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Introduction: Chronic kidney disease (CKD) may affect the human microbiome

via increased concentrations of uremic toxins such as urea and creatinine.

Methods: We have profiled the oral microbiota in patients with CKD before and

one week after kidney transplantation. Living kidney donors were also

longitudinally tracked over a similar period, allowing direct comparison

between a group undergoing transplant surgery alone (donors) (n=13) and a

group additionally undergoing the introduction of immunosuppressive agents

and the resolution of CKD (recipients) (n=45).

Results: Transplantation was associated with a similar pattern of decreasing

alpha diversity in the oral microbiome in recipients and donors via Kruskal-Wallis

testing, within one week of transplantation. Amplicon sequence variants (ASVs)

associated with Haemophilus parainfluenzae, Aggregatibacteria segnis,

Peptostreptococcus and Actinobacillus were significantly decreased in

recipients within a week of transplantation.

Discussion: A reduction in ASVs in these genera could influence the risk of

bacterial endocarditis, a rare but high-mortality kidney transplantation

complication. A range of factors may drive the observed changes in oral

microbiome including both factors associated with surgery itself and the

decreases in salivary urea, administration of macrolide antibiotic

immunosuppressants, and disruption to immune function that characterise

kidney transplant.

KEYWORDS

oral microbiome, kidney transplant, immunosuppression, surgery, renal allograft,
chronic kidney disease, end-stage renal disease, infective endocarditis
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1 Introduction

Infection is the leading cause of morbidity and mortality

following kidney transplantation, and infection occurs in 31% of

recipients within two years (Karuthu and Blumberg, 2012; Cowan

et al., 2018). It has been postulated that infections occurring within

the first month of surgery could be derived from the hospital, the

procedure, or from the donor (Karuthu and Blumberg, 2012).

Infections occurring beyond the first month, but before six

months, may be latent (relapsed, residual, or opportunistic)

infections, where immunosuppression inhibits host defenses.

Beyond 6 months, Karuthu and Blumberg (2012) have proposed

that infections are likely to be community-acquired. With this

paradigm of infection in mind, the increases in potentially

opportunistic pathogens observed within the first month by

Fricke et al. (2014) highlight the potential for the oral cavity to

become a reservoir for infection elsewhere in the body. Extra-oral

infections and inflammation can potentially cause or complicate

cardiovascular disease, adverse pregnancy outcomes, rheumatoid

arthritis, inflammatory bowel disease and colorectal cancer (Han

and Wang, 2013). Inflammation is also a major regulator of drug-

metabolizing enzymes and could affect immunosuppressive drug

levels and interactions (Stanke-Labesque et al., 2020).

During kidney transplantation, prophylactic antimicrobial

regimens and immunosuppression are administered to reduce the

risk of opportunistic infection or allograft rejection, respectively

(Fricke et al., 2014). Data from the ELITE-Symphony trial indicates

these complications still occur in approximately 25% of cases within

one year post-transplant (Cippà et al . , 2015). Whilst

immunosuppression and prophylactic antibiotics remain critical

in post-operative care, they may affect the protective and beneficial

functions of host microbiota.

Increased oral concentrations of toxins such as urea and

creatinine have been reported in chronic kidney disease (CKD),

and concentrations of urea are monitored during dialysis (Araújo

et al., 2015; Lasisi et al., 2016; Simões-Silva et al., 2018; Campbell

et al., 2020). Changes in the composition of the oral microbiota

following kidney transplantation have been associated with oral

lesions (Sahebjamee et al., 2010; Da Silva et al., 2012; Levarda-

Hudolin et al., 2016) and with squamous oral carcinoma and other

oral malignancies, although in both cases the causal link remains

unclear (Regev et al., 1992; Thomas et al., 1993; Yoon et al., 2003).

Renal transplant patients treated with immunosuppressants

cyclosporine A or tacrolimus commonly suffer persistent gingival

microbial overgrowth (Chu et al., 2000). A complete understanding

of how kidney transplantation alters the oral microbiome and what

downstream effects are elicited is however still required.

Culture-based studies have reported that total viable counts of

microbes isolated from saliva increased 90 days following kidney

transplantation, with an associated greater risk of gingival

overgrowth (Saraiva et al., 2006). More recently, high-throughput

sequencing methods have been employed to compare kidney

transplant recipients with healthy controls. Whilst alpha and beta

diversity were not found to be different for recipients (>1-year post-

transplant), increased relative abundance of operational taxonomic
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units (OTUs) of potential opportunistic pathogens including

Klebsiella pneumoniae, Pseudomonas fluorescens, Pseudomonas

aeruginosa , Acinetobacter spp., Vibrio spp., and other

Enterobacteriaceae spp. was observed (Diaz et al., 2013).

Compared with a longitudinal study by Fricke et al. (2014)

observing kidney transplant recipients who reported no change in

oral microbiome diversity between any timepoint (before, 1 or 6

months post-transplant) decreases in presumed commensals

Aggregatibacter, Eikenella, Haemophilus, Leptotrichia, Neisseria,

Peptostreptococcus and Tannerella (between pre and 1-month

post-transplant) were reported along with a similar increase in

potential opportunistic pathogens: Comamonas, Peptostreptococcus,

Thiobacillus, Treponema and Veillonella (between 1-month and 6-

months post-transplant).

Organ transplantation and subsequent immunosuppression

offer the opportunity to study the effects of immunosuppression

longitudinally. However, comorbidities and other confounders

make the task of isolating effects solely due to the suppression of

the immune system difficult. Immunosuppressant drugs, such as

tacrolimus, is a macrolide with antibiotic properties and is therefore

likely to affect bacteria. Moreover, prophylactic antibiotics,

frequently used in transplant patients, (Orlando et al., 2015;

Bliven et al., 2018), may also significantly alter the microbiome

(Jakobsson et al., 2010; Korpela et al., 2016; Campbell et al., 2020).

The oral microbiome has vital functions in health maintenance and

disease protection. We have profiled the salivary microbiomes of

donors and recipients during the immediate period before and after

surgery using high throughput 16S rRNA sequencing. This study

aimed to gain further insight into changes in the oral microbiome of

kidney transplant recipients and its consequences.
2 Methods

2.1 Study recruitment, ethics and design

Patients recruited were adults (aged between 18-75), able to give

informed consent and were admitted to Manchester Royal

Infirmary (MRI) in Manchester (United Kingdom) for renal

transplant surgery as either a living donor or recipient. Sample

collection was performed with approval from the Health Research

Authority (HRA) and study protocol and documentation were

given favourable ethical approval from the local research ethics

committee (REC reference: 19/NW/0100). Saliva samples were

collected from kidney transplant recipients at three time points:

Timepoint A (Pre-Transplant) the day before the surgery,

Timepoint B (Day-1 post-transplant) the day after the surgery

and Timepoint C (Week-1 post-Transplant) on the first clinic

visit post-surgery (often Day 7). For the living donors, saliva

samples were collected at Timepoints A and B, however,

Timepoint C (Week-1) sample was collected before discharge

from the hospital (often Days 3-5). Saliva samples were collected

by asking participants to spit 1ml of saliva into 2ml Eppendorf tubes

(Eppendorf Ltd., U.K). Saliva samples were immediately stored at

-80°C for later DNA extraction.
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2.1.1 16S rRNA gene amplification
and sequencing

For recipients, 45 saliva samples were collected (from 45

volunteers) at Timepoint A, all 45 recipients were sampled at

Timepoint B and 43 were sampled at Timepoint C. For donors,

13 samples (from 13 volunteers) were collected at Timepoint A,

with all 13 re-sampled at Timepoint B and 10 sampled again at

Timepoint C (169 samples in total). DNA was extracted from up to

250 mL of saliva via the DNeasy Power Soil Pro Kit (Qiagen,

Manchester, UK) according to the manufacturer’s instructions.

Following extraction, the DNA was amplified by PCR using the

515F (5’-GTGYCAGCMGCCGCGGTAA-3) and 806R (5’-

GGACTACNVGGGTWTCTAAT-3) primers to amplify the

variable region 4 (V4) of the 16S rRNA gene. Extracted DNA was

added at a volume of 2.5 mL, followed by 5 mL of 515F primer, 5 mL
of 806R primer and 12.5 mL of KAPA HiFi HotStart ReadyMix

(Roche, London, UK) with a final PCR reaction volume of 25 mL.
Following a denaturing step at 95°C for 3 min, PCR was performed

with 25 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C

for 30 seconds, followed by a final elongation step of 72°C for 5 min.

Samples were submitted to Deep Seq Next Generation Sequencing

Facility at the University of Nottingham (Nottingham, UK) for

sequencing via Illumina MiSeq.

2.1.2 Bioinformatics
Paired-end sequence data were imported into QIIME2 version

2022.2 (Bolyen et al., 2019) via the Casava 1.8 paired-end

demultiplexed fastq format. From demultiplexed sequences,

before denoising, there were 7,833,700 forward and reverse reads

(median: 45,495, range: 5,502-78,889 per sample). The amplicon

sequence variants generated (following chimera removal as part of

the DADA2 pipeline) were aligned using multiple assignments

using fast Fourier transform (mafft) (Katoh et al., 2002) and a

phylogeny was constructed using FastTree2 (Price et al., 2010) for

use in diversity analysis. After denoising, 6,159,441 reads remained

with 1,980 ASVs identified. Rarefaction (subsampling without

replacement) to an even depth of 20,925 was chosen to maximize

depth without the removal of large proportions of samples, 165

(97.63%) samples and 3,452,625 (55.96% of) ASVs remained for

diversity analyses (Recipients: 130 samples, Donors: 35 samples).

After rarefaction, alpha and beta diversity metrics were estimated by

q2-diversity (Bolyen et al., 2019). Alpha diversity was measured via

Shannon’s Diversity Index (Shannon, 1948), Pielou’s Evenness

(Pielou, 1975), Faith’s Phylogenetic Diversity (Faith, 1992) and

the Observed ASVs (Whittaker, 1960; Whittaker, 1972). Significant

differences in alpha-diversity metrics between groups were tested

using Kruskal-Wallis one-way analysis of variance (ANOVA) tests

(and, where significant, with Dunn’s Multiple Comparison test)

within GraphPad Prism 9 (GraphPad Software, California, US) and

plotted using the same software. To further assess the variation in

alpha diversity caused by (donor or recipient) groups, timepoints

and the interaction between them a two-way ANOVA was

performed within QIIME2. For beta diversity analysis, four

metrics applied to each dataset before analysis were: Jaccard

(Jaccard, 1912), Bray-Curtis (Bray and Curtis, 1957), unweighted
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UniFrac, and weighted UniFrac (Lozupone and Knight, 2005;

Lozupone et al., 2007). The clustering of beta diversity metrics

between these groups was tested via PERMANOVA (999

permutations) within QIIME2 (Anderson, 2001) and the principal

coordinates analysis (PCoA) plots were generated in RStudio

(RStudio Team, 2020) using the qiime2R (Bisanz, 2018), phyloseq

(McMurdie and Holmes, 2013) and tidyverse (Wickham et al.,

2019) packages. Influence of factors and estimates of their variation

in beta diversity was calculated using adonis implemented within

QIIME2 from the vegan R package (Oksanen et al., 2013).

Taxonomy was assigned using the q2-feature-classifier (Bokulich

et al., 2018) classify-sklearn Naïve Bayes taxonomic classifier

against the Greengenes 13_8 97% OTUs reference sequences

(McDonald et al., 2012). Stacked taxonomic bar plots were

produced using the ggplot2 package (Wickham, 2016) in RStudio

(RStudio Team, 2020). Following the recommendations of Nearing

et al. (2022), three differential abundance testers were selected to

look for differentially abundant taxa. Differential abundance testing

was performed within QIIME2 via ANCOM (Mandal et al., 2015),

ALDEx2 (Gloor, 2015) using the q2-aldex2 plugin (Fernandes et al.,

2013; Fernandes et al., 2014). The third differential abundance tester

was the DESeq2 R package (Love et al., 2014), which was chosen due

to its high sensitivity in small datasets (Weiss et al., 2017).
3 Results

3.1 Study population

The recipient cohort (n = 45) was 57.78% male with a mean

BMI of 25.8 and an age of 49.8. Around one quarter (24.44%) self-

reported as smokers and 22.22% as diabetic. Whilst 37.78% of

transplants were pre-emptive, 62.22% of recipients were receiving

some form of renal replacement therapy prior to transplant (51.11%

receiving haemodialysis only, 8.89% receiving peritoneal

dialysis only and one recipient (2.22%) receiving both).

Immunosuppression in the recipient cohort involved two phases

of therapy – induction and maintenance. For induction therapies,

one recipient (2.22%) received Alemtuzumab, one recipient (2.22%)

received prednisolone (due to anaphylaxis on basiliximab) and

91.11% received basiliximab (data not available for two

recipients). For maintenance therapy, one recipient (2.22%)

received Mycophenalate mofetil alone, one recipient (2.22%)

received prednisolone with Tacrolimus and 95.56% received

Mycophenalate mofetil with Tacrolimus. The donor cohort (n =

9) was 31.58% male, with an average BMI of 27.38 and age of 45.12.

No donor had diabetes mellitus, one (5.26%) however self-

reported smoking.
3.2 Relative abundance of genera

The 10 genera with the highest cumulative relative abundance

in this study are displayed in Table 1. These genera (in order of

highest sum abundance) included Streptococcus, Veillonella, Rothia,
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Prevotella, Neisseria, Actinomyces, Granulicatella, Haemophilus,

Leptotrichia and [Prevotella] [where Prevotella in square brackets

denotes recommended but not verified taxonomies in the

Greengenes database (DeSantis et al., 2006; McDonald et al.,

2012)]. The high abundance of these taxa is demonstrated in

Figure 1, which also shows a decrease in the relative abundance

of genera below 5% at timepoint C for both donors and recipients.

The abundance of ASVs in donors and recipients at each timepoint

is further displayed in Figure 2, where low abundance of ASVs

belonging to Haemophilus, Aggregatibacter and Peptostreptococcus

in recipients at timepoint C is particularly evident.
3.3 Alpha diversity

The difference in alpha diversity between donors and recipients at

time points A, B and C was measured using four metrics (Figure 3).

Comparing these groups statistically (via Kruskal-Wallis testing) revealed

overall differences between mean alpha diversity using Shannon’s

Diversity Index (H6 = 18.31, p = 0.0026), the Observed ASVs metric

(H6 = 35.60, p < 0.0001) and Faith’s Phylogenetic Diversity (H6 = 27.35, p

< 0.0001). However, no significant difference was found between groups

by Kruskal-Wallis testing of alpha diversity expressed via Pielou’s

Evenness (H6 = 10.05, p = 0.0739). To further investigate whether

Group (Donor or Recipient), Timepoint (A, B or C) or their

interaction were driving variation in alpha diversity, a two-way

ANOVA was performed on each of the four metrics (Table 2). For all

four metrics, Timepoint was found to be significant with diversity

decreasing from timepoint A to C (Shannon’s Diversity Index, p

<0.001, Observed ASVs, p < 0.001, Faith’s Diversity Index, p < 0.001

and Pielou’s Evenness, p = 0.021). Group (Donor or Recipient) was

found to be significant, with the donor more diverse than the recipient,

via the Observed ASVs metric (p = 0.002), Faith’s Phylogenetic Diversity

(p = 0.001) but not via Shannon’s Diversity Index (p = 0.331), or Pielou’s

Evenness (p = 0.460). The change in diversity with timepoint did not

differ significantly between groups for any metric [i.e. the interaction

between Group and Timepoint was not significant (Table 2)].
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Where overall significance was found by Kruskal-Wallis, post

hoc multiple comparisons testing was performed via Dunn’s

multiple comparisons testing (Figure 3). For Shannon’s Diversity

Index, significant differences were found between the mean alpha

diversity of donors at timepoint A (5.099) and recipients at

timepoint C (4.219), p adj. = 0.0102. The alpha diversity of

recipients at timepoint C (4.219) was also significantly lower than

recipients at timepoint A (4.759), p adj. = 0.0436. For Observed

ASVs there was a significant difference in the alpha diversity of

donors at timepoint A (158.5) compared with recipients at

timepoint C (94.41), p adj. = 0.0003. Likewise, there was a

significant difference between recipients at timepoint A (127.1)

and timepoint C (94.41), p adj. = 0.0122). Recipients at timepoint B

(139.0) also had significantly higher alpha diversity than at

timepoint C (94.41), p adj. = 0.0012. And recipients at timepoint

C also had lower alpha diversity than donors at timepoint B (172.1),

p adj. <0.0001. For Faith’s Phylogenetic Diversity, donors at

timepoint A (10.76) had a mean greater than recipients at

timepoint C (3.208), p adj. = 0.0022. Recipients at timepoint C

also had a significantly lower mean (3.208) than recipients at

timepoint B (9.638), p adj. = 0.0155 and donors at timepoint B

(11.34), p adj. = 0.0004. All other means were not significantly

different to one another (p adj. > 0.05).
3.4 Beta diversity

Beta-diversity was measured using four distance metrics:

Jaccard, Bray-Curtis, Unweighted UniFrac and Weighted

UniFrac. Differential clustering according to beta diversity for

each of these metrics was confirmed by overall PERMANOVA,

which showed that donors and recipients at timepoints A, B and C

were significantly distinct by Unweighted UniFrac (F=2.4, p=0.001),

Weighted UniFrac (F=3.0, p=0.001), Jaccard (F=1.9, p=0.001) and

Bray-Curtis (F=2.5, p=0.001) (see Figure 4). Following confirmation

of overall significance, pairwise PERMANOVA (999 permutations)

(Supplementary Table 1) on each of the four metrics revealed
TABLE 1 The 10 defined genera with the highest combined relative abundance.

Genera DA (%) DB (%) DC (%) RA (%) RB (%) RC (%)

Streptococcus 25.63 25.47 24.17 25.41 20.53 24.46

Veillonella 19.85 18.24 23.32 18.52 16.66 21.41

Rothia 7.04 6.73 12.25 6.19 5.80 8.04

Prevotella 8.45 8.18 5.65 8.03 7.49 7.84

Neisseria 5.23 6.48 6.61 8.14 9.04 5.28

Actinomyces 3.91 3.55 4.37 3.27 4.22 6.95

Granulicatella 2.97 3.86 2.51 2.94 4.96 3.63

Haemophilus 4.03 3.01 1.65 4.21 1.15 0.87

Leptotrichia 1.80 2.26 0.69 1.83 2.79 1.03

[Prevotella] 1.69 1.10 1.89 2.57 1.41 0.94
Relative abundance (%) of each genus in each timepoint (A, B and C) for donors (D) and recipients (R) is shown. Prevotella in square brackets denotes recommended but not verified taxonomies
in the Greengenes database.
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significant differences between donor and recipient timepoints.

Comparisons which were found to be significantly different by all

four metrics included: (i) donors at timepoint A and recipients at

timepoint C, (ii) donors at timepoint B and recipients at timepoint

C, (iii) recipients at timepoint A and timepoint B, (iv) recipients at

timepoint A and timepoint C and (v) recipients at timepoint B and

timepoint C.

Adonis was also applied to assess the statistical significance

between each of the four beta diversity metrics and sample

classifications based on Group (Donor or Recipient) and

Timepoint (A, B or C), as well as their interaction (Table 3). For

Unweighted UniFrac, both Group (p = 0.005) and Timepoint (p =

0.001) were significant, accounting for 1.5% and 4.7% (R2 = 0.015,

0.047) of the observed variation, respectively. Likewise, using

Jaccard and Bray-Curtis, both Group (Jaccard: p = 0.001, R2 =

0.014, Bray-Curtis: p = 0.044, R2 = 0.010) and Timepoint (Jaccard:

p = 0.001, R2 = 0.034, Bray-Curtis: p = 0.001, R2 = 0.055) were

found to be significant drivers of variation. For weighted UniFrac,

only Timepoint was found to be significant (p = 0.001, R2 = 0.071),

with Group not found to be significant (p = 0.554). No metric

found the interaction between Group and Timepoint to be

significant (Unweighted UniFrac, p = 0.783, Weighted UniFrac,

p = 0.567, Jaccard, p = 0.997, Bray-Curtis, p = 0.938).
3.5 Changes in ASVs over time

3.5.1 Change in recipients within 1 day post-
transplant: (Recipients at timepoints A vs B)

Differential abundance testing was employed to compare the

expression of ASVs in recipients at different timepoints. Comparing
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timepoints A and B for recipients via DESeq2 revealed 10 significantly

different ASVs, belonging to the genera Abiotrophia, Actinobacillus

(including A. parahaemolyticus), Actinomyces, Fusobacterium,

Granulicatella, Haemophilus (including H. parainfluenzae), and

Veillonella, and an unclassified genus belonging to the family

Gemellaceae (Supplementary Table 2). The same comparison,

performed using ALDEx2, found 6 ASVs to be in differential

abundance, belonging to the genera (where classified): Streptococcus,

Haemophilus (including H. parainfluenzae), Actinobacillus,

Granulicatella and an unclassified genus belonging to Gemellaceae

(Supplementary Table 3). ANCOM detected four ASVs in differential

abundance between timepoints A and B, which belonged to the genera:

Haemophilus (ASV ID: ad4491df2aa2a9d107efeb75973869b9, W =

1453, clr = 2.799), Granulicatella (ASV ID: 1608689532ec0

31cfd9807c7dfe325a2, W = 1404, clr = 2.091), family Gemellaceae

(genus unclassified, ASV ID: a2397abbce9d4a1bbf9d45e8c61edbf3,

W = 1375, clr = 1.848) and Actinobacillus (ASV ID: 9ca30664548a

41cccc4964bf6be8cc9c, W = 1350, clr = 2.082) (positive clr value

indicates greater relative abundance at timepoint A). These four ASVs

were detected as differentially abundant by all three methods and are,

therefore, consensus results.

3.5.2 Change in recipients within 1 week post-
transplant (Recipients at timepoints A vs C)

Comparing samples taken from recipients at timepoint A with those

taken later at timepoint C, DESeq2 revealed 15 significantly different

ASVs (Supplementary Table 2), belonging to Actinobacillus,

Actinomyces, Aggregatibacter (A. segnis), Capnocytophaga,

Haemophilus, [Prevotella], Peptostreptococcus, Peptococcus,

Streptococcus and unclassified genera belonging to the Orders CW040

and Clostridiales, and Families [Weeksellaceae] and Lachnospiraceae.
FIGURE 1

Mean relative abundance of genera from kidney transplant donors at timepoints (A–C) (DA, DB, DC) and recipients (RA, RB, RC). Each genus is
represented by a different colour (legend, bottom). Genera found at relative abundance below 5% are grouped together (grey).
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Using ALDEx2, 9 ASVs were found to be in differential abundance,

belonging to Actinobacillus, Aggregatibacter (A. segnis), Granulicatella,

Haemophilus (including H. parainfluenzae), Streptococcus, Peptococcus

and an unclassified genus belonging to the family [Weeksellaceae]

(Supplementary Table 2). ANCOM detected six ASVs in differential

abundance, which belonged to Haemophilus (ASV ID:

ad4491df2aa2a9d107efeb75973869b9, W = 1283, clr = 3.073) and H.

parainfluenzae (ASV ID: 5ab210b70bbb9d11943b629b9c1adea3, W =

1283, clr = 3.273), Aggregatibacter segnis (ASV ID: eff784a8bb
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5224c68442ad155be4fc32, W = 1259, clr = 2.523), Peptostreptococcus

(ASV ID: fa3c31c44460408b8a4f40ec20ac7911, W = 1248, clr = 2.411),

Actinobacillus (ASV ID: 9ca30664548a41cccc4964bf6be8cc9c,W = 1212,

clr = 2.242) and an unclassified genus belonging to the family

[Weeksellacaea] (ASV ID: 609b93fa4edf56f39d7a8c2d888b99b1, W =

1164, 1.779) (positive clr value indicates increased relative abundance at

timepoint A). Each of the differentially expressed ASVs detected by

ANCOM were also found by ALDEx2 and DESeq2, hence, were

consensus results.
FIGURE 2

Heatmap of the 30 most abundant ASVs from oral microbiome samples of kidney transplant donors at timepoints (A–C) (DA, DB, DC) and recipients
(RA, RB, RC). Abundance given as log10(%). Where defined, taxonomy is given on y-axis (NA at taxonomic levels unable to define). Sample identifiers
are provided on the x-axis.
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3.5.3 Change in donors within 1 day post-
transplant: (Donors at timepoints A vs B)

DESeq2 comparison of donors at timepoints A and B revealed

only one ASV in differential abundance, belonging to Actinobacillus

parahaemolyticus (Supplementary Table 2). No ASVs were found to

be differentially abundant using ALDEx2 or ANCOM between

these timepoints.
Frontiers in Microbiomes 07
3.5.4 Change in donors within 1 week post-
transplant: (Donors at timepoints A vs C)

DESeq2 comparison of donors at timepoints A and C found four

ASVs in differential abundance, including Aggregatibacter,

Fusobacterium, Veillonella and an unclassified genus belonging to

the order CW040 (Supplementary Table 2). ANCOM found one ASV

in (increased) relative abundance belonging to Bulleidia moorei (ASV
FIGURE 3

The alpha diversity of bacterial 16S rRNA sequences from saliva samples taken from kidney transplant donors (white boxes) at timepoint A (DA), B
(DB) and C (DC) and recipients (grey boxes) at timepoint A (RA), B (RB) and C (RC) was measured via four metrics (Shannon’s Diversity Index,
Observed ASVs, Faith’s Phylogenetic Diversity and Pielou’s Evenness). The significance of the statistical comparison (Dunn’s test) between groups is
indicated above brackets where * signifies P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 0.0001.
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ID: 38c395eb625ea0e22580f2719dd368f0, W = 180, clr = -2.093) at

timepoint A (Supplementary Table 3). However, ALDEx2 found no

differentially abundant ASVs between the time points. There was,

therefore, no consensus ASVs detected by all testers.
4 Discussion

We have profiled the microbiota of kidney donors and

recipients longitudinally in the seven days surrounding kidney

transplantation, with comparisons between timepoints and donor/

recipient groups investigated in terms of alpha and beta diversity,

and composition of ASVs.
4.1 Donors and recipients show
similar diversity patterns during first
week post-transplant

No significant difference in oral alpha diversity was reported in a

cross-sectional comparison of donors and recipients (Diaz et al.,

2013). Whereas in a longitudinal study of recipients only, alpha

diversity (Shannon’s Index) was reportedly decreased in oral sample
Frontiers in Microbiomes 08
over time (Fricke et al., 2014). The present study combined cross

sectional and longitudinal sampling techniques to add several key

observations to the findings of these studies. In recipients, general

significance patterns implied a trend of decreasing alpha diversity in

the first week after kidney transplant. For the smaller donor cohort,

this pattern was also visible, but not numerically significant in these

analyses. Using this approach, no significant change in the alpha

diversity of donors between any time points was detected within the

group via Kruskal Wallis posthoc testing. Patterns of alpha diversity

of donors and recipients were similar (Figure 3). Performing a two-

way ANOVA showed that (in all metrics) timepoint and (using

Observed ASVs and Faith’s Phylogenetic Diversity only) group

(donor or recipient) were significant factors driving variation in

alpha diversity, however, the interaction of group and timepoint

was not found to be significant using any metric. Lack of significance

in the interaction term suggests that donors and recipients do follow

somewhat similar patterns in this period, with the lower sample size

in donors preventing this from being detected significantly in ensuing

post-hoc analysis following Kruskal-Wallis. The cause of donor alpha

diversity falling in this period would be unclear since prophylactic

antibiotics are not necessarily prescribed for donors and could point

towards an effect of surgery alone as a driver of rapid reduced alpha

diversity in the oral microbiome. Donors at timepoint A did have
TABLE 2 Two-Way ANOVA examining the effect of Group (Donor or Recipient) and Timepoint (A, B or C) and the interaction between these terms
(Group: Timepoint) on alpha diversity of oral microbiome samples.

Sum of Squares Degrees of freedom F value P value

Shannon’s Diversity Index

Group 0.597 1 0.953 0.331

Timepoint 11.319 2 9.035 <0.001

Group: Timepoint 0.537 2 0.428 0.652

Residual 99.595 159

Observed ASVs

Group 20397.904 1 9.693 0.002

Timepoint 66869.587 2 15.888 <0.001

Group: Timepoint 1738.204 2 0.413 0.662

Residual 334595.752 159

Faith’s Phylogenetic Diversity

Group 62.411 1 11.543 0.001

Timepoint 110.134 2 10.185 <0.001

Group: Timepoint 1.647 2 0.152 0.859

Residual 859.678 159

Pielou’s Evenness

Group 0.004 1 0.549 0.460

Timepoint 0.052 2 3.974 0.021

Group: Timepoint 0.008 2 0.618 0.540

Residual 1.039 159
fro
Significance (p<0.05) is indicated in bold.
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significantly higher alpha diversity compared to recipients at

timepoint C by three out of four metrics (Shannon’s, Observed and

Faith’s), highlighting the deviation of the post-transplant microbiome

from the pre-transplant state. The significant interaction reported

between donors at timepoint B and recipients at timepoint B (via

Observed and Faith’s metrics), also highlights this trend.

There were no comparisons found to be significantly different via

Pielou’s Evenness. This metric takes into account species evenness,

which refers to how close in number (e.g. relative abundance) ASVs are

in the environmental samples (Pielou, 1975). Since this metric was not

different between measurements it is possible to infer the decrease in

alpha diversity seen in recipients post-transplant is influenced by a

reduction in the number of ASVs observed (community richness)

rather than the proportion of those ASVs (community evenness).
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Overall, PERMANOVA testing of these four metrics revealed

a significant difference in the beta diversity according to donor or

recipient t ime points via al l four metrics . Fol lowing

PERMANOVA, post-hoc pairwise testing showed that recipients

at time points A, B and C were significantly different in every

metric and every combination of pairwise comparisons. Given the

combination of features measured by each of the four metrics, this

result shows a shifting beta diversity profile both one day and one

week after transplant for recipients, including changes in relative

abundance, unique phylogeny and compositional dissimilarity.

Differences in beta diversity were found between donor samples at

time points A and C (via Jaccard only) and B compared with C

(via Unweighted only). This suggests that kidney donation in the

absence of immunosuppressive regimens could cause detectable,
FIGURE 4

Beta diversity analysis of samples from Donor and Recipients (Recipients = circle symbols, Donors = cross symbols) at Timepoints (A) (red symbols),
(B) (green symbols) and (C) (blue symbols) measured via four metrics (Jaccard, Bray-Curtis, Unweighted UniFrac, and Weighted UniFrac). Significance
(p) relative to overall PERMANOVA testing is indicated for each metric.
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longitudinal shifts in the oral microbiota in terms of

beta diversity.

Donors at timepoint B were also significantly different from

recipients at timepoint A (Unweighted, Jaccard, Bray-Curtis) and C

(all metrics). Donors at timepoint C were significantly different to

recipients at the same time point using only the Jaccard metric.

Notably, there was no difference between donors and recipients in

terms of any beta diversity metric at time points A or B, and in only

one out of four measures (Jaccard) at time point C. In summary, this

could imply that donors and recipients show similar patterns of

longitudinal beta-diversity change post-transplant, suggesting the

physiological pressures on the oral microbiome of surgery are

broadly similar and the impact of returning to ‘normal’ renal

function on the oral microbiota is comparable. Indeed, according

to the adonis testing the interaction of Group and Timepoint, no

significant difference was found using any of the four metrics, hence

significant variation driven by the interaction of donors and

recipients was not found.
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4.2 Decrease in ASVs associated with
infective endocarditis in recipients

Differential abundance testing was performed between donors and

recipients at different time points to detect ASVs which were

differentially expressed within the first week post-transplant. Per the

recommendations of Nearing et al. (2022), three differential abundance

testers were used on this dataset to seek consensus results. In doing so,

comparisons of recipients prior to transplant, and the day afterwards,

revealed four consensus ASVs in differential abundance. Three of these

ASVs were lower in abundance following transplant and belonged to

Haemophilus,Granulicatella andActinobacillus. One ASV belonging to

the family Gemellaceae increased one day after the transplant. The

family Gemellaceae is a normal constituent of the oral microbiome and

has previously been associated with a healthy (compared with halitosis)

state in the oral cavity (Seerangaiyan et al., 2017). Interpreting a result,

such as an apparent increase in commensal bacteria, can be

confounded by limitations of relative abundance data. For example,
TABLE 3 PERMANOVA (999 permutations) comparing the influence of Group (Donor or Recipient) and Timepoint (A, B or C) as well as the interaction
of these terms (Group: Timepoint) on beta diversity of oral microbiome samples.

Df SumsOfSqs MeanSqs F.Model R2 P value

Unweighted UniFrac

Group 1 0.337 0.337 2.593 0.015 0.005

Timepoint 2 1.039 0.519 3.999 0.047 0.001

Group: Timepoint 2 0.212 0.106 0.815 0.010 0.783

Residuals 159 20.655 0.130 – 0.929 –

Total 164 22.242 – – 1.000 –

Weighted UniFrac

Group 1 0.012 0.012 0.765 0.004 0.554

Timepoint 2 0.188 0.094 6.176 0.071 0.001

Group: Timepoint 2 0.026 0.013 0.843 0.010 0.567

Residuals 159 2.423 0.015 – 0.915 –

Total 164 2.649 – – 1.000 –

Jaccard

Group 1 0.659 0.659 2.349 0.014 0.001

Timepoint 2 1.591 0.796 2.838 0.034 0.001

Group: Timepoint 2 0.416 0.208 0.743 0.009 0.997

Residuals 159 44.568 0.280 – 0.944 –

Total 164 47.234 – – 1.000 –

Bray-Curtis

Group 1 0.380 0.380 1.689 0.010 0.044

Timepoint 2 2.129 1.064 4.736 0.055 0.001

Group: Timepoint 2 0.304 0.152 0.676 0.008 0.938

Residuals 159 35.735 0.225 – 0.927 –

Total 164 38.547 – – 1.000 –
fro
Significance (p value <0.05) is indicated in bold.
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an apparent increase in the relative abundance of an ASV could be

caused by an increase in its total abundance, or a decrease in the total

abundance of other ASVs (Rao et al., 2021). Thus, whether an ASV

increasing in abundance is “blooming, or others are dying out” is an

effect difficult to untangle in the absence of absolute abundance data

(Rao et al., 2021). Three species of Granulicatella have been described

(G. adiacens, G. elegans and G. balaenopterae) (Collins and Lawson,

2000). The genus was originally grouped as ‘nutritionally variant

streptococci’ (Frenkel and Hirsch, 1961) and despite being a normal

component of the oral flora, has been associated with invasive infection

and bacterial endocarditis (Cargill et al., 2012). Similarly, Actinobacillus

also has a role in infective endocarditis (Paturel et al., 2004). Their

apparent decrease in relative abundance following transplant would

contrast with previous observations of increased opportunistic

pathogens post-transplant (Diaz et al., 2013; Fricke et al., 2014).

Taken together, a reduction in these genera could represent a lower

risk of bacterial endocarditis, a rare but high mortality complication

(Moshkani Farahani et al., 2014; Tamzali et al., 2021), in the post-

transplant recipient group (Ioannou et al., 2021).

Between recipients pre-transplant and the timepoint at one-

week post-transplant, differential abundance testing identified 6

consensus ASVs. These ASVs included two of those identified

between timepoints A and B: those belonging to Haemophilus

and Actinobacillus were found to be lower in both postoperative

time points (B and C) compared with preoperative timepoint A.

Lower relative abundance of a Haemophilus operational

taxonomic unit has previously been reported following kidney

transplantation (Fricke et al., 2014). In the present study, two ASVs

belonging to Haemophilus (H. parainfluenzae and an unclassified

species) were found to be in significantly lower abundance one week

post-transplant. Like Actinobacillus, Haemophilus is also associated

with endocarditis, as well as bacteraemia (Berge et al., 2021).

Aggregatibacter segnis was also found in decreased abundance and

is closely related toHaemophilus, originally described asHaemophilus

before transfer to the genus Aggregatibacter in 2006 (Kilian, 1976;

Norskov-Lauritsen and Kilian, 2006; Nørskov-Lauritsen, 2014). The

similar phenotype of A. segnis to H. parainfluezae (Dewhirst et al.,

1992; Olsen et al., 2005; Norskov-Lauritsen and Kilian, 2006;

Nørskov-Lauritsen, 2014) could be responsible for their

concomitant decrease, with similar selective pressures causing the

same effect on their abundance. LikeActinobacillus,Haemophilus and

Granulicatella, A. segnis is also a (rare) cause of infective endocarditis

(Bangsborg et al., 1988; Somers et al., 2003; Chambers et al., 2013;

Nørskov-Lauritsen, 2014). Other ASVs decreasing in relative

abundance during this period were Peptostreptococcus and an

unclassified genus belonging to the family Weeksellaceae. Like the

other genera discussed here, Peptostreptococcus is a normal member

of the oral flora with causative links with infective endocarditis

(Capunitan and Conte, 2010).

For patients on haemodialysis, the risk of infective endocarditis

has been recognised since the 1960s (Doulton et al., 2003) and

patients with infective endocarditis were estimated to be 16.9 times

more likely to have suffered severe kidney disease (Strom et al.,

2000; Naqvi and Collins, 2006). Hence, elevated levels of infective

endocarditis-associated genera could have an involvement in this
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risk to pre-transplant cohorts. In CKD, differences in oral

microbiota are associated with dialysis (Araújo et al., 2015;

Simões-Silva et al., 2018) as well as uraemia and the build-up of

urea causing increased oral pH (Casiano-Colón and Marquis, 1988;

Wijeyeweera and Kleinberg, 1989; Chen et al., 1996; Morou-

Bermudez and Burne, 1999; Spolidorio et al., 2006; Yaling et al.,

2006; Nascimento et al., 2009; Campbell et al., 2020). Conditions in

the chronic kidney disease (pre-transplant) state might create a

more favourable environment for genera associated with infective

endocarditis, or the effect of transplant (such as the antibiotic

properties of macrolide antibiotic immunosuppressive agents)

might cause their reduction in abundance. This represents an

interesting hypothesis for further study.

Comparing donors at pre-donation timepoint A and one day-

post donation timepoint B found no consensus ASVs in differential

abundance, with only one ASV found by the highly sensitive

DESeq2 test (Love et al., 2014; Weiss et al., 2017). Likewise, no

consensus ASVs were found in differential abundance between

donors at timepoint A or timepoint C. Together, this reveals the

longitudinal stability of the oral microbiome of living kidney donors

before and within one week after undergoing surgery. Within

healthy individuals, the oral microbiota remains stable in health

(Lazarevic et al., 2010). This result suggests that perturbations

associated with hospital stay and surgery alone did not alter the

relative abundance of oral genera in these normal individuals.

Furthermore, it could isolate the effects seen in the recipient

group as “recipient only” effects, suggesting that the role of

immunosuppressive agents, removal of chronic kidney disease

(and uraemia) or cessation of dialysis might be more likely to

drive the observations in the recipient cohort.

Direct comparison of temporal changes in the oral microbiota

of donors does have notable limitations. For example, the number

of recipients from which a pre-transplant sample was taken (43)

was considerably larger than the size of the donor group (13). The

variance of each alpha diversity metric and differing sample sizes

among groups could, for example, influence results such as

ANOVA. Additionally, the differential abundance tester DESeq2,

which is established to show high sensitivity with small sample

groups (e.g. those with ≤20 samples per group) (Love et al., 2014;

Weiss et al., 2017) found only one ASV in differential abundance

between timepoints A and B, and four between A and C for donors.

However, the high degree of variability between denoisers meant

this study only focuses on consensus results from three analysis

methods (Nearing et al., 2022).

Another significant limitation of the current study was the

separation in samples taken at timepoint C for donors and

recipients. To take this sample as late as possible, recipients were

sampled at their first clinic visit (usually day 7) post-transplant.

However, since donors do not attend similar clinic visits, the latest

timepoint which could be sampled was before discharge (days 3-5).

Hence, timepoint C for donors was shorter term than for recipients.

Change in recipients, however, is apparent from day 1 post-transplant

with four consensus ASVs detected. By contrast, stability is shown in

the early stages for donors (no consensus ASVs detected) and it could

be considered unlikely to expect significant changes between days 5-7.
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5 Conclusions

The oral microbiome is detectably altered by kidney

transplantation, and this has previously presented as longitudinal

reductions in diversity and the increased growth of opportunistic

pathogens (Diaz et al., 2013; Fricke et al., 2014). Here, to investigate

how early this effect is observed, we investigated the oral

microbiome of kidney transplant recipients within the first week

after transplantation. Doing so revealed that alpha diversity

decreased within the first week post-transplant in recipients. We

did not observe increases in consensus ASVs associated with

opportunistic pathogenicity or extra-oral infection during this

period. Several ASVs which significantly decreased in relative

abundance have been associated with infective endocarditis.

Infective endocarditis is an associated risk for (pre-transplant)

patients undergoing dialysis and/or with kidney disease. There are

limited reports of bacterial endocarditis after kidney transplantation

(Moshkani Farahani et al., 2014; Tamzali et al., 2021). Whether the

observed decrease in the relative abundance of these ASVs is

associated with dialysis and disease removal or transplant-

associated should be an area of future investigation.

By investigating a donor cohort as well as recipients, we identified

similar patterns in alpha and beta diversity, with no significant

differences in their change over time between the groups. This

highlights the importance of such controls and the physiological

pressures on the oral microbiome associated with surgery and a

hospital stay in themselves. Nonetheless, we only found consensus

changes of particular ASVs in the recipient group. The reduced

relative abundance of these ASVs makes them candidate targets for

the antibiotic action of macrolide immunosuppressive agents and

bacteria within the oral microbiome sensitive to the removal of

dialysis and kidney disease state in kidney transplantation.
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