate-producing organisms in Fig. 5, notably members
of the Clostridium cluster XIVa [30] as well as Lachnospira-
ceae bacterium 5_1_63FAA [31]. Conversely the bacterial
species R. gnavus, which is associated with a dysbiotic
microbiota [26], was higher in residents with higher frailty
scores peaking at a clinical frailty score of 7 (P=0.009).
From a metabolic potential standpoint, residents with
higher clinical frailty scores had higher abundances of lipo-
polysaccharide (LPS) biosynthesis (ko00540; P=0.043),

peptidoglycan (PGN) biosynthesis (ko00550; P=0.029) and
sphingolipid metabolism (ko00600; P=0.014). The observed
dysbiosis with increasing frailty included lower butyrate-
producing organisms with increases in LPS and PGN bio-
synthesis as well as sphingolipid metabolism. Alterations in
LPS, PGN, and sphingolipid synthesis and metabolism have
all been linked to increased bowel inflammation [32, 33].

Malnutrition’s association with dysbiotic and
opportunistic organisms

For residents who were either at risk of malnutrition or
scored as malnourished, we noted trends of higher abun-
dances of organisms associated with a dysbiotic micro-
biome. We found increased abundances of Citrobacter
freundii in malnourished residents (P=0.020). These

Fig. 4. Essential amino acids by age. Relative abundances of essential amino acid pathways by age category: (1) 65–74; (2) 75–84; (3)

85–94; and (4) �95 years of age. Data presented as boxplots with the box being the first and third quartiles, the band inside the box is

the median, and the whiskers represent the 95th percentiles. Each pathway depicted is as follows: (a) cystine and methionine metabo-

lism; (b) valine, leucine and isoleucine biosynthesis; (c) lysine biosynthesis; and (d) histidine metabolism.
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bacteria serve as opportunistic and super-infectious agents
in immunocompetent and compromised patients [34].
Additionally, Enterococcus faecalis, which causes life-
threatening hospital associated infections in humans such
as sepsis, urinary tract infections and meningitis [35], was
also elevated in malnourished residents (P=0.014). Similar
to increasing frailty, the bacterial dysbiotic species R. gna-
vus, was lowest in non-malnourished residents (<0.001).
Finally, the butyrate-producing organism R. intestinalis, was
less abundant in both residents at risk of malnutrition
(P<0.001) and those that were malnourished (P<0.001) as
well as Subdoligranulum, a spore-forming butyrate producer
[36], reduced in the malnourished (P=0.008). From a meta-
bolic standpoint PGN biosynthesis was noted to be elevated
in malnourished residents (ko00550; P=0.008). Malnutrition
associated with opportunistic dysbiotic bacterial species as
well as lower butyrate-producing organisms with increased
inflammation associated PGN.

Residents from the same location share similar
bacterial organisms

Specific bacterial species were found to be more abundant
among residents located on different floors, Fig. 6(a–e). Res-
idents living on the medical floor (4th floor) had higher
abundances of the dysbiotic bacterial species, R. gnavus
(P<0.001), and organisms that can cause opportunistic
infections such as Clostridium bolteae [37, 38] (P=0.038).
Other bacterial species, such as Coprococcus catus and

Eubacterium ventriosum were of higher abundances in resi-
dents on the dementia unit (3rd floor) in comparison to the
residents on other floors. Not much is known of these two
bacterial species. The anti-inflammatory Lachnospiraceae
bacterium 8_1_57FAA [39] was of greater abundance in
residents living on floors with higher functioning elders (5th
floor; P=0.015 and 6th floor; P=0.006). Lactobacillus reuteri,
and anti-inflammaroty bacterial species [40], was also
higher in residents on the 5th and 6th floors (P=0.003 and
P=0.006). Taking all of these associations together, it points
towards elderly residents that live together share specific
bacterial species.

Finally, we wondered if residents shared genetically similar
strains of bacteria. Observing that strains are shared
between NH residents could have implications with respect
to transmission of infections, we constructed the genetic
relationship of E. coli carried by seven individual residents
from metagenomic sequence data, Fig. 7. E. coli was chosen
for strain-level analysis due to it being both a common bac-
terial species that colonizes the intestines and being a spe-
cies known to cause disease (e.g. urinary tract infections).
We also performed strain-level analysis on other common
commensal bacterial species but did not note any such floor
association patterns. The phylogenic tree demonstrates that
ambulatory residents on the fifth and sixth floors had E. coli
strains sharing more similar phylogenetic relationships than
patients on the fourth floor (medical floor). Interestingly,

Fig. 5. Butyrate-Producing Bacteria by Frailty. Relative abundances of butyrate-producing organisms by Clinical Frailty Score. Data

presented as boxplots with the box being the first and third quartiles, the band inside the box is the median, and the wiskers represent

the 95th percentiles. Each organism depicted is as follows: (a), Eubacterium eligens; (b), Eubacterium ramulus; (c), Lachnospiraceae bac-

terium; (d), Roseburia hominis; (e), Roseburia unclassified; (f), Ruminococcus obeum.
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two of the resident E. coli phylogeny intermingle (yellow
and pink, Fig. 7), suggesting a high degree of strain similar-
ity. This data suggests that residents who share common liv-
ing areas had genetically related E. coli strains compared to
other residents living in a separate area of the same facility
who did not intermingle.

DISCUSSION

NH residents demonstrated different dysbiotic associations
with increasing age, frailty and malnutrition scores. As resi-
dents aged, the abundance of microbiota-encoded genes
and pathways related to essential amino acid, nitrogenous
base and vitamin B production declined. With increasing
frailty, residents had lower abundances of butyrate-produc-
ing organisms, higher abundances of known dysbiotic spe-
cies, and higher LPS and PGN biosynthesis, and higher
sphingolipid metabolism. Alterations in LPS, PGN and
sphingolipid biosynthesis and metabolism have all been
linked to increased bowel inflammation [32, 33]. As resi-
dents became at risk of becoming or were malnourished,
butyrate-producing organisms declined and opportunistic
and dysbiotic bacterial species increased along with PGN
biosynthesis. Interestingly, when looking at physical loca-
tion within the NH, residents living together shared similar
bacterial species and had similar E. coli phylogeny. Taken
together, this supports the conclusion that the ‘NH’

microbiota is influenced by resident age, frailty, nutritional
status and physical location.

With increasing resident age, we found that bacterial species
previously observed to decline with age were reduced in our
older residents. Specifically, A. muciniphila and R. bromii
decline as a likely result of changes in the diet of older
adults. This dietary change favours growth of bacteria that
are able to degrade mucins [25, 41] and metabolizing die-
tary plant polysaccharides [42]. Additionally, R. gnavus, a
species known to decrease with age [43], was higher in resi-
dents aged 65–74 and exhibited lowest abundances in those
95 and older. In older NH residents, we also observed a dis-
biotic decrease of metabolic pathways involved in essential
amino acid, nucleotide and vitamin B biosynthesis. Ageing
has been associated with a progressive loss of muscle mass
(sarcopenia) which is linked to lower availability of essential
amino acid [44, 45]. Purine and pyrimidine nucleotide bio-
synthesis modules are known to be globally decreased in
inflammatory bowel disease (IBD) patients [46] as well as
the vitamin B complex [47]. Taken together, these metabolic
pathways reflect an age-specific dysbiosis specific to chronic
intestinal inflammation seen in the elderly.

With increasing frailty or malnourishment, we noted
increased abundance of R. gnavus and decreased Lachno-
spiracae and Ruminococcaceae families. The abundance of
butyrate-producing organisms also declined with increasing
frailty and malnutrition. Similar dysbiotic patterns have

Fig. 6. Bacterial Species by floor. Relative abundances of organisms by floor in the NH. Data presented as boxplots with the box being

the first and third quartiles, the band inside the box is the median, and the wiskers represent the 95th percentiles. The dots represent

the outliers. Each organism depicted is as follows: (a), Clostridium bolteae; (b), Coprococcus catus; (c), Eubacterium ventriosum; (d), Lach-

nospiraceae bacterium; (e), Ruminococcus gnavus.
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been observed in the disease states of IBDs [26, 27, 48, 49]
as well as in systemic inflammatory disorders such as multi-
ple sclerosis [50]. Butyrate is an essential metabolite in the
human colon. It is the preferred energy source for the
colonic epithelial cells and it contributes to gut barrier
maintenance as well as having both immunomodulatory
and anti-inflammatory properties [28]. Our finding adds to
the growing evidence that a dysbiotic gut microbiota, with
reduced butyrate production, is linked to medical disorders
and may be a target of dietary and probiotic interventions.

LPS and PGN biosynthesis was increased in frail or mal-
nourished residents. Both of these gut-microbiota-derived
molecules stimulate specific systemic inflammatory path-
ways that result in low-grade systemic inflammation [33].
LPS- and PGN-associated inflammation has been linked to
central nervous system disorders (e.g. chronic fatigue syn-
drome and complex regional pain syndrome) [51], as well
as colorectal carcinoma tumour progression [52], and obe-
sity and obesity-related pathologies [53]. Additionally,
patients who have had a stroke or cardiovascular disease
have had a greater inflammatory gut profile with an increase
PGN-producing enzymes [54]. Besides LPS and PGN

biosynthesis, residents with higher frailty scores also were
enriched in genes for sphingolipid metabolism. Alterations
of sphingolipid metabolisms resulting in dysbiotic bioactive
sphingoid level have been associated with IBDs [47] and
nonalcoholic fatty liver disease [55]. Changes in sphingoli-
pid levels result in a variety of effects on the epithelial bar-
rier integrity, immune cell targeting and signalling, and
innate/adaptive immune responses [32]. Taken together,
elderly NH residents with higher frailty scores associated
with a dysbiotic microbiota resembling an inflammatory gut
profile.

The NH had two floors where the residents did not leave
that location and two floors of higher functioning elders
that intermingled and used common socialization areas.
Importantly, all residents were provided with the same diet.
From the linear mixed effect modelling, we noted that sev-
eral bacterial species uniquely associated with specific floors
irrespective of age, frailty and malnutrition. The dementia
floor had greater abundances of C. catus and E. ventriosum,
whereas the dementia and medical floors both had higher
abundances of dysbiotic bacterial species. C. bolteae, an
organism that causes opportunistic infections [37, 38], as

Fig. 7. Phylogenetic tree of E. coli by individual resident and floor. The phylogenic tree of E. coli species from seven of the individual

residents for whom sequence data was abundant enough to map. The identification numbers listed represent a unique sample time-

point. Each individual resident is colour-coded and their floor location noted on the graph. The ambulatory residents on the fifth and

sixth floors (pink/yellow/green coloured) had more similar E. coli phylogeny than patients on the fourth floor (blue/purple coloured).
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well as R. gnavus, which characterizes the dysbiosis seen in
IBD patients [38, 49] and also causes opportunistic infec-
tions [56], were both present in residents living on the third
and fouth floors. Of note, residents from these floors had
more frequent contact with the hospital setting. The health-
ier residents of the fifth and sixth floors had higher abun-
dances of L. bacterium, a butyrate-producing organism [30,
31], as well as L. reuteri, a species used as a probiotic for its
anti-inflammatory effects [40]. When we performed the
phylogenetic tree analysis of E. coli, resident sequences from
the fifth and sixth floors intermingled while the fourth floor
residents were genetically separate. Taken together, the loca-
tion of the resident in the NH had associations with both
specific enriched bacteria organisms and genetically similar
E. coli phylogeny.

This study had several notable strengths and limitations.
One limitation of was that it reports data from only a single
site, however this is balanced by the fact that all study par-
ticipants had the same diet, effectively removing this
important covariate. This study is also limited in the num-
ber of residents enrolled. Other potentially confounding
variables such as polypharmacy and specific classes of medi-
cations the residents were exposed to were not evaluated in
this cohort. Finally, the physical location microbiome asso-
ciation findings may have been biased by the clustering of
residents with similar medical conditions onto the same
floor. Following up this investigation with a multi-centre
cohort study would strengthen the findings and further
explore the dysbiosis associations with age and frailty but
we report new findings with regards to malnutrition and
physical location within a unit of other elders. Confirming
our study’s findings in multiple NH facilities and addressing
how these dysbiotic patterns associate to C. difficile or
MDRO colonization would be key to improving the health
and wellbeing of elders living in a NH setting.

In conclusion, the dysbiosis of the NH elderly gut micro-
biome not only differs with increasing age, frailty and nutri-
tion, but also physical location within the NH. This
supports the conclusion that a signature ‘NH’ microbiota
that is influenced by each of these variables may exist. Fur-
ther work is needed to see if introducing dietary changes or
probiotics could affect these relationships with a goal of
moving the microbiome away from being dysbiotic and sup-
porting inflammation towards a healthier one that could
help prevent disease.
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