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Abstract

To eliminate trachoma as a public health problem, the WHO recommends the SAFE (Surgery, Antibiotics,
Facial cleanliness, and Environmental improvement) strategy. As pdine SSAFE strategy in the Amhara

Region, Ethiopia, the Trachoma Control Program distributed over 124 million doses of antibiotic between 2007
and 2015. Despite this, trachoma remained hyperendemic in many districts and a considerable level of

Chlamydia tra&homatis(Ct) infection was evident.

We utilised residual material from Abbott m20Q® diagnostic tests to sequence 99 oc@asamples from

Amhara and investigated the role@ifgenomic variation in continued transmissiorCaf

Sequences were typicaf ocular Ct, at the wholegenome level and in tissue tropistesociated genes. There
was no evidence of macroligesistance in thipopulation. Polymorphism arour@mpAgene was associated
with village-level trachomatous inflammatiefllicular prevalece. GreateompAdiversity at the distrietevel

was associated with increasgtlinfection prevalence.

We found no evidence fdCt genomic variation contributing to continued transmissiolCoéfter treatment,
adding to evidence that azithromycin doest drive acquisition of macrolide resistancednh IncreasedCt
infection in areas with morempAvariants requires longitudinal investigation to understand what impact this

may have on treatment success and host immunity.
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Background

Trachoma is a blinding disease caused hia@ydia trachomati$¢Ct). To eliminate trachoma as a public health
problem, the WHO recommends the SAFE (Surgery, Antibiotics, Facial cleanliness, and Environmental
improvement) strategy1]. This includes annual mass drug administration (MDA) of azithromycin to
individuals agedt6 months and topical tetracycline eye ointment for pregnant women and children aged <6
months. The number of recommended years of interventions is based on prevalert®mofaria a districi2].

For districts considered hyperendemic for trachodefined as a trachomatous inflammatfoflicular (TF)
SUHYDOHQFH RI - D P RQykaFsKa @aary f QABB)aleaecommended followed by further

populationbased surveys to determine the impact of the interventions.

As part of the SAFE sitegy in Amhara National Regional State, Ethiopia; the Trachoma Control Program
distributed over 124 million doses of antibiotic from 2a€@¥15 [3]. Both administrative and seléported

coverage have demonstrated treatment coverage close to or above the WHO recommended threshfd:of 80%

5]. The program also provided health education and assisted in the construction of latrines as part of the F and E

components of SAFH3]. Despite an average of 5 years of these interventions, trachonaineem

hyperendemic in many districts, with considerable levelStafifection[6].

Historically, Ct molecular epidemiology focused ompA[7] which encodes the major outer membrane protein.
More recently multilocus sequence typing scherhave been usg8,9]. Since 2010, there has been a rapid
expansion ofCt whole-genome sequencing (WGS), due to the ability to sequence directly from clinical samples
[10,11] Despite more than sewindredCt genomes being sequendé@ #5], few studies have evaluated the
role of genomdevel variation inCt transmission and outcomes of infection. Recent publications have begun to
address these guestionsGhfrom trachomaendemic settinggl5,16] WGS additionally allows monitoring of
antimicrobial resistance i@t [16 8], which is of critical importance as MDA with azithromycin is key for
trachoma controland is under consideration as an intervention for childhood morfably neonatal sepsis

[20], and malarid21].

The Trachoma Control Program in Amhara has conductedtiple studies to better understand the
epidemiology of trachoma in communities that have received approximately 5 years of annual MDA, yet still
have significant levels oft infection and disease. This study sequenced 99 oCtilsamples from Amhart

identify antimicrobial resistance alleles and investigate the role of genomic variation in the continued
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transmission ofCt. We further explored the relationship betwe@hgenomic variation, ocula€t infection

prevalence, and trachomatous diseasegieece at the village and distrietvel.

Methods

Study design and population

Between 2007 and 2010 the SAFE strategy was scaled to reach all Amharan districts with interventions
administered for 5 years. Methodology for these disteetl surveys has ke published previously3].

Briefly, a multistage cluster ralomized methodology was used, whereby clusters (villages) were selected
using a population proportional to estimated size method, and within a cluster, a segmentation approach was

used to randomly seleB0-40 householdE3].

After enumerating all residents, consented residents were examined for trachomaotBsecjuster was
chosen for swab collection prior to surveying a district, and during the ‘oimrise survey, the first 25
children aged b years with parental consent were swabbed for the presence of infection. If more than one child

aged 15 years livedn a household, one child was randomly chosen by survey software.

Sample collection and processing

Gloved graders swabbed the upper tarsal conjunctiva three times with a peippstérswab, rotating 120
degrees along the swab's axis each time to ¢@lsaofficient epithelial specimg6]. Samples were transferred

to the Amhara Public Health Institute (APHI) and storeeR@f C. Conjunctival swabs from each distrietre
randomized and five samples were timed into each pool. Pools were processed with the RealTime PCR
assay on the Abbott m2000 system at the APHI labor$®nAll individual samples from positive pools from

North Gondar, South Gondar, East Gojam, araji#mra were processed again to provide indivithyedl data

[22]. Samples from these zones were prioritized owing to the persistent high trachoma prevalence. For positive
individual samples, the PCR cycle threshold was converted Qb elementary body(EB) equivalent

concentration based on a calibration curve of known EB concentrations on the RealTimR2ssay

OnceCt load was known for the positive individual samples, a total of 240 with the highest load were chosen
for this project. Samples witbufficient Ct load, likely to obtain high quality full genome sequence data based

on our previous studies, wereegtracted as described bel¢lb,16,23]
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Ct detection and sequencing preparation

DNA was etracted from 800 pl residual material per sample from Abbott m2000 diagnostic tests using
QlAamp mini DNA kit. Samples were quantified using a genome target by QR 6 DPSOHV ZLWK e

genome copies per ul of DNA were considered for WGS.

Sequencing, processing, aadalysis of Ct

Sequencing was performed as previously descrjh6t except we utilised the SureSelectXT Low Input Kkit.
Processing and analysis of sequenced reads was performed as previously dd€jriBeiéfly, raw reads were
trimmed and filtered using Trimmomatic. Filtered reads were aligned tfesemee genome (A/Harl3) with
Bowtie2, variants were called with SAMtools/BCFtools. Multiple genome and plasmid alignments were
generated using progressiveMauve, multiple gene alignments were generated using MUSCLE. Phylogenies
were computed using RAXML, redicted regions of recombination were masked using Gubbins. Domain
structure oftarP and truncation otrpA were characterised as previously descrifigs]. ABRicate and the
ResFinder database were used to identify antimicrobial resistance genes in the refssenmi®ed genomes

andde novoassembled rebs.

Genomewide association analyses

Genomewide association analysis (GWAS) was performed to identify polymorphisms specific to this
population of oculaCt sequences through comparison of 99 Amh&tagenomes to 213 previously sequenced
samples from tichomaendemic communities. Heterozygous calls and positions with greater than 25% missing
data were removed. Polymorphisms were considered conserved in Amhara if the major allele frequency was >
0.8 and rare in the representative ocular population if&nee allele was at a frequency < 0.2. The final analysis
included 116 single nucleotide polymorphisms (SNPs). A logistic regression was performed with each Amhara
specific site as the independent variable and origin of the sequence as the dependeat(refaedice level;

representative and comparator level; AmharanjalBes were Bonferroni corrected.
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GWAS was performed to identif@€t polymorphisms associated with villatgvel clinical data. Heterozygous

base calls were and positions with a minoelellfrequency of less than 25% or greater than 25% missing data
were removed. The final analysis included 681 SNPs. A linear regression was performed with each SNP as the
independent variable and villagevel Ctinfection, TF, or Tl prevalence as the degent variable. District was
included as a randowffect and with adjustment for age and gendewaRies were Bonferroni corrected.
Additionally, a slidingwindow approach was used to identify polymorphic regions of the genome. Windows of

10 kilobases we evaluated, with a step size of 1 kilobase. The final analysis included 907 polymorphic
regions. A linear regression was performed with each polymorphic region collapsed into atmsotge per
sequence as the independent variable, including diaiatrandoreffectand adjusted for age and gender. This
model was compared to a model including only the covariates and reeftents by Ftest. Pvalues were

Bonferroni corrected.

Inference of ompA sequences

Complete sequences ompA were obtained from wholgenome sequence data using the referbased
assembly method described above with one change. Each sample was assembled against four referenc
sequences (A/Hat3, B/Jali20, C/TW3, and D/UW3) and the assembly with the highestverage was used

for downstream analyses. SerovawoaipAwas assigned using maximitastnhomology against all published

Ct sequences. GenotypesahpAwere manually determined using SeaView. DiversitpmpAgenotypes was

FDOFXODWHG DsinggreddBNVR QTV ' X

Results

Ocular swabs previously confirmed as positive@DNA were selected for this study (n = 240), samples with
sufficiently high concentration dft DNA after reextraction were considered for WGS (n = 135). Of these, 99

were randory selected for sequencing to match the complete dataset on age, gender, and zone of collection.
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The sequenced and complete samples were comparable (Table 1), except as expected a higher median load o

infection in sequenced samples.



The AmhararCt genomes formed two subclades within the T2 ocular clade (Figure 1). The two subclades were
predominantly separated hympA genotype, with 52 serovar A (SvA) and 47 serovar B (SvB) genomes.
Focusing on genomes from ocular infections (S| Figure 2), the Safkatan genomes branch together
independent from any previously sequen&@tdThe SvB Amharan genomes were split across two branches.
One branch was most closely related to A#H3r isolated from Saudi Arabia. The second, smaller branch was
most closely riated to Ba/Apach@ from the USA as well as recently sequenced odOtafrom Solomon

Islands.

SeveralCt genes and genomic regions are hypothesised to be indicative of tissue tropism, with polymorphisms
distinctto ocular, urogenital and LGV sequenc&l.AmharanCt genomes hathrP domain structure typical of

ocular sequencd®5]. Similarly, all Amharan genomes had inactivating mutationsgA, leading toa non
functional tryptophan synthag@6]. Polymorphic membrane proteins clustered phylogenetically with ocular
isolates (S| Figure 227]. There was minimal polymorphism in ti& plasmid within the Amharan genomes

and they were closely related to previously sequenced ocular isolates (S| Figure 3). There was no evidence for ¢

the presence of macrolidesistance alleles in the assembled genomele arovaassembled reads.
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Amharan Ct genomes were compared to 213 previously sequenced samples from tracttamac

communities to identify 'genomic markers specific to AmH{agat16,23] Of 36,805 polymorphic sites (Figure

0gp26S/STIEE!

2a), 116 were conserved in Amhara (freqién o DQRG UDUH LQ WKH UHSUHVHQW®W

IUHTXHQF\ ” 7KHVH ZHUH GLVSHUVHG WKURXJKRXW WKH JHQRP
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sites and five genes contained three sites, all of which have previously been idaatg@gmorphic in distinct

populations ofCt (Figure 2c).
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A GWAS was performed to identify polymorphism within the Amhagtngenomes related to villagevel
prevalence o€t infection. The analysis included 681 single nucleotide polymorphisms (SNBS)ganomes.
No SNPs were associated with villalgeel prevalence of infection (SI Figure 4). A secondary slidifrgdow

approach was utilised to identify polymorphic regions of the genome associated with infection prevalence. The



analysis included 907 ponorphic regions in 99 genomes. No polymorphic regions were associated with

village-level prevalence of infection (Sl Figure 4).

No SNPs were associated with villaigeel prevalence of TF (Figure 3a). However, eight polymorphic regions
from positions 74,000791,000 were associated with TF prevalence (Figure 3b). SNPs in these regions were
focused in CTA0743bpB (harbouring 29 SNPs), CTAO74LfD (10 SNPs) and CTA074@npA(7 SNPs). All

SNPs insufDwere synonymous, while 8/29 and 3/7 SNPghipBandompAwere noRsynonymous.

No SNPs or polymorphic regions were associated with villagel prevalence of Tl (Sl Figure 5).

As ompAvariation was important i€t phylogeny and heterogeneity in TF profiles, we further investigated the
geographical distriltion of ompAserovars and their relationship to level€Gdinfection and TF. SvA and SvB

of ompAwere distributed across all zones (Figure 4). Villamel Ct infection, TF and Tl prevalence were not
associated witlbmpAserovar (p = 0-860, 0-382 and1G7 respectively). We identified nirmmpAtypes in this
population (Table 2). Six were SvA, defined by nine4sgnonymous polymorphisms. Three were SvB, defined

by two nonsynonymous polymorphisms. Four of nine types were present in all zones (Al 5A3)dAB3),

four were exclusive to East Gojam (A2, A4, A6 and B1) and one was found in East Gojam and North Gondar
(B2) (Sl Figure 6). Types Al (n = 5) and B1 (n = 6) had a nucleotide predicted amino acid change in the

surfaceexposed, variable domain 1 (M A2 (n=2) in VD2 and A4 (n = 1) in VDA4.

Most villages (55/61) had only orempAtype in this study, therefore we evaluatechpA diversity at the

P
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Ctinfection, TF and TI prevalence estimafé®8] (Table 3).Ct infectionand TI prevalence were significantly
higher with increasingmpAdiversity, a similar trend was found for TF prevalence. In a multivariate model,

only Ctinfection prevalence was associated with increasimgAdiversity.



Discussion

This study sequencd@t from ocular samples collected from districts in Amhara, Ethiopia which had received

approximately 5 years of the SAFE strategy, as part of trachoma control efforts. We found sequences were

typical of ocularCt, at both the wholgenome level and in troginrassociated genes, yet phylogenetically
distinct from most previously sequencétigenomes. There was no evidence of macrakdistance alleles in

this ocularCt population. GreatesmpAdiversity at the districtevel was associated with increasetinfection
prevalence. A continued commitment to the implementation of the SAFE strategy with consideration of

enhanced MDA accompanied by further longitudinal investigation is warranted in Amhara.

Almost 900 million doses of azithromycin have been itisted by trachoma control programmes since 1999
and in Amhara 15 million doses are administered annyd]lyMass distribution of azithromycin is likely to
become more common as evidence grows oftasfiet effects such as reducing infectious disefaB29],
diarrheal diseasef30] and childhood mortality[20,31,32] There is concern about the impact of these
programmes on development of antimicrobial resistang¢&8y83] This is particularly true where community
wide treatment with azithromycin has Ibeanable to eliminate trachoma as a public health problem within
expected timelineg30,34]. It has been shown that treating communities veifithromycin can increase
nasopharyngeal carriage of macrotfigsistantStaphylococcuf35] and Streptococcu§36] and alters the faecal
microbiome [37,38], with reprts of increased macrolidesistant Escherichia coli[39]. This study, in
agreement with previous woft6 A8] found no evidence of macroligesistance in thi€t population. While
encouraging, it does not rule out macroli@sistance as a potential problem in these communities. Carriage of
macrolideresistant pathogens in the gut and nasopharynx may be impacted by antibiotic treatment.
Additionally, presence of additional speciesGiflamydia[40,41] and norchlamydial bacterig42 #45] in the

ocular niche have been associated with trachoma, therefore resistance in other bacteria may be important.

No Ct genomes in this study had acquired azithromycin resistancesalledwever, there may be other genomic
factors which suppor€t transmission after treatment. To explore this, we compared AmBagenomes with
previously sequencet to find polymorphism specific to this population that could explain continued

transnission. The few SNPs identified as specific to Amhara were dispersed across the genome in known

0202 13490300 ZT U0 1sanB Aq 8000Z6S/STIEEI/SIPJUIEGOT OT/I0P/3[oNe-30URADE/PIl/LLI0D dNO"dIUSPEIR//:SANY WO} PAPEOJUMOC



polymorphic genes, rather than being overrepresented in genes rel@esuteival. The typical nature of this

Ct population was supported by phylogenetiastéring with other ocula€t sequences, presence of a non
functional tryptophan synthase operon and tropéssociated polymorphism itarP and the polymorphic
membrane proteins. Similarly to recent studies from distiachomaendemic communitiegl2 16,23] the Ct
sequences in this population formedtalosely related subclades within the ocular clade, primarily separated
by ompA serovar. Evidence of phylogenetic clustering by country of collection and the similariBt to
sequences collected over 50 years prior to this study suggests diversificaimiarCt is slow and geography
related, rather than driven by treatméetived selection pressure. A surprising finding.in this study was that a
subgroup of SvBCt from Amhara were most closely related to a historical genome from USA (Ba/Agxache
andrecently collected genomes from Solomon Islaj&B. It is possible the origin of these genomes is unique

within this population; howeveit is more likely that this is further evidence of the slow diversificatioGtofn

support of thisompASvB sequences were significantly less diverse than SvA in this study. Furthermore, all

major branches of oculaCt phylogeny studied here includedarsples collected decades apart from

geographically disparate sites.

We identified several polymorphic regions associated with vilagel TF prevalence. The polymorphisms

were mostly frequently found iompA pbpB and sufD, all of which are known to bpolymorphic. OmpA

encodes the major outer membrane protein which is the primary target of host immune responses and is believe

to function as an adhesin and/or pof#6]. The functions ofpbpB and sufD in Ct are unknown, bacterial

homologues of these genes function in peptidoglycan synthesis and response to oxidative stress respectively. It

is plausible that genes hypothesised to be involvedhinune evasion and response to stress could in@tact

survival and response to treatment.

We found approximately equal representation of SvA and SvB in this study. Both serovars were present in all

districts and were not associated with villdgeel Ct infection, TF, or Tl prevalence. Howevelt infection
prevalence was increased in districts with greatepAdiversity. Our data agrees with a Nepalese study that
found increasedmpAdiversity in villages to be associated with higher trachoma prevaléiten contrast, a
more recent study from Ethiopia found association betweeasmpAdiversity andCt infection levelq48]. It is

known immunity toCt is serovasspecific[49,50), therefore it is plausible that in villages with multiple serovar
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in circulation, indviduals are more likely to be exposed to a serovar they do not have protective immunity
against. Presence of one or morepAvariantsshould not impacdreatment success, however, it is possible that
higher levels of Ct infection preeatment, driven by presence of multiple serovars, could increase the

likelihood of lowlevel transmission persisting after treatment.

A potential limitation of this study was bias towards samples with highkrad. It is possible that relationships
betweenompAvariation andCt infection prevalence might have been different if lower load infections were
included, particularly at the Nage-level, as the majority (34/61) were represented by one sequence. We have
also not sequenced material from Abbott m2000 specimens previously, it is possible thHatriosgprage in

this format and multiple freezthaw cycles may have impacted DNAaljty or. quality. However, obtaining

high quality genomes from all sequenced samples, with as low aStf#homes input, suggests quality was
not an issue. Additionally, our sample size was restricted by@tdtiad and the cost of sequencing. Thishis t
largest collection of oculaEt genomes from a single geographical population, but it is still possible that we may
have missed some smaller effects in the genarde analyses due to limited statistical power. Lastly, while

study villages were randombelected using standard programmatic methods and subsampling was matched for

zone of collection, the conclusions of this study may have been different if we had been able to sequence a

larger and more geographically diverse populatio@tof

Despite apmximately five years of azithromycin MDA, we found no evidence @rgenomic variation
contributing to continued transmission Gf, adding to evidence that azithromycin MDA does not drive
acquisition of macrolideesistance alleles i€t. This study demustrates feasibility of WGS of lovoad,

residual material and highlights the added value of collecting ocular swabs as part of trachoma surveys.
Collection and longerm storage of these samples has helped alleviate concerns of azithromycin resistance in
AmharanCt, while offering important insights into the relationship betweempAvariation andCt infection
levels.Future longitudinal investigation will be needed to understand what impact ompA diversity may have on

treatment success in Amhara and othechomaendemic regions.
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Figure legends

Figure 1.

Maximum likelihood reconstruction of whole genome phylogeny of ocular Chlamydia trachomatis (Ct)
sequences from Amhara, Ethiopia. Whole genome phylogeny @t%@quences from Anaina and 183Ct
clinical and reference strains. Amhai@hsequences were mappeddbA/HAR-13 using Bowtie2. SNPs were
called using SAMtools/BCFtools. Phylogenies were computed with RAXML from a variable sites alignment
using a GTR + gamma model and arelpoint rooted. The scalear indicates pairwise distandgt sequences

DUH FRORXUHG E\ RULJLQ RIoMpAHMHMIRYIOH *8HURYDRU DQG

Figure 2.

Single nucleotide polymorphisms on the Chlamydia trachomatis (Ct) genome specific to AEth@pia. a)

PIlf40o°dno-oiwapede)/:sdny woy papeojumoq

6LQJOH QXFOHRWLGH SRO\PRUSKLVPV 613V FRQVHUYHG LQ $PKDUZ

otherCt VHTXHQFHYV DOOHOH IUHTXHQF\ "x ZHVHTODGHIW VI LG & £\ F\R%SFE:
genomes from other popDIWLRQV Qx x E /RJLVWLF UHJUHVVLRQ IRXQG $61;

population to be dispersed throughout the genome (n = 116). c) Five genes harboured threespeutiira

SNPs, putative function was determined by reference to published literatu

Figure 3.

Polymorphisms on th€hlamydia trachomati§Ct) genome associated with villaggvel TF prevalence. a) No
single nucleotide polymorphisms were significantly associated with vilagd TF prevalence. b) Eight

polymorphic regions from posiths 774,000 to 791,000 were associated with villagel prevalence of TF.

Figure 4.

Geographical distribution and similarity ompAserovars. a) Four zones in Amhara, Ethiopia were represented

in this study. Pie charts represent villdgeel Ct prevalence (pie diameter) and presenceropAserovars A

0202 1800100 ZT uo 1sanb Ag 800026G/ST9eeIl/SIPIUI/E60T 0T/I0P/3[0

(red) and B (blue). Maps were generated using R package ggmap, shape files were obtained from Google Maps.
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Table 1. Demographic and trachoma characteristics of complete and sequenced samples, Amhara,

Ethiopia, 2011-2015

&RPSOHWH GD 6HTXHQFHG GDW

Q Q

OHGLDQ DJH UDQJH \HDUV - -

YHPDOH Q

=RQH Q
(DVW *RMDP

IRUWK *RQGDU
6RXWK *RQGDU

:DIJKHPUD

OHGLDQ FOXSWWHDOHQFH UDQJH - -

OHGLDQ FOBWWMDOHQFH UDQJH - -

OHGLDQ F&OOSVMWYHDLOHQFH UDQJH A -

OHGLDQ ORDG RI LQIHFWLRQ UDQJH - -

Ytrachomatous inflammatiefollicular, “trachomatous inflammatieimtense 2elementary bodies per swab
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Table 2. Description of

nucleotide polymorphisms and amino acid changes in ompA of Amharan Ct

sequences.
RPSH\SH 1IXFOHRWLGH BRIVHWHREOHD QG OHRWLGH
QXPEH $PLQR $FLG 3RVLWLRQ DQG 5HIHUHQFH $PLQR $F
6HURYDU $ 6HURYDU
* & $ $ $ & * $ & $ *
6 $ 7 , : 3 9 7 7 7 $
$ $ * L OF
$VE
$ * $0D * ,OF
$ * ,0F
$ * *OX * $OC $ * 9DO 7 9D
,OH
$UH|
$
9D 0
% * $
$0[0 7KU
% $
7KU
0 UH!

"*reference type per serovar to determine classify variants
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Table 3. Linear regression analysis of predictors of districtevel ompAdiversity.

8QLYDULDWH

OXOWLYDULDWH

9DULDEOH 6 ( SYDOXH

6 ( SYDOX

&WQIHFWLRQ SUHY [

7) SUHYDOHQFH -

7, SUHYDOHQFH

!districtlevels prevalence estimatés,= regression coefficientSE = standard error
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Figure 2
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Figure 3
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