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Solid-organ transplant recipients rely on pharmacological immunosuppression to prevent allograft rejection. The effect of such
chronic immunosuppression on the microflora at mucosal surfaces is not known. We evaluated the salivary bacterial micro-
biome of 20 transplant recipients and 19 nonimmunosuppressed controls via 454 pyrosequencing of 16S rRNA gene amplicons.
Alpha-diversity and global community structure did not differ between transplant and control subjects. However, principal co-
ordinate analysis showed differences in community membership. Taxa more prevalent in transplant subjects included opera-
tional taxonomic units (OTUs) of potentially opportunistic Gammaproteobacteria such as Klebsiella pneumoniae, Pseudomonas
fluorescens, Acinetobacter species, Vibrio species, Enterobacteriaceae species, and the genera Acinetobacter and Klebsiella. Trans-
plant subjects also had increased proportions of Pseudomonas aeruginosa, Acinetobacter species, Enterobacteriaceae species, and
Enterococcus faecalis, among other OTUs, while genera with increased proportions included Klebsiella, Acinetobacter, Staphylo-
coccus, and Enterococcus. Furthermore, in transplant subjects, the dose of the immunosuppressant prednisone positively corre-
lated with bacterial richness, while prednisone and mycophenolate mofetil doses positively correlated with the prevalence and
proportions of transplant-associated taxa. Correlation network analysis of OTU relative abundance revealed a cluster containing
potentially opportunistic pathogens as transplant associated. This cluster positively correlated with serum levels of C-reactive
protein, suggesting a link between the resident flora at mucosal compartments and systemic inflammation. Network connectiv-
ity analysis revealed opportunistic pathogens as highly connected to each other and to common oral commensals, pointing to
bacterial interactions that may influence colonization. This work demonstrates that immunosuppression aimed at limiting T-
cell-mediated responses creates a more permissive oral environment for potentially opportunistic pathogens without affecting
other members of the salivary bacteriome.

Solid-organ transplantation in patients with end-stage organ
failure requires lifelong immunosuppression to prevent trans-

plant rejection. The goal of immunosuppressive therapies is to
inhibit T-cell-mediated responses, since CD4� and/or CD8� lym-
phocytes have a requisite role in graft rejection (1). However, op-
portunistic infections, which could directly impact graft survival,
are a common comorbidity of continued immunosuppression (2,
3). Common causes of infection, particularly in the late posttrans-
plantation period, are Gram-negative rods such as Escherichia coli,
Klebsiella pneumoniae, and Pseudomonas aeruginosa, in addition
to Gram-positive cocci such as Enterococcus spp. and staphylo-
cocci (3, 4). Fungal infections, commonly caused by Candida spp.,
are also frequent in this patient population (3). While the source
of infectious microorganisms could be exogenous, the endoge-
nous flora may also serve as an important reservoir of such oppor-
tunistic pathogens.

The relationship between long-term, low-intensity immuno-
suppression aimed at limiting adaptive immune responses and the
resident flora colonizing mucosal surfaces is unclear. Studies that
characterized the microflora at mucosal surfaces in chronically
immunosuppressed patients are scarce, with the available studies
having used microbiological methodologies of limited scope (5,
6). Understanding long-term alterations in the mucosal resident
microflora is important since pathogen-associated molecular pat-

terns originating from commensal microorganisms may shape lo-
cal and distal immune responses that could affect transplant sur-
vival (2). Moreover, disrupted homeostasis of the resident flora
could promote colonization by nonresident microorganisms or
increase carriage of opportunistic bacteria and fungi, augmenting
the possibility of their translocation to distal sites. Thus, mucosal
surfaces have the potential to become important infection portals
or reservoirs. The oral cavity, in particular, harbors a diverse res-
ident microbiome and represents a portal of entry for microor-
ganisms into the host. Little is known, however, regarding the role
of adaptive immunity and its disruption in shaping the oral com-
mensal flora.
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The advent of rRNA gene-based taxonomic identification
combined with high-throughput sequencing technologies per-
mits comprehensive characterization of the host microflora, pro-
viding a view of microbiome diversity not previously possible.
This molecular approach allows evaluation of global microbial
profiles, overcoming the limitations of cultivation, which reveals
only 30 to 80% of the flora present at host sites (7, 8). High-
throughput sequencing of rRNA gene libraries has never been
used to evaluate the effect of long-term immunosuppression on
the microbial communities that reside at mucosal surfaces. In a
prior cultivation-based comparison of the frequency of oral car-
riage of Candida spp. in solid-organ transplant recipients and
nonimmunosuppressed individuals, our group reported that the
frequency of carriage of non-albicans Candida spp. is higher in
transplanted subjects (9). In the present study, we evaluated the
oral bacterial microbiome of a subgroup of these immunosup-
pressed individuals and compared their salivary bacteriomes to
those of nonimmunosuppressed controls. Our objective was to
define the alterations inflicted on the resident oral bacterial flora
by chronic pharmacological immunosuppression.

MATERIALS AND METHODS
Studied populations, medical data collection, and sampling. The popu-
lation investigated was a subset from a larger study that recruited 90 renal
and cardiac transplant recipients and 72 controls (9, 10). All study proce-
dures were approved by the Institutional Review Boards from the Univer-
sity of Connecticut Health Center and Hartford Hospital. The current
study included 20 subjects from the transplant group and 19 from the
control group. Subjects were selected based on availability of saliva sam-
ples for microbial profiling. Transplant subjects met the following inclu-
sion criteria: (i) at least 1 year posttransplant; (ii) clinically stable, as de-
fined by serum creatinine levels (kidney only) and no signs of recurrent
primary disease or acute rejection; and (iii) no history of antibiotic, anti-
fungal, or antiviral usage during the previous 4 months. Control subjects
had no immunological compromising condition and no history of anti-
biotic, antifungal, or antiviral usage during the previous 4 months.

Medical records of transplant subjects were reviewed, and all relevant
information was collected using a standardized data extraction form, as
previously described (10). A self-reported medical history was obtained
from control subjects. Serum values of C-reactive protein (CRP) and in-
terleukin-6 (IL-6) were determined in both groups via enzyme-linked
immunosorbent assays. Descriptive statistics on the entire study popula-
tion were previously reported (10).

Subjects also received a comprehensive oral examination, which in-
cluded determination of the number of missing teeth (excluding third
molars), plaque scores (% of surfaces positive for plaque), evaluation of
periodontal health, and evaluation of mucosal disease. Unstimulated
whole saliva and swabs from the oral mucosa were collected as previously
described (9). Determinations of Candida load in saliva and oral mucosa
and Candida species identification were performed via cultivation meth-
ods as previously reported (9).

DNA isolation from saliva, 16S rRNA gene library preparation, and
sequencing. DNA was isolated from whole unstimulated saliva according
to previously described procedures using lysozyme and proteinase K
treatments and a DNeasy blood and tissue kit (Qiagen) (11). Amplicon
libraries of 16S rRNA gene V1-V2 hypervariable regions were generated in
triplicate using fusion primers, which included universal primers 8F (5=A
GAGTTTGATCMTGGCTCAG3=) and 361R (5=CYIACTGCTGCCTCC
CGTAG3=) (12), Roche Life Sciences’ 454 Lib-A adapters A and B, and a
unique multiplex identifier. PCR and library preparation procedures have
been described previously (11). Briefly, PCR mixtures contained 10 ng of
purified DNA, 1 U platinum Taq polymerase (Invitrogen), 1.5 mM
MgCl2, 200 �M deoxynucleoside triphosphates (dNTPs), Taq buffer
(1�), 0.5 �M each forward and reverse primer, and molecular-grade

water to a final volume of 25 �l. Thermal cycler conditions were initial
denaturation at 95°C for 3 min; 25 cycles of denaturation at 95°C for 30 s,
annealing at 50°C for 30 s, and extension at 72°C for 1 min; and a final
extension step at 72°C for 9 min. Negative controls included a DNA iso-
lation control and a PCR control with no added template. Combined
triplicate amplicon libraries were sequenced in the forward direction us-
ing 454 Titanium chemistry on the 454-GS-FLX platform (454 Life Sci-
ences). Sequences are available at the Short Reads Archive (accession
number SRA062231).

Sequencing data processing. Sequence data were processed using a
modification of the pipeline by Schloss et al. (13), as previously described
(11), using mothur (14). For operational taxonomic unit (OTU)-based
analysis, sequences were clustered using the average neighbor algorithm
(15) and a 3% dissimilarity cutoff. Template taxonomies included the
large ribosomal database project (RDP) reference data set and the Human
Oral Microbiome Database (HOMD), a curated data set, including a large
collection of species-level taxa from the oral cavity previously identified
(16). OTUs were assigned a taxonomy based on the consensus taxonomic
assignment for the majority of sequences within each OTU. If a consensus
taxonomy was not possible at the species level (based on HOMD), the
nearest taxonomical level at which a consensus was reached was reported.
In such cases, the representative sequence from the OTU was also com-
pared to the HOMD, and if results showed more than 97% similarity to an
oral taxon (OT), the OT name of the top hit was reported in parentheses
as part of the OTU taxonomy. Individually classified sequences were also
grouped into phylotypes (from genus to phylum level) based on taxo-
nomic identity.

Sequence libraries were subsampled to contain the same number of
sequences for �-diversity comparisons. Richness was evaluated by the
number of observed OTUs and number of estimated OTUs as calculated
with CatchAll (17). Diversity was measured by the nonparametric Shan-
non index (18) and the inverse of the Simpson index (19). �-Diversity was
measured with the Jaccard index for comparison of communities based
on membership and the �YC distance (20) for comparison of communities
according to their structure. Principal coordinate analysis (PCoA) of the
distance among communities based on the Jaccard and �YC metrics was
performed in mothur, and graphs were visualized using the rgl application
within R (http://www.r-project.org/). Methods used for DNA isolation,
amplicon library preparation, sequencing, and microbial profile analysis
have been previously validated using a mock community of oral micro-
organisms (11).

Statistical analysis. Clinical and demographic data were compared via
t tests, chi-square tests, or Mann-Whitney tests, as appropriate. Differ-
ences in �-diversity were evaluated by t tests. Significant separation of
clusters after PCoA was evaluated via analysis of molecular variance
(AMOVA) (21), as implemented in mothur. Differences in relative abun-
dances of individual OTUs and genera were determined via Metastats
(22), while differences in taxon prevalence were tested via chi-square test.
While all genera were included in these analyses, only OTUs with 10 or
more sequences were considered for relative abundance and prevalence
comparisons. Bivariate correlations between taxon-relative abundance,
taxon prevalence, Candida-related variables, diversity measures, and dose
of immunosuppressants were performed via Spearman rank order corre-
lation tests. Prior to correlations, OTU and genus-relative abundances
were transformed using the inverse hyperbolic sine method (23). The
significance threshold for statistical tests was adjusted using the Benja-
mini-Hochberg false discovery rate method.

To facilitate interpretation of prevalence data, we used the Chernoff
bound to calculate the minimal relative abundance for which we could
have 95% certainty that we will observe at least one sequence at our se-
quencing effort (see Methods in the supplemental material).

OTU relative abundance data were used to perform correlation net-
work analysis, which identifies clusters (modules) of highly correlated
OTUs. Weighted correlation network analysis (WGCNA) (24) was per-
formed as previously described (25). Nodes in undirected weighted net-
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works represented OTUs, and edges represented their adjacency. We first
identified outlier samples using absolute hierarchical cluster analysis and
constructed a weighted network choosing a soft thresholding power � of 4
with an R2 value of 0.85. Network data were visualized in Cytoscape (26)
using the weighted force-directed layout algorithm, with edge length rep-
resenting the adjacency between nodes. Network centrality measures for
the modules obtained were assessed using Cytoscape (26). To relate mod-
ules to clinical variables (traits), we also used the WGCNA package cor-
relating the eigen gene for each module with the traits of interest and
looking for significant associations based on their P values.

RESULTS
Demographic and clinical characteristics of subjects included in
this study. Table 1 shows the demographic and clinical informa-
tion of transplant and control subjects. The two groups did not
differ in terms of their age, gender, and body mass index (BMI).
The transplant group, however, included more diabetics than the
control group. In agreement with our previous findings pertain-
ing to the entire study population (10), the transplant recipient
subset included in this study showed significantly higher levels of
serum CRP and IL-6 than the controls. Parameters related to oral
health did not differ between the two groups.

Assessment of oral colonization by Candida spp. in the trans-
plant and control groups via culturing methods showed no differ-
ences in the presence and load of Candida albicans or in the total
Candida species load. However, as previously reported by the par-
ent study (9), there was a greater number of non-albicans species
from the genus Candida present in saliva and oral mucosal of
transplant subjects than in the controls. This difference, however,
did not reach statistical significance in this cohort (Table 1).

In the transplant group, 19 subjects had received a kidney
transplant, while 1 subject was a heart recipient. The average num-

ber of years posttransplant was 5.2 � 4.2 (range of 2 to 16 years),
with 45% of subjects having received a transplant from a living
donor and 40% of subjects with a history of rejection. Subjects
were taking multiple combinations of medications as part of their
immunosuppressive regimens, with 90% of subjects on predni-
sone, 80% on mycophenolate mofetil, 65% on tacrolimus, 35% on
cyclosporine, 15% on sirolimus, and 10% on azathioprine. In ad-
dition, 30% of subjects were taking calcium channel blockers.

Transplant status does not influence the diversity and global
structure of salivary bacterial communities but affects commu-
nity membership. A total of 183,398 raw sequence reads were
obtained, of which 152,301, with an average read length of 222 bp,
were included in the final analysis. The range of sequence reads
obtained per subject varied from 1,709 to 7,725; thus, for �- and
�-diversity comparisons, all subject libraries were randomly sub-
sampled to contain 1,709 reads.

A total of 642 OTUs were observed across all subjects after
subsampling; however, the average number of observed OTUs per
subject ranged from 59 to 178, indicating intersubject variability
in the salivary microbiome at this sequencing effort. Calculations
of the number of OTUs predicted to exist in each subject using
CatchAll (17) revealed a range of estimated OTUs per subject of 70
to 262. Figure S1 in the supplemental material depicts compari-
sons of �-diversity between transplant and control subjects. Panel
A shows that richness (both observed and estimated OTUs) did
not differ between groups, while panel B demonstrates that diver-
sity did not vary between transplant and control subjects.

Next, we evaluated overall differences in community compo-
sition and in community structure between transplant and con-
trol groups. Figure 1 shows PCoA plots of distance among com-
munities according to OTU-based Jaccard (Fig. 1A) and �YC

TABLE 1 Demographic and clinical characteristics of transplant and control subjectsa

Characteristic

Value

StatisticTransplant (n � 20) Control (n � 19)

Age (yrs) 51.5 � 8.6 54.4 � 10.4 0.356d

Gender (% female) 30.0 36.8 0.455b

Diabetes (% yes) 45.0 10.5 0.019b

Body mass index 30.2 (27.6–35.0) 27.5 (24.2–31.3) 0.173c

No. of teeth 26.0 (21.5–27.25) 27.0 (25.0–28.0) 0.138c

Plaque scores (% of surfaces with plaque) 52.5 � 25.5 51.7 � 25.1 0.920d

Bleeding on probing (% of sites) 18.3 � 16.0 19.0 � 13.0 0.882d

Mean probing depth (PD) (mm) 2.7 � 0.4 2.6 � 0.4 0.454d

Mean clinical attachment level (mm) 2.9 � 0.5 2.9 � 0.4 0.747d

% of sites with PD of �5 mm 1.6 (0.4–8.4) 1.8 (0.0–6.0) 0.616c

% subjects with severe periodontitise 15.0 26.3 0.317b

Presence of Candida albicans (%) 35.0 47.4 0.372b

Presence of other Candida species (%) 20.0 0.0 0.053b

Candida albicans load in salivaf 0.0 (0.0–57.5) 0.0 (0.0–72.5) 0.729c

Candida spp. load in salivaf 0.0 (0.0–6.0) 0.0 (0.0–0.5) 0.608c

Candida spp. load in mucosag 0.0 (0.0–193.5) 0.0 (0.0–72.5) 0.783c

Serum IL-6 (pg ml	1) 3.0 (2.2–5.0) 2.1 (2.0–3.3) 0.042c

Serum CRP (mg l	1) 0.3 (0.1–0.6) 0.1 (0.1–0.2) 0.006c

a Data represent averages � standard deviations for normally distributed variables, means (interquartile ranges) for nonnormally distributed variables, and frequencies (%) for
dichotomous variables. Data in bold indicate a statistically significant difference between groups.
b Chi-square test.
c Mann-Whitney test.
d t test.
e Severe periodontitis defined according to Page and Eke (43).
f Measured as CFU ml	1.
g Measured as total CFU recovered from a single mucosal swab.
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(Fig. 1B) indices. Communities of transplant and control subjects
did not form completely separate clusters in these plots. However,
comparison of community membership (Fig. 1A) shows that de-
spite some overlap, the two data clouds were statistically different
from each other (AMOVA P � 0.006). These observations indi-
cate that transplant status does partially influence community
membership (presence/absence of species) but does not affect
community structure (the distribution of species counts, i.e., rel-
ative abundance). Since transplant and control subjects differed in
the number of diabetic subjects and in their serum CRP and IL-6
levels, we also evaluated if these variables were related to commu-
nity membership and could have confounded the differences ob-

served. As Fig. 1C, D, and E indicate, diabetes, CRP, and IL-6 were
not drivers of community composition, further confirming that
the observed differences were due to transplant status. Similarly,
Fig. 1F shows that the presence of periodontitis did not explain the
organization of data points in the Jaccard-based PCoA plot. Fur-
thermore, BMI and other oral health parameters depicted in Table
1 were not found to be drivers of salivary community membership
or structure (data not shown).

Differences in prevalence of individual taxa between transplant
and control groups were then evaluated. We found 17 OTUs and
3 genera with significantly different prevalence between groups
(Fig. 2). None of these taxa, however, were among the most fre-

FIG 1 �-Diversity comparisons between transplant and control groups. Principal coordinate plots were created based on the Jaccard distance (A) for compar-
ison of communities of transplant and control subjects based on their composition, or from the �YC distance (B) for comparison of communities of transplant
and control subjects according to their structure. Differences in the spatial separation of samples belonging to each group were tested using AMOVA, which was
significant for the Jaccard distance. Panels C, D, E, and F show lack of clustering of samples (Jaccard) according to diabetes status (C), serum IL-6 levels (D), serum
CRP levels (E), and periodontitis status (F). Data points were separated as high, medium, and low in panels D and E according to interquartile ranges.
Periodontitis status in panel F was determined according to Page and Eke (43).
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quently detected taxa in salivary communities (depicted in Fig.
S2A and S3A in the supplemental material). Among the microor-
ganisms with increased prevalence in transplant subjects (Fig. 2)
were Gammaproteobacteria such as Klebsiella pneumoniae,
Acinetobacter sp. OT408, which is a close phylogenetic relative of
Acinetobacter baumannii, and Pseudomonas fluorescens, all of
which are frequently associated with extraoral infections in im-
munocompromised patients (4, 27, 28). The periodontal patho-
gen Treponema denticola was also more frequently found in the
transplant population, although both groups did not differ in
terms of their periodontal health (Table 1). Interestingly, control
subjects showed increased prevalence of an OTU of Pseudomonas
sp. closely related to Pseudomonas stutzeri, a Pseudomonas sp. very
rarely seen as a human pathogen (29).

Differences in relative abundance of individual taxa were also
evaluated. The B panels in Fig. S2 and S3 in the supplemental
material show the most abundant OTUs and genera in transplant
and control subjects. Salivary communities were dominated by
Streptococcus spp. comprising about 25% of sequence reads, fol-
lowed by Prevotella spp., Veillonella spp., uncultured TM7 G-1
and Fusobacterium spp., all found at 5 to 10% abundance. Figure
3A shows OTUs differentially represented in terms of their relative
abundance in each group. In agreement with prevalence data, we
found Gammaproteobacteria such as Pseudomonas aeruginosa, an
Acinetobacter sp., and an Enterobacteriaceae sp. closely related to
Enterobacter cancerogenus increased in transplant subjects. In ad-
dition, Enterococcus faecalis, an organism associated with infec-
tions in immunocompromised hosts (30), was increased in the
transplant group. In Fig. 3B, genera with different relative abun-
dance between groups are depicted. Among these, we found of
interest that the genus Staphylococcus, commonly associated with
extraoral infections in immunosuppressed populations (3), was
increased in the transplant group.

Relationship between dose of immunosuppressants and the
prevalence and relative abundance of individual oral taxa. A bi-
variate correlation analysis was performed to evaluate whether
exposure to immunosuppressants was associated in a dose-depen-
dent manner with the prevalence or relative abundance of trans-
plant-associated OTUs and genera. The relationship between fun-
gal colonization as determined by culturing methods (9) and
immunosuppressant doses was also evaluated. From all the indi-
vidual immunosuppressant drugs subjects were receiving, only
prednisone and mycophenolate mofetil were significantly associ-
ated with microbial colonization of the oral cavity (Table 2).
Prednisone dose showed a positive correlation with both the rel-
ative abundance and prevalence of 2 OTUs, identified as an un-
classified Enterobacteriaceae species and a Vibrio species, and with
the genera Klebsiella and Acinetobacter. The dose of mycopheno-
late mofetil also correlated with some of the bacterial variables
evaluated, showing a positive correlation with the relative abun-
dance of the genera Staphylococcus, Acinetobacter, and Klebsiella
and with the prevalence of Klebsiella. Interestingly, the dose of
prednisone and not that of mycophenolate mofetil showed a pos-
itive correlation with OTU richness, an indication that predni-
sone-related systemic immunosuppression is associated with a
more permissive oral environment, conducive to increased bacte-
rial diversity. In contrast, mycophenolate mofetil, and not pred-
nisone, showed a positive correlation with the load and number of
Candida spp. in the oral mucosa, which suggests that mycophe-
nolate mofetil-related immunosuppression exerts a stronger in-
fluence on fungal colonization than prednisone.

We also tested if transplant-associated OTUs and genera (Fig. 2
and 3) correlated with indicators of transplant function (history of
rejection, fibrosis, inflammatory changes) or other transplant-re-
lated variables (posttransplant years, live or cadaveric donor), but
no significant correlations were found (data not shown).

FIG 2 OTUs (A) and genera (B) with different prevalence in control (white) and transplant (black) subjects. Taxa with increased prevalence in control subjects
are marked with #, while taxa with increased prevalence in transplant subjects are marked with a star.

Diaz et al.

924 cvi.asm.org Clinical and Vaccine Immunology

http://cvi.asm.org


To test if local factors related to oral health could be associated
with increased colonization by opportunistic pathogens, a corre-
lation analysis of oral health variables and prevalence or relative
abundance of transplant-associated OTUs and genera was per-
formed. No correlations were found, however, between oral
health indicators and carriage of these bacterial taxa. Interestingly,
in this analysis, salivary carriage of taxa classically associated with

periodontitis, such as T. denticola, did not show a positive corre-
lation with specific periodontal health-related parameters. Since
we had reported a positive correlation between the prevalence of
T. denticola and prednisone dose (Table 2), we also tested if pred-
nisone dose correlated with oral health parameters but found no
correlation. With respect to fungal colonization, we found that the
number of Candida spp. in mucosa positively correlated with

FIG 3 OTUs (A) and genera (B) with different relative abundance in control (white) and transplant (black) subjects. Taxa with increased relative abundance in
control subjects are marked with #, while taxa with increased relative abundance in transplant subjects are marked with a star.
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plaque scores (rs � 0.536, P � 0.015), and therefore oral hygiene
status is a potential confounder of the relationship between my-
cophenolate mofetil and Candida diversity in mucosa reported in
Table 2.

Correlations among salivary bacterial OTUs and the rela-
tionship of these networks to transplant status. Next, we used
WGNCA to find modules of salivary OTUs highly correlated to
each other in terms of their frequency distributions. Figure S4 in
the supplemental material shows the initial hierarchical clustering
of samples. Eight modules of closely correlated OTUs were found
(see Fig. S5 in the supplemental material), which were arbitrarily
assigned to a color for their identification. Figure 4 shows the
correlation of each module with subject demographic character-
istics, transplant status, and levels of serum inflammatory mark-
ers. As seen in Fig. 4A, the brown module was the only one show-
ing a positive correlation with transplant status. Interestingly, this
module also showed a positive correlation with serum levels of
CRP, a marker of systemic inflammation. Figure 4B shows the
OTUs that form the brown module and their connections. In ac-
cordance with analysis of individual taxa, the brown module con-
tained OTUs shown to be increased in transplant subjects or
OTUs from genera individually associated with the transplant
group (as per Fig. 2 and 3) and representing potentially opportu-
nistic pathogens. The brown module also contained OTUs highly

prevalent and abundant in salivary bacterial communities (as per
Fig. S2 in the supplemental material) and considered to be prime
oral commensals, such as Streptococcus sp. (S. parasanguinis II
OT411), Streptococcus sp. (S. infantis OT638), Granulicatella adi-
acens, Oribacterium sp. OT108, and Actinomyces sp. (OT172). An
uncultured Clostridiales sp., very abundant in saliva, was also part
of this network. The relationship of OTUs within this network was
further explored by measuring degree centrality (number of con-
nections a node has). It was found that transplant-associated op-
portunistic pathogens displayed the highest degree centrality.
These results are displayed in Fig. 4B and indicate that relative
abundances among opportunistic species appeared to be highly
correlated, while these microorganisms also interact closely with
all commensal nonhub microorganisms in the network.

Figure S6 in the supplemental material shows the black mod-
ule, which was found to be negatively associated with transplant
status. This network contained taxa seen in individual analysis as
associated with control subjects. Interestingly, Pseudomonas spp.
with low pathogenic potential in humans were part of this cluster.

DISCUSSION

We have conducted the first comprehensive evaluation of the ef-
fect of long-term transplantation-related immunosuppression on
the oral bacterial microbiome. Previous studies that evaluated the
oral microflora in organ recipients suffered from the limitations of
using a cultivation approach, which allowed identification of only
a small number of species, and were confounded by the effects of
antibiotics on the microflora of the studied subjects (31, 32). Us-
ing high-throughput sequencing of 16S rRNA gene libraries, we
found that pharmacological immunosuppression aimed at in-
creasing allograft tolerance does not affect the most common and
abundant bacterial species in saliva but increases the frequency of
detection of microorganisms known to be the cause of extraoral
infections in transplant recipients (4, 27, 30). Oral colonization by
Gram-negative rods such as Klebsiella pneumoniae, Pseudomonas
aeruginosa, Pseudomonas fluorescens, and Acinetobacter bauman-
nii and by Gram-positive cocci such as Staphylococcus aureus and
Enterococcus faecalis has been previously noted in other medically
compromised subjects, particularly in bed-ridden elderly individ-
uals (33). Although it could be suspected that these pathogens
colonize hospitalized elderly populations more frequently because
of their compromised immunological responses, most studies at-
tributed their increased frequency of detection to local factors,
such as deficient salivary flow, lack of adequate oral hygiene, or
antibiotic use, which are thought to disrupt the resident commen-
sal flora (33). Subjects in our study, however, had not taken any
type of antimicrobial for 4 months prior to sampling and did not
have oral health or hygiene (plaque score) different from that of
control individuals. Moreover, we found no correlation between
the prevalence and relative abundance of transplant-associated
OTUs and genera from potentially opportunistic pathogens and
oral health parameters. Thus, the differences found can be directly
attributed to the effect of immunosuppressive regimens on oral
colonization.

Traditionally, Klebsiella spp., Acinetobacter spp., Pseudomonas
spp., and staphylococci are not considered to form part of the
regular oral commensal flora during health (33), although several
studies using cultivation methods have revealed their presence in
the oropharynx of a minority of subjects (34, 35). Our study agrees
with the latter studies in finding these opportunistic pathogens in

TABLE 2 Correlation between dose of immunosuppressants and
bacterial and fungal oral colonizationa

Organism

Value (mg kg	1)

Prednisone
Mycophenolate
mofetil

Relative abundance of bacterial taxab

OTU 14 Vibrio sp. 0.595 (0.006) 0.400(0.080)
OTU 99 Unclassified Enterobacteriaceae

(E. cancerogenus OT 565)
0.635 (0.003) 0.452 (0.045)

OTU 17 Vibrio sp. 0.460 (0.041) 0.313(0.180)
Klebsiella 0.677 (0.001) 0.695 (0.001)
Acinetobacter 0.532 (0.016) 0.446 (0.049)
Staphylococcus 0.600 (0.005) 0.638 (0.002)

Prevalence of bacterial taxab

OTU 49 Treponema denticola 0.551 (0.012) 0.302(0.196)
OTU 99 unclassified Enterobacteriaceae

(E. cancerogenus OT 565)
0.602 (0.005) 0.385(0.094)

OTU 17 Vibrio sp. 0.473 (0.035) 0.201(0.396)
Klebsiella 0.664 (0.001) 0.703 (0.001)
Acinetobacter 0.555 (0.011) 0.420(0.065)

Bacterial diversity metricsc

Observed OTUs 0.479 (0.033) 0.129(0.587)
Estimated OTUs 0.527 (0.017) 0.281(0.230)

Candida colonization
Candida species load in mucosad 0.322(0.166) 0.541 (0.014)
No. of Candida spp. detected in

mucosa
0.217(0.294) 0.496 (0.026)

a Data in this table correspond to Spearman rank order correlation coefficients (rs),
with respective P values in parenthesis. Data in bold indicate significant correlations.
b Taxonomic levels evaluated included OTU and genus.
c Data correspond to OTU richness measures per sample. Total richness (estimated
OTUs) was determined with CatchAll (17).
d Candida spp. colonization was measured as total CFUs recovered from a single
mucosal swab.
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FIG 4 Network correlation analysis identified a cluster (brown) associated with transplant status and containing OTUs from potentially opportunistic patho-
gens. Panel A shows correlations between demographic and clinical subject characteristics and the 8 different salivary OTU clusters identified in all subjects (transplant
and control). Correlations are color coded, with red indicating the highest positive correlation and green the lowest negative correlation. Coefficients and P values appear
in parenthesis. Panel B shows the OTUs that comprise the brown cluster and their connections. Each node in the network represents an OTU. Edge length represents
adjacency between pairs of nodes. OTUs that were identified as transplant associated in individual taxa analysis are shown in yellow. Size of each node represents OTU
connectivity, measured as degree centrality (number of connections with other nodes), with the bigger nodes representing those highly connected.
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a small number of samples in the control group. These results are
also in agreement with a recent analysis of data from the Human
Microbiome Project, which found S. aureus, K. pneumoniae, and
E. faecalis at very low prevalence and in low proportions (
0.01%
to 0.1% of the total flora) in saliva samples of healthy individuals
(36). However, when interpreting prevalence data, it should be
considered that lack of detection of a taxon in a given sample
depends on its relative abundance and on sampling effort. Rich-
ness coverage in our study ranged from 54% to 87% of the OTUs
predicted to exist in individual samples by the CatchAll estimator,
indicating that a portion of the flora was not observed. By using
the Chernoff bound, we calculated that at a sequencing effort of
1,709 sequences, 0.0052% is the lowest relative abundance at
which a species could exist in a sample and be detected with 95%
confidence. Therefore, opportunistic pathogens could have been
part of the regular oral commensal flora of a greater number of
individuals from the control group but present in very low abun-
dance (less than 0.0052%) and therefore not detectable by our
depth of sequencing. Thus, the increased frequency of detection of
opportunistic pathogens in transplant subjects could reflect
higher relative abundance than in controls, and it is not necessar-
ily a consequence of differences in carriage. It should also be taken
into account that the lysis method used for this study has been
validated only for oral taxa (11). Some of the opportunistic species
detected require special lysis protocols, and they may be under-
represented in our samples. It is then quite possible that opportu-
nistic pathogens are common low-abundance inhabitants of the
oral cavity in health. This question can be answered in future
studies by utilizing a deeper sequencing approach and targeted
lysis methods. The increased detection and higher proportions of
opportunistic pathogens in transplant recipients is, however, an
indication that systemic immune defenses serve as gatekeepers for
these species, limiting their success in the oral cavity. The speci-
ficity of immunological protection against mucosal colonization
by opportunistic pathogens is highlighted by the finding that com-
mon commensals were not affected by the altered immune re-
sponses associated with transplant-related immunosuppression.

An intriguing possibility that arises from our results is whether
the oral cavity could serve as a reservoir of microorganisms for
opportunistic infections at distal sites in immunocompromised
hosts. Short-duration bacteremias are documented to occur fol-
lowing daily oral hygiene practices such as tooth brushing (37).
The higher proportions in which opportunistic pathogens are
present in the oral cavity of transplant subjects increase their
chances of forming part of such bacteremic challenges. It is also
possible that immunosuppression favors colonization of these
species at other mucosal sites, which could in turn serve as infec-
tion reservoirs. A recent report on the vaginal bacterial coloniza-
tion in kidney transplant recipients showed no differences in lac-
tobacilli isolated from transplant subjects and control women (6).
This study, however, did not conduct a comprehensive microflora
characterization, and no study to date has evaluated the mucosal
microbiome at different body sites in immunocompromised in-
dividuals by using a global molecular approach. Therefore, epide-
miological studies using high-throughput sequencing of 16S
rRNA genes to characterize microbial communities at different
mucosal surfaces in immunocompromised hosts are necessary.
Furthermore, the use of metagenomic approaches in prospective
trials could clarify whether infections in immunosuppressed sub-
jects are caused by opportunistic pathogens that are not only phy-

logenetically related but also genetically similar to those present at
mucosal surfaces. In addition, the finding that an oral salivary
network containing opportunistic pathogens is associated with
CRP levels, a systemic inflammatory marker, requires further in-
vestigation. It is possible that low-grade systemic inflammation
triggered by the allograft plays a role in shaping the mucosal mi-
crobial ecology. Conversely, opportunistic pathogens at mucosal
surfaces could be contributing to the systemic inflammatory bur-
den. This question is particularly important in transplant recipi-
ents, as increased systemic inflammation triggered by nonsymp-
tomatic colonization of mucosal surfaces by infectious agents
could have grave consequences for graft survival.

Our results also show that there is an association between the
dose of certain immunosuppressants taken by transplant subjects
and oral colonization by opportunistic pathogens. It should be
noted, however, that immunosuppressant regimes consist of a
combination of pharmacological agents. Thus, we not only tested
the association between single immunosuppressant doses and se-
lected taxa, but we also included drug combinations in our corre-
lation analysis (data not shown). However, our results revealed
that the individual doses of two agents, prednisone and myco-
phenolate mofetil, showed the strongest correlations with preva-
lence and abundance of individual taxa. These results are possibly
due to an independent effect of each agent on the oral micro-
biome. We found, for example, that although the dose of both
agents correlated with some of the transplant-associated bacterial
taxa, prednisone showed a higher number of significant correla-
tions than mycophenolate mofetil. Moreover, prednisone, and
not mycophenolate mofetil, correlated with bacterial richness, a
suggestion that prednisone has a more profound effect on oral
bacterial colonization. It is difficult to pinpoint, however, the
mechanisms behind the apparently more permissive oral environ-
ment for bacteria created by prednisone, as this drug has a wide
range of effects on immune responses (38). In contrast, we found
that the dose of mycophenolate mofetil (and not that of predni-
sone) correlated with Candida species load and diversity in the
oral mucosa. It is worth noting that no correlation was found
when C. albicans loads alone were considered, a result that indi-
cates that mycophenolate mofetil may create a more permissive
environment only for non-albicans Candida spp. Mycophenolate
mofetil has a somewhat narrow effect on host cells, specifically
targeting activated T and B lymphocytes (39). It is then possible
that non-albicans Candida spp. are more deeply affected by these
altered acquired immune responses than the bacterial flora.

Network correlation analysis also confirmed the association
between opportunistic pathogens and transplant status. This anal-
ysis revealed that opportunistic pathogens tend to cooccur in the
same subjects. Not all transplant subjects, however, were colo-
nized by opportunistic pathogens, and therefore the correlation of
the brown module and transplant status was only weakly signifi-
cant. It is also worth noting that due to the limited sample size, the
relationships uncovered are preliminary. It was interesting to ob-
serve, however, that potential opportunistic pathogens are not
only associated with each other but also connected to common
and abundant oral commensals. These findings suggest that the
ability of potential opportunistic pathogens to colonize oral sur-
faces not only depends on decreased immune surveillance, but it
may also be facilitated by certain members of the commensal flora.

Although not the main purpose of this study, our evaluation of
the salivary microbiome in this cohort of 39 subjects provides
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further confirmation of the microorganisms that reside in human
saliva. Our results mostly agree with those from published 16S
rRNA gene-based characterizations of the salivary bacterial flora
(40–42), showing that despite the inclusion of different popula-
tions and utilization of various sampling methods, primers, and
sequencing strategies, a concordant picture is emerging on the
salivary bacteriome. For example, Segata et al. (40) reported that
Streptococcus, Veillonella, and Prevotella are the most abundant
genera in saliva, in agreement with our results. Our analysis, how-
ever, utilizes the HOMD (16), a curated data set for oral taxa,
which allows identification of most OTUs at a species level and
permits to assign traceable sequence identities to uncultured taxa.
For instance, in the case of uncultured TM7, our analysis allowed
to ascertain the identity of the most abundant TM7 in saliva as
TM7 genospecies 1 (according to the HOMD phylogenetic classi-
fication).

In conclusion, this study evaluated the salivary microbiome of
solid-organ transplant recipients, finding that immunosuppres-
sion does not exert a significant effect on the most abundant bac-
terial taxa but increases the frequency of detection and relative
abundance of taxa documented to behave as opportunistic patho-
gens in immunocompromised hosts. Among the immunosup-
pressant agents subjects received, prednisone had the most signif-
icant effect on bacterial diversity and on the colonization of
potentially opportunistic pathogens, while mycophenolate
mofetil had a more limited effect on the bacterial flora but was
associated with increased colonization by non-albicans Candida
spp. Further studies should clarify the specific mechanisms medi-
ating the effects of these pharmacological agents at oral mucosal
surfaces and the association between an increase in the nonsymp-
tomatic carriage of opportunistic pathogens at mucosal sites and
risk for distal infections in transplant recipients.
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