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Abstract	
	

The	importance	of	the	gut	microbiome	to	an	individual’s	health	and	disease	state	is	

becoming	 increasingly	 apparent.	 	 So	 far	 studies	 have	 focussed	 primarily	 on	

humans,	 however	 relatively	 little	 is	 known	 about	 other	mammals,	 including	 our	

closest	relatives,	the	non-human	primates.			

	

Using	16S	rRNA	sequencing	and	bioinformatics	analyses,	this	thesis	explores	how	

various	factors	affect	and	determine	the	gut	microbiome	of	an	individual	primate.	

	

		The	 thesis	 begins	 with	 gut	 microbiome	 variation	 within	 a	 single	 species,	 the	

common	chimpanzee	(Pan	troglodytes),	by	comparing	two	geographically	distinct	

chimpanzee	populations	of	different	subspecies	living	in	Issa	and	Gashaka.		Within	

Issa,	 collection	 site	 was	 shown	 to	 be	 a	 factor	 that	 distinguishes	 microbiome	

composition	 in	 samples,	 although	 this	 is	 likely	 to	 be	 variation	 within	 a	 single	

chimpanzee	 community	 over	 time	 rather	 than	 two	 separate	 chimpanzee	

communities.	 	 The	 two	 subspecies	 at	 Issa	 and	 Gashaka	 showed	 recognisably	

different	 gut	microbiomes	 to	 each	 other,	 indicating	 that	 the	 gut	microbiomes	 of	

these	primates	varied	with	chimpanzee	subspecies.	

	

Variation	 between	multiple	 primate	 species’	 living	 at	 Issa	 is	 next	 considered,	 as	

well	as	how	living	in	sympatry	with	other	primates	impacts	the	gut,	by	comparing	

three	 free-living	 species	 in	 Issa.	 	 Results	 here	 showed	 that	 each	 of	 the	 three	

primate	 species	 living	 at	 Issa	 showed	 distinct	 gut	microbiomes.	 	Whilst	 the	 red	

tailed	monkey	microbiomes	were	not	significantly	more	similar	to	either	the	Issa	
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or	 Gashaka	 chimpanzees,	 the	 yellow	 baboons	 had	microbiomes	 that	 were	more	

similar	to	the	sympatric	chimpanzees	at	Issa	than	to	the	chimpanzees	at	Gashaka.	

	

The	second	half	of	the	thesis	focuses	on	how	life	in	captivity	might	impact	the	gut	

microbiome.	 	 The	 gut	microbiota	 of	 captive	 chimpanzees	 are	 compared	 to	 free-

living	populations	to	determine	the	effects	of	captivity,	and	a	comparison	of	these	

animals	with	a	population	comprising	the	descendants	of	chimpanzees	that	were	

released	 from	 captivity	 provides	 an	 opportunity	 to	 consider	 the	 effects	 of	

reintroduction	efforts	on	 the	gut.	 	 	Results	here	showed	 that	gut	microbiomes	of	

the	 Rubondo	 chimpanzees	 shared	 less	 in	 common	with	 the	 native	 Gashaka	 and	

Issa	 chimpanzees	 than	 these	 two	 native	 populations	 shared	 with	 each	 other.		

Furthermore,	 the	 Rubondo	 chimpanzees	 showed	 gut	 microbiomes	 that	 were	

significantly	more	similar	to	captive	primates	 living	 in	the	UK	than	to	other	 free-

living	chimpanzees	at	Issa	and	Gashaka,	despite	the	Rubondo	population	sampled	

in	 2013	 having	 never	 lived	 in	 captivity	 themselves.	 	 This	 implies	 that	 captivity	

causes	heritable	changes	in	the	gut	microbiome	that	release	alone	is	not	sufficient	

to	counteract	without	proximity	to	other	free-living	members	of	that	species.		The	

thesis	 finally	 performs	 a	 large-scale	 comparison	of	 captive	 primates	 from	across	

the	whole	Order,	asking	whether	host	species	or	captive	 location	has	 the	greater	

impact	on	determining	gut	communities.	 	This	chapter	finds	that	variation	occurs	

between	zoos,	outweighing	the	effect	of	host	species	for	some	Families	of	primates,	

whilst	 for	 other	 primate	 Families,	 host	 species-specific	 microbiomes	 are	

recognisable	regardless	of	captive	location.		The	results	of	this	chapter	suggest	that	

captivity	 affects	 different	 Families	within	 the	 primate	 Order	 to	 different	 extents		

The	thesis	concludes	by	discussing	what	these	studies	tell	us	overall	about	how	the	

gut	microbiome	is	influenced.	
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Impact	Statement	
	

The	 work	 in	 this	 thesis	 serves	 as	 a	 starting	 point	 for	 many	 potential	 projects	

beneficial	 to	 both	 humans	 and	 non-human	 primates,	 as	 well	 as	 adding	 to	 the	

current	knowledge	base	on	the	gut	microbiome	generally.			

	

The	findings	related	to	the	gut	microbiota	of	released	chimpanzees	in	Rubondo	are	

a	 promising	 start	 to	 work	 that	 could	 go	 on	 to	 inform	 future	 release	 efforts.	 By	

better	 understanding	 the	 effects	 of	 captivity	 and	 release	 on	 the	 gut	microbiome,	

better-informed	decisions	can	be	made	as	to	how	to	structure	both	reintroduction	

and	conservation	plans,	such	that	the	well-being	of	the	animals	including	their	gut	

communities	is	fully	considered.		Similarly,	combining	this	work	with	studies	of	the	

captive	primates	themselves	that	are	included	in	this	thesis	could	offer	advice	on	

captive	care	in	zoos	and	wildlife	parks.		The	health	of	primates	and	other	animals	

residing	 in	 human-controlled	 environments,	 whether	 that	 is	 captivity	 or	 more	

free-living	 style	 sanctuaries,	 should	be	at	 the	 forefront	of	 consideration,	 and	 this	

thesis	 stands	 as	 evidence	 that	 the	 idea	 of	 good	 health	 should	 include	 gut	 health	

also.		In	addition,	understanding	how	gut	microbiomes	are	affected	in	captivity	and	

whether	these	changes	are	detrimental	or	in	fact	beneficial	to	the	animals	is	crucial	

at	a	time	in	which	the	numbers	of	free-living	primates	are	decreasing,	meaning	the	

success	of	future	reintroduction	projects	is	becoming	increasingly	important.	

	

Comparisons	 between	 humans	 and	 non-human	 primates	 are	 currently	 few,	 yet	

have	the	potential	to	yield	great	insights	into	the	gut	microbiome	in	human	health	

and	 disease.	 	 Chapters	 3	 and	 5	 in	 particular	 go	 some	 way	 to	 characterising	

variation	 within	 the	 chimpanzee	 gut	 microbiome;	 understanding	 variation	

between	 us	 and	 chimpanzees,	 one	 of	 our	 closest	 living	 relatives,	 offers	 the	

opportunity	to	better	understand	the	ways	in	which	our	specific	gut	communities	

have	adapted	to	co-exist	alongside	a	primate	species	with	such	a	unique	range	of	

lifestyles	 as	 ourselves.	 	As	 this	 thesis	 ultimately	 seeks	 to	 answer	 the	question	of	

how	 variations	 in	 lifestyles	 shape	 gut	 microbiomes,	 all	 of	 the	 findings	 here	 are	

translatable	 to	 humans;	 for	 example,	 the	 importance	 of	 social	 interactions	 in	
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shaping	 gut	 communities	 is	 discussed	 throughout,	 and	 is	 clearly	 a	 subject	 of	

interest	for	such	a	highly	social	species	as	humans.	
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Chapter	1	-	Introduction	

	

1.1	The	history	of	microbiomes	

	

The	idea	that	organisms	exist	not	in	isolation	but	rather	in	a	state	of	dependency	

upon	 each	 other	 in	 highly	 complex	 ecosystems	 is	 not	 a	 new	 one;	 in	 fact,	 it	

underpins	the	whole	field	of	ecology	and	has	long	been	studied.		It	is	only	in	more	

recent	 years	 however	 that	 our	 understanding	 of	 this	 has	 extended	 to	 include	

microbes,	 particularly	 those	 beneficial	 to	 multicellular	 organisms.	 	 The	 term	

microbiome	technically	represents	all	bacteria,	archaeal,	viruses	and	fungi	present	

in	an	environment,	however	it	is	common	now	to	use	the	term	to	refer	only	to	the	

bacteria	present.		In	this	thesis,	I	explore	the	bacterial	gut	microbiome	only,	which	

I	will	refer	to	as	the	gut	microbiome.		One	of	the	most	studied	microbiomes	is	the	

human	 microbiome.	 	 It	 is	 now	 widely	 acknowledged	 that	 as	 well	 as	 its	 own	

genome,	the	human	body	contains	and	is	significantly	impacted	by	the	genomes	of	

trillions	of	bacterial	 species,	 	~1000	 species	of	which	are	 found	 living	 in	 the	gut	

(Davenport	et	al.,	2017).		The	effects	of	this	symbiotic	way	of	living	are	the	subject	

of	 many	 research	 projects,	 with	 some	 now	 considering	 humans	 and	 their	

associated	 microbes	 a	 supraorganism,	 a	 collection	 of	 individual	 organisms	

operating	as	one	single	organism	(Turnbaugh	et	al.,	2007).		From	these	studies,	the	

importance	of	 the	gut	microbiome	 for	human	health	 and	disease	has	been	made	

apparent,	 linking	 our	 gut	 bacteria	 to	 obesity,	 irritable	 bowel	 syndrome	 (IBS),	

inflammatory	bowel	disease	 (IBD),	 and	 serotonin	production,	 to	name	but	 a	 few	

(Ley	et	al.,	2006;	Turnbaugh	et	al.,	2006,	2009;	Posserud	et	al.,	2007;	Kinross,	Darzi	

and	 Nicholson,	 2011;	 Morgan	 et	 al.,	 2012;	 Papa	 et	 al.,	 2012;	 Yano	 et	 al.,	 2015;	

Menni	et	al.,	2017).			

	

The	gut	microbiome	is	thought	to	be	established	in	humans	around	the	age	of	2-3	

years	 old	 (Voreades,	 Kozil	 and	 Weir,	 2014),	 with	 one	 study	 suggesting	 that	

cessation	 of	 breast-	 or	 bottle-feeding	 in	 exchange	 for	 solid	 food	 initiates	
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maturation	of	the	gut	microbiome	(Bäckhed	et	al.,	2015).		It	is	commonly	accepted	

that	the	gut	is	first	colonised	during	birth,	acquiring	microbiota	from	the	mother’s	

birth	canal.	This	 initial	 colonisation	event	 is	 thought	 to	be	crucial	 in	establishing	

the	 gut	 microbiome;	 it	 has	 been	 shown	 that	 babies	 born	 by	 Caesarean	 section	

display	a	different	initial	set	of	gut	bacteria	(Hill	et	al.,	2017)	to	those	born	through	

the	birth	canal,	with	fewer	similarities	to	their	maternal	parent’s	gut	microbiome	

also.	 	 A	 significant	 proportion	 of	 an	 infant’s	 gut	microbiota	 is	 acquired	 through	

breastfeeding;	 Pannaraj	 et	 al.	 (2017)	 reported	 that	 the	 infants	 in	 their	 study	

acquired	27.7%	of	their	gut	bacteria	from	breast	milk	and	10.4%	from	areolar	skin	

during	 the	 first	 month	 of	 their	 life.	 	 Although	 the	 gut	 microbiome	 stabilises	

somewhat	 during	 maturation	 of	 the	 infant,	 diet	 is	 known	 to	 be	 a	 significant	

determining	factor	in	human	gut	microbiome	composition	even	in	adulthood,	with	

changes	being	observed	over	even	a	short	period	of	dietary	change	in	some	studies	

(Walker	et	al.,	2011;	David	et	al.,	2014)	.		Alongside	studies	in	which	the	human	gut	

microbiome	 is	 observed	 and	 characterised,	 much	 of	 our	 current	 knowledge	 has	

stemmed	 from	 controlled	 laboratory	 studies	 using	mice	 and	 rats.	 	 New	 insights	

into	 effects	 of	 factors	 such	 as	 diet	 are	 often	 revealed	 in	 studies	 like	 these	 as	

research	 can	 be	 carried	 out	 in	 a	much	more	 controlled	manner	 than	 the	 human	

studies,	 where	 confounding	 factors	 such	 as	 host	 lifestyle	 may	 come	 into	 play.			

Turnbaugh	 et	 al.	 (2008)	 demonstrated	 that	 diet	 plays	 a	 significant	 role	 in	

determining	 the	 composition	 of	 gut	 microbiomes	 of	 mice.	 Mice	 containing	 an	

implanted,	 common	 gut	 microbiome	 were	 switched	 from	 a	 leaner	 diet	 to	 a	

Western	style	human	diet	high	in	saturated	and	unsaturated	fats.		The	diet	change	

caused	 significant	weight	 gain	 in	 the	mice	 and	 altered	 their	 gut	 communities	 to	

contain	 a	 significantly	 higher	 relative	 abundance	 of	 the	 Firmicutes	 and	 a	

significantly	lower	relative	abundance	of	the	Bacteroidetes	and	an	overall	drop	in	

bacterial	diversity.		One	suggested	reason	for	this	has	been	that	the	gut	microbiota	

affect	 the	 efficiency	 of	 calorie	 harvest	 from	 the	 diet,	 with	 the	 gut	 microbiota	 of	

obese	individuals	able	to	harvest	more	energy	from	the	diet.	 	This	has	since	been	

observed	in	sets	of	twins	in	which	one	is	lean	and	the	other	is	obese	(Turnbaugh	et	

al.,	2009),	with	results	showing	that	whilst	a	core	gut	microbiome	was	parentally	

inherited	and	shared	between	the	twins,	phylum-level	variation	and	lower	overall	

diversity	occurred	in	the	obese	individuals.		Interestingly,	gut	microbiota	have	also	
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been	 shown	 to	 be	 a	 significant	 factor	 in	whether	 an	 individual	 is	 lean	 or	 obese.				

Turnbaugh	 et	 al.	 (2006)	 observed	 that	 a	 typically-obese	 gut	 microbiome	 has	 a	

greater	capacity	for	energy	harvesting	in	humans	through	human	studies	of	sets	of	

twins	 discordant	 for	 obesity,	 similar	 to	 the	 results	 observed	 in	 the	 mice	 study	

above..	 	Ridaura	et	al.	 (2013)	further	developed	this	 idea	by	transplanted	the	gut	

microbiota	of	twins	discordant	for	obesity	into	germ-free	mice	and	observing	the	

results.	 	The	mice	were	all	fed	a	diet	low	in	fat	and	high	in	plant	polysaccharides,	

yet	 those	 mice	 containing	 the	 gut	 microbiota	 from	 obese	 humans	 showed	

significantly	higher	body	mass	compared	to	those	containing	microbiota	from	the	

lean	 human	 set.	 	 This	 study	 demonstrates	 that	 gut	microbiome	 differences	 have	

the	ability	to	outweigh	host	biological	factors	and	host	diet	in	determining	whether	

an	individual	is	lean	or	obese.			

	

	Bangsgaard	 Bendtsen	 et	 al.	 (2012)	 demonstrated	 that	 stress	 changes	 the	

composition	 of	 the	 gut	microbiome	 of	 mice,	 by	 observing	 the	 gut	microbiota	 of	

mice	 exposed	 to	 a	 grid	 floor,	 which	 induces	 a	 measured	 stress	 response.	 	 It	 is	

interesting	 that	 early	 life	 stress	 is	 one	 of	 the	 known	 risk	 factors	 for	 the	

development	of	 IBS	 in	humans,	which	 in	turn	 is	hypothesised	to	be	caused	by	an	

imbalance	in	gut	microbiota	(Kennedy	et	al.,	2014).			

	

Whilst	many	studies	focus	on	the	effects	of	our	gut	microbes,	others	are	exploring	

how	this	symbiosis	is	shaped,	asking	questions	about	how	gut	bacteria	are	shared,	

how	host	 lifestyle	 and	diet	 impacts	 the	 gut	microbiome,	 and	on	 the	 larger	 scale,	

how	the	evolutionary	history	of	host	organisms	shape	the	nature	of	these	bacterial	

ecosystems.	 	 In	 one	 such	 study,	 Moeller	 et	 al.	 (2014)	 investigate	 how	 gut	

microbiomes	evolved	over	time	during	the	diversification	of	African	apes	including	

ourselves.		Their	results	indicated	that	gut	microbiome	change	in	African	apes	was	

historically	slow	and	clock-like,	however	human	microbiomes	have	deviated	from	

other	apes	at	an	accelerated	rate.		This	was	characterised	by	a	loss	in	diversity	and	

specialisation	 for	 animal-based	diets	 in	 comparison	 to	 gorillas,	 chimpanzees	 and	

bonobos.		A	recent	study	by	Amato	et	al.	(2019)	demonstrated	that	host	phylogeny	

outweighed	any	dietary	niches	 in	determining	 the	gut	microbiomes	of	 free-living	

primates.		Their	study	compared	the	gut	microbiota	of	free-living	individuals	from	
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18	 different	 species	 of	 primates,	 and	 concluded	 that	 primate	 species	 had	 gut	

microbiomes	that	were	more	similar	to	closely	related	primate	species	than	to	less	

closely	 related	 primate	 species	 that	 had	 a	 more	 similar	 diet.	 	 When	 comparing	

folivorous	 and	 non-folivorous	 primates	 across	 the	 whole	 Order,	 they	 found	 no	

consistent	differences	in	either	microbial	richness	or	diversity	between	diet	types,	

and	 found	 that	 neither	 diet	 was	 associated	 with	 a	 core	 microbiome.	 	 They	

speculated	 that	 a	 combination	 of	 host	 physiological	 factors	 including	 host	 gut	

morphology	and	immune	system	function	were	likely	to	be	largely	responsible	for	

gut	 microbiome	 composition.	 	 Whilst	 this	 may	 be	 observed	 in	 primates	 in	 this	

study,	others	have	observed	different	 results.	 	Delsuc	et	al.	 (2014)	compared	 the	

gut	 microbiota	 of	 15	 species	 of	 myrmecophageous	 (ant-	 and	 termite-eating)	

animals,	many	of	which	were	distantly	related	to	each	other.		Here	they	concluded	

that	whilst	they	host	species-specific	microbiomes	were	observed,	there	was	also	

convergence	 in	 the	gut	microbiomes	of	 these	unrelated	host	 species	due	 to	 their	

extreme	 diet	 specialisation.	 For	 example,	 the	 gut	 microbiomes	 of	 aardwolves	

showed	greater	similarities	to	other	myrmecophages	than	they	did	to	carnivorous	

hyenas,	from	which	they	diverged	in	only	the	last	10	million	years.	

	

	Further	 exploration	 of	 the	 factors	 affecting	 gut	microbiome	 composition	 occurs	

later	 in	 this	 chapter,	 however	 these	 examples	 above	 serve	 as	 evidence	 that	 we	

cannot	 decide	which	 factors	 determine	 the	 gut	microbiome	by	 studying	 humans	

and	 their	 associated	 bacteria	 alone.	 	 A	wider	 approach	 is	 needed	 to	 understand	

how	gut	bacteria	have	evolved	alongside	their	hosts,	and	which	bacterial	taxa	have	

persisted	 and	 thrived	 in	 guts	 through	evolutionary	 time.	 	Whilst	 there	 is	 a	 great	

interest	 in	 the	human	gut	microbiome,	 owing	 to	 its	 importance	 in	human	health	

and	 disease,	we	 know	 comparatively	 little	 about	 the	microbiomes	 of	 our	 closest	

relatives,	 the	non-human	primates.	 	The	breadth	of	variety	 in	 lifestyles,	diets	and	

social	 structures	within	 the	primate	Order	make	 them	an	 ideal	 taxonomic	 group	

for	 studying	 factors	affecting	 the	gut	microbiome,	and	research	 into	how	 the	gut	

microbiome	develops	 and	persists	 in	 primates	has	 the	potential	 to	 contribute	 to	

conservation	efforts	in	a	rapidly	declining	Order	of	mammals	(Estrada	et	al.,	2017).	
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1.2	How	to	explore	a	microbial	community	

1.2.1	Culture-independent	methods	and	DNA	sequencing	

	

Technologies	 allowing	 us	 firstly	 to	 collect	 and	 secondly	 to	 analyse	 massive	

amounts	 of	 data	 have	 existed	 only	 for	 a	 couple	 of	 decades,	 meaning	 that	 most	

microbial	 environments	 remain	 unexplored.	 	 The	 development	 of	 modern	

technologies	such	as	rapid,	high-throughput	and	low-cost	DNA	sequencing	allows	

us	now	to	explore	previously	untouched	environments	at	a	microscopic	level,	and	

has	dramatically	changed	the	way	in	which	we	understand	life	to	operate.			

	

The	term	“great	plate-count	anomaly”	was	coined	by	Staley	and	Konopka	in	1985	

(Staley	 and	 Konopka,	 1985)	 and	 succinctly	 explains	 the	 struggle	microbiologists	

faced	prior	to	the	development	of	DNA	based	methodologies.		Bacterial	cells,	it	was	

observed,	were	far	more	abundant	both	in	cell	counts	and	variety	of	morphologies	

(implying	 different	 taxa)	 when	 environmental	 samples	 were	 viewed	 under	 a	

microscope	 than	when	 they	were	 cultured	on	 agar	plates	 across	different	media	

types,	where	 typically	cell	 counts	were	 low	and	variety	of	bacterial	species	poor.		

Our	inability	to	culture	most	taxa	should	not	be	a	surprise;	bacteria	have	evolved	

over	billions	of	years	to	exist	in	precise	niches,	with	many	requiring	highly	specific	

nutrients,	 oxygen	 levels,	 moisture	 and	 other	 bacterial	 taxa	 upon	 which	 they	

depend,	 all	 of	 which	 are	 conditions	 rarely	 reproducible	 in	 a	 laboratory.	 	 Gut	

microbiota	for	example	are	likely	to	be	anaerobic	due	to	the	low	oxygen	levels	in	

the	 gut	 and	 form	highly	 co-dependent	 relationships,	 sometimes	 relying	 on	 other	

bacteria’s	 waste	 products	 as	 sources	 of	 nutrition	 (Huttenhower	 et	 al.,	 2012),	

meaning	an	inability	to	culture	one	species	in	vitro	may	result	in	multiple	species’	

being	lost	in	culture-based	analyses.		The	cells	that	can	be	grown	in	the	lab	under	

generalised	 conditions	 thus	 represent	 only	 the	 most	 adaptable	 of	 species	 and	

prevent	 us	 from	 observing	 the	 true	 complexity	 of	 a	 microbiome.	 	 One	 way	 of	

circumventing	 this	 problem	 is	 to	 use	 culture-independent	 methods,	 usually	

involving	identification	of	proteins,	metabolites	or,	as	is	the	case	in	this	thesis,	DNA	

sequences.		By	sequencing	biological	marker	genes	directly	from	samples,	the	need	
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to	grow	these	bacteria	in	the	laboratory	is	removed,	allowing	for	a	clearer	picture	

of	the	bacteria	present.	

	

1.2.2	The	16S	rRNA	gene	as	a	biological	marker	

	

The	 16S	 ribosomal	 RNA	 gene	 (termed	 either	 16S	 rRNA	 or	more	 accurately	 16S	

rDNA	and	often	shortened	to	the	16S	gene)	is	the	most	commonly	targeted	gene	in	

microbiome	 explorations.	 	 Its	 product	 is	 a	 structural	 molecule	 of	 RNA,	

approximately	1500bp	in	length	(J	Michael	Janda	and	Abbott,	2007),	which	forms	

part	 of	 the	 30S	 small	 ribosomal	 subunit	 in	 prokaryotes.	 	 The	 importance	 of	 the	

ribosome	 to	all	 life	means	 that	 the	16S	gene	 is	ubiquitous	across	all	prokaryotes	

and	has	regions	that	are	highly	conserved;	to	sustain	a	mutation	in	the	conserved	

regions	would	cause	 improper	binding	of	 the	RNA	molecule,	 an	 inability	 to	 form	

ribosomes	and	so	cell	death.	 	In	addition	to	the	conserved	regions,	it	has	variable	

regions,	which	do	not	bind	but	rather	 form	hairpin	 loops	around	proteins	within	

the	30S	small	subunit,	meaning	they	are	able	to	withstand	some	mutation	(figure	

1.1a).		The	combination	of	these	three	characteristics	is	what	makes	the	16S	gene	

an	 ideal	 biological	 marker.	 	 Sequencing	 primers	 are	 designed	 to	 anneal	 to	 the	

conserved	 regions	 and	 allow	 sequencing	 of	 the	 variable	 regions	 that	 they	 flank	

(figure	1.1b),	before	phylogeny	is	determined	by	the	divergence	between	variable	

region	sequences.			
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Figure	 1.1	 a)	 Secondary	structure	of	 the	16S	rRNA	molecule.	 	The	molecule	 is	 coloured	

into	6	R	fragments	of	~250	nucleotide	sequences	each,	with	variable	regions	indicated	by	

the	V1-V9	 labels	alongside.	 	Adapted	 from	Yarza	et	al.	 (2014).	b)	Mean	 frequency	of	 the	

most	 common	 residue	 at	 each	 base	 in	 the	 16S	 rRNA	 gene.	 	 Low	 values	 indicate	 highly	

variable	 regions,	 whilst	 high	 values	 indicate	 highly	 conserved	 regions.	 	 Adapted	 from	

Ashelford	et	al.	(2005).	

	

	

b 
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The	16S	gene	is	almost	ubiquitously	used	as	a	taxonomic	identifier	in	microbiome	

studies,	however	 there	are	caveats	 that	 should	be	acknowledged.	 	 Some	bacteria	

have	been	found	to	carry	multiple	copies	of	the	gene	(Lee,	Bussema	and	Schmidt,	

2009),	masking	 their	 true	 relative	 abundances	within	 a	 sample,	 and	biases	 as	 to	

which	 taxa’s	16S	 genes	 are	 amplified	 can	be	 introduced	by	poorly	designed	PCR	

primers	(Edgar,	2017)	and	the	choice	of	which	variable	regions	are	targeted	within	

the	 gene	 (Cai	 et	 al.,	 2013).	 	 Despite	 the	 drawbacks,	 this	 thesis	 uses	 16S	 rRNA	

sequencing	 to	 characterise	 the	 guts	 of	 the	 primates	 studied	 for	 a	 number	 of	

reasons.		The	16S	gene	is	the	target	gene	of	choice	for	almost	all	other	microbiome	

studies	that	use	targeted	sequencing	methods,	making	this	thesis	is	more	directly	

comparable	 to	 the	 current	knowledge	base.	 	The	 common	usage	of	 the	16S	gene	

has	furthermore	led	to	the	generation	of	taxonomic	databases	such	as	Greengenes	

(DeSantis	et	al.,	2006)	and	the	more	up-to-date	SILVA	(Quast	et	al.,	2012),	which	

allow	identification	of	many	bacterial	taxa	within	the	primate	samples	used	here,	a	

task	which	would	not	be	possible	were	another	marker	gene	to	have	been	chosen.	

The	high-throughput	nature	of	sequencing	a	short	fragment	of	DNA	rather	than	the	

whole	microbiome	allows	 vastly	more	 samples	 to	 be	 included	 in	 this	 study	 than	

would	 otherwise	 be	 possible,	 by	 lowering	 both	 the	 cost	 of	 sequencing	 and	

computing	 power	 required,	 and	 indeed	 even	 studies	 that	 sequence	 full	

metagenomes	use	the	16S	gene	as	an	initial	taxonomic	identifier	as	a	minimum.			

	

In	 this	 thesis	 I	 use	 the	 method	 of	 targeted	 PCR	 amplification,	 which	 involves	

amplifying	a	region	of	the	16S	gene,	here	the	V3-V4	region.		During	amplification,	

primers	 are	 added	 onto	 the	 ends	 of	 the	 PCR	products	 that	 contain	 a	 “barcoded”	

region	of	DNA	and	a	region	allowing	the	product	to	bind	to	the	flowcell	surface	in	

the	Illumina	MiSeq	sequencing	machine.		The	barcodes	are	short	unique	sequences	

of	 DNA	 and	 allow	multiple	 samples	 to	 be	 loaded	 into	 one	 sequencing	 run;	 each	

sample	will	have	a	unique	barcode	tagged	into	the	ends	of	its	PCR	products	which	

allows	 for	 separation	 of	 samples	 based	 on	 barcode	 sequence	 at	 the	 end	 of	 the	

sequencing	run.		The	outputs	of	DNA	sequencing	are	called	reads;	a	read	is	a	single	

DNA	 sequence	 generated	 by	 sequencing	 one	 fragment	 of	 DNA,	 and	 typically	 the	

MiSeq	can	generate	1-2	million	reads	in	a	single	run,	depending	on	the	quality	of	

the	 sample	 loaded.	 	 I	 here	 typically	 sequence	 96	 samples	 in	 a	 single	 sequencing	
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run,	averaging	20-50,000	reads	per	sample	after	pre-processing	of	data.	 	Current	

technologies	are	somewhat	limited	as	to	the	length	of	DNA	that	they	can	accurately	

sequence	at	high	throughput	levels	(Quail	et	al.,	2012).	Depending	on	the	kit	used,	

Illumina	MiSeq	machines	can	currently	generate	reads	of	250-300	DNA	base	pairs	

(bp).	 	 To	 allow	 for	 longer	 reads	 to	 be	 generated,	 a	method	 called	 paired-end	 or	

dual-indexing	sequencing	is	employed,	in	which	DNA	strands	are	sequenced	from	

both	 the	 forward	 and	 reverse	 ends.	 	 The	 forward	 and	 reverse	 reads	 are	 then	

stitched	together	using	bioinformatics	 tools	 that	use	 their	overlapping	regions	 to	

generate	reads	of	between	400	 to	~570bp,	depending	on	overlap	size	 (Kozich	et	

al.,	2013).		Since	stitching	together	reads	can	create	chimeras,	or	whole	reads	that	

are	 composed	 of	 mismatched	 forward	 and	 reverse	 reads,	 chimera	 checking	 is	

performed	during	data	pre-processing	using	bioinformatics	tools.	

	

1.2.3	Determining	taxonomic	units	within	a	microbiome	

	

Once	 sequencing	 and	pre-processing	of	 reads	has	been	performed,	 they	must	be	

classified	 against	 each	 other	 in	 some	 meaningful	 way.	 As	 mentioned,	 most	

bacterial	 species	 have	 not	 been	 characterised,	 and	 nor	 does	 the	 concept	 of	 a	

species	apply	in	the	same	sense	as	it	does	for	multicellular	organisms.	 	Strains	of	

the	 same	 bacterial	 species	 can	 perform	 different	 functions	 (Fox,	Wisotzkey	 and	

Jurtshuk,	 1992;	 Brown	 et	 al.,	 2012),	 individual	 cells	 can	 acquire	 novel	 abilities	

through	horizontal	gene	transfer	(Heinemann	and	Bungard,	2006),	and	the	ability	

for	 two	 individuals	 to	 successfully	 breed	 is	 not	 applicable	 when	 considering	

microbes.		The	difficulties	in	defining	a	bacterial	species	have	lead	some	to	suggest	

a	disregard	for	the	concept	of	bacterial	species	entirely	(Baltrus,	2016),	but	clearly	

some	 way	 of	 classifying	 or	 distinguishing	 the	 bacteria	 present	 must	 be	 decided	

upon	for	any	analysis	to	be	made.		The	classical	method	of	handling	these	reads	is	

to	sort	them	into	Operational	Taxonomic	Units	(OTUs).		In	OTU	picking,	a	sequence	

similarity	cut-off,	usually	>97%,	is	decided	such	that	any	reads	that	share	at	least	

97%	of	their	DNA	sequence	are	grouped	into	one	OTU	and	treated	as	one	bacterial	

“species”.		Representative	sequences	are	then	picked	for	each	OTU,	and	OTUs	that	

share	 95%	 sequence	 similarity	 are	 treated	 as	 a	 “genus”,	 and	 so	 on.	 	Whilst	 this	
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method	is	not	wrong,	it	results	in	loss	of	information,	as	there	exist	bacteria	with	

higher	than	97%	sequence	similarities	that	can	perform	different	functions	and	are	

found	 to	 survive	 in	very	different	habitats	 (Brown	et	al.,	 2012).	 	Because	of	 this,	

new	methods	have	been	developed,	including	DADA2	(Callahan	et	al.,	2016),	which	

I	implement	here.	

	

Rather	 than	 clustering	 reads,	 DADA2	 compares	 all	 reads	 to	 each	 other	 and	

attempts	 to	 predictively	 correct	 errors	 in	 the	 DNA	 sequences	 of	 the	 reads	 by	

comparing	 that	base	 to	all	 other	bases	 in	 that	position.	 	This	 corrective	measure	

allows	for	clustering	of	reads	based	on	100%	similarity	rather	than	the	usual	97%	

cut	 off,	 retaining	 more	 diversity	 information	 (Callahan	 et	 al.,	 2016).	 	 Instead	 of	

OTUs,	 the	 resultant	 units	 here	 are	 called	 unique	 sequences,	 and	 are	 used	 for	 all	

downstream	analyses	in	the	same	way	as	OTUs	are.		Where	possible,	taxonomy	is	

assigned	to	the	unique	sequences	and	where	not	possible,	each	unique	sequence	is	

assigned	a	random	ID	to	facilitate	further	analysis.	

	

1.2.4	Characterising	microbial	diversity	

	

Even	the	simplest	microbiome	containing	only	a	handful	of	bacterial	species	is	an	

ecosystem	 on	 a	 microscopic	 scale.	 	 Accordingly,	 many	 of	 the	 techniques	 and	

statistical	methods	of	analysing	microbiomes	have	been	developed	from	ecological	

tools	that	have	been	used	in	some	cases	for	many	years.	 	Diversity	is	perhaps	the	

most	commonly	discussed	term	in	microbiome	studies,	and	is	defined	in	two	ways,	

borrowed	from	classical	ecology.	

	

Alpha	diversity	refers	to	the	diversity	within	a	given	environment	at	a	given	time;	

here,	 I	shall	refer	to	 it	as	being	diversity	within	a	single	sample.	 	Typically	this	 is	

broken	 down	 further	 into	 richness	 and	 evenness,	 with	 the	 term	 alpha	 diversity	

combining	these	two	aspects.	 	Microbiome	richness	refers	to	how	many	different	

bacterial	 taxa	 exist	 within	 a	 given	 sample.	 	 Samples	 are	 richer	 if	 they	 contain	

higher	numbers	of	 taxa.	 	Evenness	 then	refers	 to	how	cell	 counts	are	distributed	

across	 these	different	 taxa,	whereby	samples	are	said	 to	be	more	even	 if	all	 taxa	
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appear	 at	 similar	 abundances	 and	 less	 even	 if	 they	 contain	 taxa	 at	 both	 high	

abundances	 and	 low	 abundances.	 	 Healthy	 gut	 microbiomes	 in	 mammals	 are	

usually	rich	 in	bacterial	species	and	unevenly	dispersed;	 for	example,	 the	human	

gut	 microbiome	 is	 thought	 to	 contain	 bacteria	 from	 12	 phyla,	 yet	 four	 phyla,	

Proteobacteria,	 Firmicutes,	 Actinobacteria	 and	 Bacteroidetes	 make	 up	 93.5%	 of	

the	microbiome	(Thursby	and	Juge,	2017).		The	alpha	diversity	measure	I	use	here	

is	Chao1,	which	takes	into	account	both	richness	and	evenness	to	ascribe	a	value	to	

each	sample	(Chao,	1984).	

	

Beta	 diversity	 on	 the	 other	 hand	 refers	 to	 diversity	 between	 samples,	 or,	 how	

similar	(or	dissimilar)	samples	are	to	each	other.		Beta	diversity	measures	ascribe	

a	score	of	between	0	and	1	to	each	pair	of	samples	compared,	where	one	end	of	the	

scale	 indicates	 identical	 samples	 and	 the	 opposite	 end	 represents	 cases	 where	

samples	 share	 no	 bacterial	 taxa	 in	 common	 at	 all.	 	 Different	 measures	 exist	 to	

calculate	these	values,	always	taking	into	account	presence	and	absence	of	unique	

sequences	and,	often,	additional	 information	also.	 	 In	 this	 thesis	 I	 shall	use	 three	

measures:	Bray	Curtis,	a	measure	used	in	classical	ecology	(Bray	and	Curtis,	1957;	

Faith,	Minchin	and	Belbin,	1987),	and	 two	microbiome-specific	measures	 termed	

weighted	 and	 unweighted	 Unifrac	 (Lozupone	 and	 Knight,	 2005;	 Lozupone	 et	al.,	

2011).	

	

Bray	Curtis	 (Bray	and	Curtis,	1957)	 is	 the	 simplest	measure	employed	here,	 and	

takes	into	account	only	the	presence	and/or	absence	of	unique	sequences	between	

each	pair	of	samples.		Unifrac	measures	both	compare	microbiomes	not	only	based	

on	 the	 taxa	 found	 there,	 but	 also	 how	 these	 taxa	 are	 related	 to	 each	 other	

(Lozupone	and	Knight,	2005;	Lozupone	et	al.,	2011).	To	calculate	this,	unweighted	

Unifrac	 uses	 a	 phylogenetic	 tree	 generated	 from	 the	 unique	 DNA	 sequences	

present	across	all	samples	to	account	for	their	taxonomic	relationships.		Weighted	

Unifrac	 also	 requires	 a	phylogenetic	 tree	 and	additionally	 takes	 into	 account	 the	

relative	abundances	of	each	unique	sequence	within	a	sample,	such	that	samples	

that	have	taxa	present	in	similar	proportions	are	deemed	to	be	more	similar	than	

samples	 with	 the	 same	 taxa	 present	 in	 different	 proportions.	 	 Microbiomes	

containing	 different	 but	 closely	 related	 taxa	 are	 therefore	 deemed	more	 similar	
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when	using	Unifrac	measures	compared	to	Bray	Curtis.	 	These	measures	allow	us	

to	 ascribe	 some	 value	 to	 microbiomes,	 which	 in	 turn	 allows	 us	 to	 make	

comparisons	 in	 order	 to	 better	 understand	 the	 gut	microbiome.	 	 In	 each	 of	 the	

chapters	 within	 this	 thesis,	 I	 begin	 beta	 diversity	 analyses	 by	 using	 all	 three	

methods	to	check	for	congruence	between	the	three,	which	strengthens	confidence	

in	 the	 results.	 	 Comparing	 the	 results	 of	 unweighted	 and	 weighted	 Unifrac	 in	

particular	can	 then	offer	suggestions	as	 to	where	variations	 in	microbiomes	may	

lie,	which	is	discussed	later	in	this	thesis.	

	

1.3	Primates	and	their	gut	microbiomes	

	

Although	research	into	the	gut	microbiomes	of	non-human	primates	has	begun,	it	

is	still	in	its	early	days,	with	fewer	studies	published	in	comparison	to	the	wealth	

of	 human	 gut	 microbiome	 papers.	 	 The	 first	 two	 papers	 to	 consider	 a	 range	 of	

mammalian	host	 species’	 looked	at	 the	 gut	 flora	of	 60	host	 species,	 spanning	11	

Orders	 and	 including	 17	 non-human	primate	 species	 (Ley,	Hamady,	 et	al.,	 2008;	

Ley,	Lozupone,	et	al.,	2008),	and	concluded	that	there	are	distinct	gut	microbiomes	

from	 one	 host	 species	 to	 another,	 but	 that	 these	 do	 not	 always	 mirror	 the	

evolutionary	relationships	of	mammals	themselves.		The	aim	of	not	only	these	two	

studies,	but	also	many	of	the	subsequent	non-human	primate	microbiome	papers,	

has	been	to	investigate	what	determines	the	composition	of	the	gut	community	of	

an	individual.	 	As	each	chapter	of	this	thesis	also	works	as	an	individual	and	self-

contained	study	of	a	set	of	primates’	gut	microbiomes,	a	more	in-depth	discussion	

of	 the	 current	 knowledge	 in	 each	 particular	 area	 of	 primate	 gut	 microbiome	

research	can	be	found	at	the	beginning	of	the	chapters,	rather	than	being	compiled	

in	 this	 chapter.	 	 What	 follows	 here	 instead	 is	 an	 overview	 of	 the	 major	 factors	

known	to	affect	the	primate	gut	microbiome,	as	well	as	examples	of	these	factors	in	

action.	

	

Of	the	wide	range	of	host-associated	factors	that	no	doubt	impact	gut	bacteria,	two	

are	most	commonly	cited	 in	 the	 literature	as	being	the	major	contributors	 to	gut	

flora	composition:	host	species,	and	host	diet.		There	is	some	debate	as	to	which	of	
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these	 two	 has	 the	 strongest	 impact,	 with	 some	 papers	 arguing	 for	 host	 species	

(Ochman	et	al.,	 2010;	 Yildirim	et	al.,	 2010;	McKenney	et	al.,	 2014;	Moeller	et	al.,	

2014;	 McKenney,	 Rodrigo	 and	 Yoder,	 2015)	 whilst	 others	 argue	 that	 the	 gut	

microbiome	is	shaped	most	by	diet	(Kisidayová	et	al.,	2009;	De	Filippo	et	al.,	2010;	

Muegge	et	al.,	2011;	Ren	et	al.,	2015).		

	

1.3.1	Host	taxonomy	

	

Figure	 1.2	 shows	 the	 evolutionary	 relationships	 between	 primate	 genera,	 and	 is	

annotated	to	illustrate	the	higher	levels	of	taxonomic	classification	that	I	shall	use	

in	 this	 thesis.	 	 Further	 discussions	 as	 to	 the	 relationships	 between	 the	 primates	

studied	 in	 this	 thesis	 can	 be	 found	 in	 the	 introductions	 to	 each	 results	 chapter.		

Comparisons	 of	 different	 primate	 species’	 have	 shown	 that	 there	 is	 greater	

interspecies	 variation	 in	 their	 gut	 communities	 than	 intraspecies	 variation,	

demonstrating	 that	 the	 gut	microbiota	 of	 primates	 is	 phylogenetically	 conserved	

and	 follows	 a	 pattern	 of	 vertical	 inheritance	 (Ley,	 Hamady,	 et	 al.,	 2008;	 Ley,	

Lozupone,	et	al.,	2008;	Ochman	et	al.,	2010;	Yildirim	et	al.,	2010;	McKenney	et	al.,	

2014;	 Moeller	 et	 al.,	 2014;	 McKenney,	 Rodrigo	 and	 Yoder,	 2015;	 Gaulke	 et	 al.,	

2017).	 	 This	 is	 unsurprising,	 as	 it	 is	 now	 commonly	 understood	 that	 the	 gut	 is	

colonised	during	the	 first	month	of	a	new-born’s	 life,	primarily	 from	its	mother’s	

own	gut	microbiota	 (Inoue	and	Ushida,	2003).	 	 In	hominids,	 or	 apes,	patterns	of	

gut	 microbiome	 relatedness	 mirror	 the	 relationship	 between	 the	 host	 species	

themselves	 (Ochman	 et	 al.,	 2010)	 and	 furthermore,	 certain	 bacterial	 taxa	 have	

been	found	to	coevolve	with	their	host,	demonstrative	of	the	intricate	and	mutually	

beneficial	 relationship	 that	a	host	has	with	 its	microbiome	(Moeller	et	al.,	2016).		

Rates	 of	 coevolution	 vary	 between	mammalian	 species	 and	 dramatic	 changes	 in	

gut	microbiome	composition	occur	in	correlation	with	evolutionary	events	such	as	

the	 transition	 from	 terrestrial	 to	marine	 life,	 the	 evolution	 of	 hominids	 (Nishida	

and	Ochman,	2018),	 and	 the	evolution	of	humans	 (Moeller,	 2017).	 	As	discussed	

earlier,	 Amato	 et	 al.	 (2019)	 concludes	 that	 within	 the	 primate	 Order,	 the	

evolutionary	 relationship	 between	 primates	 is	 a	 stronger	 predictor	 of	 gut	

microbiome	composition	than	host	diet.		This	study	notes	that	many	other	studies	
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include	 captive	primates	 to	 characterise	 the	 gut	microbiome	of	 that	 species,	 and	

suggests	 that	 this	might	be	a	confounding	 factor	 in	some	results.	 	This	 is	a	point	

that	 will	 be	 explored	 later	 in	 this	 thesis.	 	 Interestingly,	 (Moeller	 et	 al.	 (2017)	

suggest	that	whilst	gut	microbiomes	are	recognisably	different	in	wild	mammals,	it	

is	 physical	 proximity	 to	 other	 species	 that	 is	 responsible	 for	 microbiome	

composition.	 	 Since	 allopatry,	 the	 occurrence	 of	 individuals	 living	 in	 non-

overlapping,	 distinct	 geographical	 locations,	 is	 in	 part	 responsible	 for	 species	

diversification	 over	 evolutionary	 time,	 the	 evolution	 of	 new	 species	 due	 to	

allopatry	 and	 the	 diversification	 of	 their	 gut	 microbiomes	 through	 a	 lack	 of	

exposure	to	individuals	with	different	gut	microbiomes	seem	to	go	hand	in	hand.		

That	 is	 to	 say,	 it	makes	 sense	 that	we	would	 see	 gut	microbiome	diversification	

alongside	species	diversification	also.	
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Figure	 1.2	 Evolutionary	 tree	 of	 primate	 genera,	 adapted	 from	 Chatterjee	 et	 al.	 (2009).		

Higher	taxonomic	clades	discussed	in	this	thesis	have	been	added	for	clarity.	
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1.3.2	Diet	

	

Once	 colonisation	 has	 occurred,	 gut	 bacteria	 depend	 on	 food	 consumed	by	 their	

host	 as	 their	 energy	 source;	 accordingly,	 several	 studies	have	provided	evidence	

for	diet	being	a	driving	factor	in	the	evolution	of	gut	microbiota	(Ley,	Hamady,	et	

al.,	2008;	Ley,	Lozupone,	et	al.,	2008;	Muegge	et	al.,	2011;	Tito	et	al.,	2012;	Ren	et	

al.,	2015).	 	For	example,	Ley	et	al.	 (2008a)	report	 that	gut	microbiota	of	humans	

(an	 omnivorous	 hominid)	 tend	 to	 cluster	 more	 closely	 to	 other	 omnivorous	

primates	 such	as	 the	 ring-tailed	 lemur,	black	 lemur,	mongoose	 lemur	and	 spider	

monkey	 rather	 than	 with	 the	 rest	 of	 the	 hominids	 (orang-utans,	 chimpanzees),	

whose	diets	contain	greater	proportions	of	vegetation,	 in	beta	diversity	analyses.		

These	 chimpanzees	 and	 orang-utans,	 in	 turn	 clustered	 at	 a	 midpoint	 between	

omnivorous	 primates	 and	 non-primate	 herbivores,	 such	 as	 sheep.	 	 A	 separate	

study	 demonstrated	 the	 similarities	 between	 the	 panda	 gut	microbiome	 and	 the	

bamboo	lemur’s,	with	both	species’	diets	primarily	consisting	of	bamboo	(Erin	A.	

McKenney	et	al.,	2017),	and	the	pygmy	 loris,	known	to	consume	gum	from	trees,	

shows	a	distinct	gut	community	uniquely	able	to	digest	aromatic	compounds	found	

in	 gum	 (Bo	 et	al.,	 2010;	 Starr	 and	Nekaris,	 2013;	 Xu	 et	al.,	 2013).	 	 As	 discussed	

earlier	 in	 this	 chapter,	 Delsuc	 et	al.	 (2014)	 showed	 that	 the	 gut	microbiomes	 of	

myrmecophageous	 animals	 from	 different	 Orders	 showed	 convergence	 in	 gut	

microbiome	 composition	 due	 to	 their	 highly	 specialised	 diets.	 	 In	 humans,	 who	

display	by	 far	 the	greatest	 variety	 in	diets	within	 single	 species,	 diet	has	 a	 great	

impact	on	the	gut	microbiome.	 	Knight	(2015)	argues	that	 long-term	diet	has	the	

largest	effect	on	gut	microbiota	of	humans.		Similarly,	E.	A.	McKenney	et	al.	(2017)	

report	that	feeding	strategy	shapes	the	gut	microbiota	and	specialization	of	the	gut	

environment	 in	 captive	 lemurs.	 	 In	 comparing	 frugivorous	 (fruit-eating)	 and	

folivorous	 (leaf-eating)	 lemurs,	 they	 found	 bacteria	 in	 each	 dietary	 niche	

specialised	to	digest	compounds	found	in	either	fruit	or	foliage.		

	

	

1.3.3	Social	interactions	
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Interestingly,	 a	 few	 studies	 have	 also	 highlighted	 the	 potential	 effects	 of	 social	

interactions	between	individuals	on	gut	bacteria	composition	(Szekely	et	al.,	2010;	

Moeller,	 Peeters,	 et	 al.,	 2013;	 Tung	 et	 al.,	 2015).	 	 Primates	 are	 a	 particularly	

informative	 group	 of	 mammals	 to	 study	 in	 this	 respect,	 as	 they	 exhibit	 a	 great	

variety	of	social	behaviours	across	the	whole	order,	ranging	from	highly	social,	in	

the	case	of	baboons	and	humans,	to	more	solitary	species	such	as	some	nocturnal	

Strepsirrhines	 including	 the	mouse	 lemur	 and	 galagos.	 	 In	 some	 genera	 such	 as	

Cebus	 and	 Lagothrix,	 allomothering	 (the	 caring	 for	 of	 new-borns	 and	 infants	 by	

females	 other	 than	 the	 natural	mother)	 is	 seen	 (Kohda,	 1985),	 and	 occasionally	

different	 primate	 species	 are	 known	 to	 collect	 together	 to	 form	 interspecific	

groups	for	better	defence	against	predators	(Stensland,	Angerbjörn	and	Berggren,	

2003).		All	of	these	social	interactions	provide	potential	platforms	for	exchange	of	

bacteria	 between	 individuals.	 	 Moeller	 et	 al.	 (2013)	 for	 example	 observed	 that	

chimpanzees	 living	 in	 sympatry	 with	 gorillas	 tended	 to	 share	 53%	 more	 gut	

microbiota	 phylotypes	 than	 chimpanzees	 and	 gorillas	 living	 allopatrically,	 with	

evidence	 to	 suggest	 that	 the	 chimpanzees	 were	 being	 colonised	 by	 the	 gut	

microbiota	of	 the	gorillas	 (Moeller,	Peeters,	et	al.,	2013).	 	Additionally,	 studies	of	

baboons,	a	highly	social	species	with	regular	physical	contact	between	individuals,	

have	 demonstrated	 the	 importance	 of	 social	 interactions	 within	 the	 group	 in	

determining	 an	 individual’s	 gut	 microbiota	 community,	 where	 social	 grooming	

networks	 and	 male	 dispersal	 patterns	 were	 both	 strong	 predictors	 of	 gut	

microbiome	 composition	 (Tung	 et	 al.,	 2015;	 Grieneisen	 et	 al.,	 2017).	 	 Similarly,	

Perofsky	 et	 al.	 (2017)	 report	 that	 sociality	 impacts	 the	 gut	 microbiomes	 of	

Verreaux’s	sifakas,	a	 type	of	 lemur.	 	These	animals	 live	 in	small,	 cohesive	groups	

and	have	been	shown	in	this	study	to	have	microbiome	variation	that	reflects	the	

hierarchical	social	networks	of	the	animals	within	the	groups.	

	

1.3.4	The	interplay	of	lifestyle	factors	

	

The	 abovementioned	 factors	 are	 each	 logical	 contributors	 to	 gut	 community	

composition,	 and	almost	 certainly	 aren’t	mutually	 exclusive.	 Indeed,	 these	 are	 in	

themselves	 factors	 that	act	on	each	other.	 	The	species	of	an	animal	 to	an	extent	
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dictates	 that	 animal’s	 diet,	 be	 it	 through	 adaptation	 to	 specific	 geographical	

locations	where	only	 certain	 foods	 are	 found,	 the	 ability	 to	harvest	 or	 catch	 and	

digest	certain	food	types	or	simply	taste	preferences	(Callaway,	2012).		Sociality	is	

suggested	 to	 have	 developed	 partly	 in	 response	 to	 food	 availability	 (Hohmann,	

Robbins	 and	 Boesch,	 2012),	 or	 in	 the	 case	 of	 interspecific	 groups,	 for	 better	

defence	 against	 predators	 (Stensland,	 Angerbjörn	 and	 Berggren,	 2003).	 	 The	

impact	of	sociality	on	other	lifestyle	factors	such	as	diet	is	particularly	noticeable	

in	highly	social	species,	in	which	the	sharing	of	food	is	often	a	highly	social	event	

and	one’s	place	in	the	social	hierarchy	can	dictate	the	share	and	quality	of	food	an	

individual	has	available	to	them	(Crick	et	al.,	2013;	Eppley	et	al.,	2013;	Finestone	et	

al.,	2014).		Even	in	species	that	live	more	isolated	lives,	the	sharing	of	food	can	be	

an	important	aspect	to	the	mating	process	(Janson,	1984).	In	turn,	variations	in	the	

availability	 of	 certain	 food	 types	 drive	 migration,	 divergence	 and	 ultimately	

species	 evolution.	 	 Furthermore,	 almost	 all	 of	 the	 abovementioned	 factors	 can	

become	 disrupted	 when	 living	 in	 captivity,	 potentially	 providing	 an	 interesting	

insight	 into	 how	 changes	 to	 the	 natural	 diet	 and	 social	 structures	 of	 the	 host	

primates	 affect	 the	 gut	 microbiota.	 	 Gut	 microbial	 communities	 are	 no	 doubt	

determined	 by	 the	 interplay	 between	 all	 of	 these	 factors.	 Awareness	 of	 this	 is	

essential	 when	 exploring	 the	 defining	 factors	 affecting	 the	 gut	 microbiota	 of	

primates.	

	

1.4	Factors	studied	within	this	thesis	

	

Despite	the	growing	interest	in	the	primate	gut	microbiome,	most	primate	species	

remain	 unexplored,	 and	 even	 for	 the	 more	 commonly	 studied,	 such	 as	

chimpanzees	and	other	great	apes,	there	exist	many	unanswered	questions;	we	do	

not	 know	 for	 example,	 what	 variation	 exists	 between	 sub-species	 or	 non-

overlapping	populations	or	how	the	range	of	possible	habitats	and	lifestyles	affect	

the	gut	communities	of	these	animals.		Furthermore,	a	significant	proportion	of	the	

world’s	primates	now	live	in	captive	situations,	the	effects	of	which	on	the	gut	have	

almost	never	been	studied.	
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This	 thesis	 aims	 to	 add	 to	 the	 current	 knowledge	 by	 characterising	 the	 impact	

various	lifestyle	factors	have	on	the	guts	of	primates,	using	high-throughput	DNA	

sequencing	 techniques	 to	compare	several	 sets	of	primates	differing	 in	 lifestyles.		

The	 first	 section	 of	 this	 work	 addresses	 variation	 in	 free-living	 primate	

populations.	 	 Chapter	 3	 begins	 by	 considering	 variation	 at	 a	 population	 and	

subspecies	 level	 in	 free-living	chimpanzees	whose	microbiomes	have	never	been	

explored,	 as	 well	 as	 using	 information	 on	 diversity	 within	 the	 chimpanzee	 gut	

microbiome	to	predict	the	number	of	chimpanzee	communities	sharing	a	habitat	in	

Tanzania.	 	Chapter	4	moves	on	to	consider	variation	between	multiple	free-living	

primate	species	sharing	one	habitat	in	Tanzania,	addressing	previous	studies	that	

have	 stated	 the	 impact	of	physical	proximity	 to	other	 species	 in	determining	gut	

communities.		The	second	half	of	this	thesis	then	looks	at	how	captivity	affects	the	

gut.	 	 Chapter	 5	 is	 the	 first	 study	 to	 compare	 captive	 chimpanzees	 to	 their	 free-

living	counterparts,	commenting	on	variation	between	the	two,	and	then	considers	

the	 interesting	 case	 of	 the	 Rubondo	 chimpanzees,	 which	 are	 free-living	

descendants	of	chimpanzees	that	were	released	from	captivity	50	years	ago.		This	

is	 the	 first	 time	that	 the	gut	microbiomes	of	released	animals	have	been	studied,	

and	 discusses	 whether	 release	 is	 enough	 to	 establish	 natural	 gut	 communities.	

Chapter	6	finishes	with	a	large-scale,	multi-species	comparison	across	the	Primate	

Order	using	captive	 individuals	 from	the	UK	and	the	USA,	aiming	to	consider	 the	

effects	of	captive	location	vs.	host	species	on	the	gut	microbiome.		Throughout,	the	

aim	of	this	thesis	is	to	add	to	the	current	knowledge	as	to	how	the	gut	microbiome	

of	an	 individual	 is	 shaped	and	 to	what	extent	various	 lifestyle	 factors	 impact	 the	

gut	community	by	looking	at	previously	unconsidered	cases.	 	
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Chapter	2	–	Materials	and	methods	
	

2.1	Sample	collection	and	storage	

	

2.1.1	General	sample	collection,	permissions	and	storage	

	

For	 all	 chapters	within	 this	 thesis,	 faecal	 samples	were	 collected	 from	 primates	

and	used	as	representative	of	their	gut	microbiome;	this	is	the	most	practical	and	

most	 often-chosen	 method	 for	 gut	 microbiome	 studies	 due	 to	 its	 non-invasive	

nature	and	 the	 relative	 ease	of	 sample	 collection.	 	 For	 this	 study	 in	particular,	 it	

was	not	possible	to	sample	directly	from	the	intestines	of	the	individuals	due	to	the	

invasive	nature	of	such	a	procedure.	

	

Samples	 from	 free-living	 primates	were	 collected	 by	 colleagues	 stationed	 at	 the	

respective	field	sites,	using	collection	and	export	permits	already	in	place	prior	to	

this	thesis’s	work	taking	place.		More	information	on	these	sites	can	be	found	in	the	

chapters	 in	 which	 the	 samples	 are	 used	 (chapters	 3-5).	 	 Samples	 from	 captive	

primates	in	the	UK	were	collected	with	the	permission	of	each	captive	location	and	

by	 keepers	 working	 with	 the	 primates.	 	 As	 faecal	 samples	 are	 not	 classed	 as	

biological	 material,	 no	 permits	 were	 required	 to	 collect	 these	 samples	 from	

primates	residing	in	the	UK.		USA	governmental	permission	to	collect	samples	from	

captive	primates	residing	in	the	USA	was	obtained	by	Graham	Banes	at	Wisconsin	

University,	 who	 also	 organised	 the	 collection	 of	 these	 samples.	 	 For	 all	 samples	

shipped	 from	 non-UK	 countries,	 import	 permits	 were	 obtained	 from	 the	

Department	 for	 Environment,	 Food	 and	 Rural	 Affairs	 (DEFRA)	 according	 to	

regulations	for	the	import	of	Animal	By-Products	(England	Regulations,	2013).	

	

In	total,	somewhere	between	20-50	different	people	collected	the	samples	for	this	

study;	accordingly,	there	will	be	slight	variations	in	the	ways	in	which	the	samples	

were	 collected	 and,	 in	 some	 cases,	 stored.	 	 In	 some	 cases	 the	 samples	 were	

collected	as	part	of	a	different	 study	and	were	kindly	donated	 to	us	 for	our	own	
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use.	 	 In	 these	 cases,	 the	 samples	 were	 stored	 in	 solutions	 that	 were	 out	 of	 our	

control.	 	 Previous	 studies	 have	 looked	 at	 the	 variations	 seen	 due	 to	 different	

storage	media	(Nsubuga	et	al.,	2004;	Wu	et	al.,	2010).		Song	et	al.	(2016)	reviewed	

sample	 storage	methods	 and	 discuss	 variability	 based	 on	 storage.	 	 In	 this	 study	

they	compared	 faecal	 samples	 from	10	humans	and	5	dogs	 comprising	a	 total	of	

1200	 samples	 that	 were	 preserved	 using	 6	 different	 types	 of	 sample	 storage	

methods,	where	 samples	were	 stored	over	an	8	week	period.	 	 In	 this	 study	 they	

found	that	samples	stored	in	RNAlater	and	95%	ethanol	had	bacterial	community	

changes	between	sample	storage	solutions	that	were	far	smaller	than	the	average	

difference	 between	 individual	 dogs,	 individual	 humans	 and	 dogs	 and	 humans	

together.	 	A	similar	study	using	insect	gut	microbiota	found	that	storage	methods	

including	ethanol	and	 freezing	 (the	most	widely	 cited	 ideal	 storage	method)	had	

little	or	no	effect	on	assessments	of	microbiome	composition	after	two	months	of	

storage,.	 	 Dominianni	 et	 al.,	 (2014)	 similarly	 found	 that	 human	 faecal	 samples	

showed	 significant	 variation	 by	 human	 subject,	 but	 microbiome	 structure	 and	

relative	abundance	of	microbial	taxa	did	not	differ	significantly	by	sample	storage	

method	 from	 the	 four	 sample	 storage	 methods	 (including	 RNAlater)	 that	 they	

analysed.		In	agreement	with	this,	(Franzosa	et	al.,	2014)	found	that	samples	from	

the	 same	 individual	were	highly	 concordant	across	 sampling	methods	 (including	

ethanol,	 freezing	 and	 RNAlater)	 for	 microbial	 species,	 gene	 and	 transcript	

abundances.	 	 Lauber	 et	 al.,	 (2010)	 found	 that	 storage	 temperature	 (ranging	

between	 20	 to	 -80°C)	 has	 little	 effect	 on	 sample	 composition	 even	 without	

preservation	solutions	such	as	ethanol	or	RNAlater,	using	samples	collected	from	a	

variety	of	habitats	including	human	faeces	even	up	to	14	days	after	collection.		

	

These	findings	collectively	indicate	that	any	variations	in	bacterial	content	caused	

by	 sample	 storage	 differences	 are	 likely	 to	 be	 smaller	 than	 naturally	 occurring	

variations	 between	 samples	 from	 the	 same	 individual,	 different	 individuals	 and	

different	primate	species.	

	

The	 initial	 set	of	 samples	collected	 from	UK	zoos	was	stored	 in	100%	ethanol	 to	

match	the		Gashaka	and	Rubondo	samples.		Dehydration	of	samples	in	ethanol	has	

previously	 been	 shown	 to	 preserve	 a	 large	 proportion	 of	 the	 DNA	 present	
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(Nsubuga	 et	 al.,	 2004)	 	 I	 was	 then	 offered	 the	 Issa	 chimpanzee	 samples,	 which	

were	 stored	 in	 RNAlater,	 hence	 when	 it	 was	 offered	 to	 me	 to	 obtain	 further	

samples	from	Issa,	this	time	from	other	primates,	I	chose	to	use	RNAlater	again	to	

match	the	samples	I	would	be	comparing	them	to.	 	In	the	case	of	the	USA	captive	

primate	 samples,	 shipping	 regulations	 specified	 that	 RNAlater	 is	 the	 better	

solution	for	shipment.		Table	2.1	shows	the	storage	method	for	each	set	of	samples	

collected.		

	

Table	2.1	Storage	of	samples	used	in	this	thesis	

Sample	set	 Storage	solution	 Chapter(s)	used	

Issa	chimpanzees	 RNAlater	 3,	4,	5	

Gashaka	chimpanzees	 100%	ethanol	 3,	4,	5	

Issa	monkeys	 RNAlater	 4	

Rubondo	chimpanzees	 100%	ethanol	 5	

UK	captive	primates	 100%	ethanol	 5,	6	

USA	captive	primates	 RNAlater	 6	

	

	

Samples	that	were	stored	in	ethanol	were	placed	in	the	solution	immediately	upon	

collection	and	stored	at	4°C	until	DNA	was	extracted.		Samples	stored	in	RNAlater	

were	 stored	 in	 the	 solution	 and	 frozen	 at	 -20°C	until	 shipment	 to	 the	UK.	 	 After	

receiving	the	samples,	DNA	was	extracted	immediately	(see	below	section	2.2.1	for	

extraction	 protocols)	 and	 the	 rest	 of	 the	 samples	 were	 stored	 at	 -20°C.	 	 For	 all	

samples,	material	was	taken	from	the	inner	area	of	the	faecal	samples	to	minimise	

contamination	from	the	ground.	

	

	 	



	 39	

2.1.2	Captive	locations	

	

Table	 2.2	 contains	 information	 on	 the	 captive	 locations	 in	 which	 the	 captive	

primates	studied	here	resided.		More	information	as	to	which	primates	are	kept	at	

each	location	can	be	found	in	chapters	5	and	6	(sections	5.2	and	6.2	respectively).	

	

Table	2.2	Captive	primate	locations	

UK	captive	locations	 USA	captive	locations	

London	 Zoo	 (part	 of	 the	 Zoological	

Society	of	London,	ZSL),	London	

Henry	Vilas	Zoo,	Wisconsin	

Whipsnade	 Zoo	 (part	 of	 ZSL),	

Bedfordshire	

Madison	County	Zoo,	Wisconsin	

Howlett’s	 Wildlife	 Park	 (part	 of	 the	

Aspinall	Foundation),	Kent	

Racine	Zoo,	Wisconsin	

Port	Lympne	Wildlife	Park	(part	of	the	

Aspinall	Foundation),	Kent	
	

Colchester	Zoo,	Essex	 	

Twycross	Zoo,	Leicestershire	 	

	

2.2	Sample	preparation	and	sequencing	

	

2.2.1	Genomic	DNA	extraction	

	

Total	 genomic	 DNA	was	 extracted	 using	 the	 Qiagen	 QIAamp	 DNA	 stool	mini	 kit	

(Qiagen,	 catalogue	 number	 51504)	 following	 the	 protocol	 in	 the	 second	 edition	

(June	 2012)	 handbook	 entitled	 “Isolation	 of	 DNA	 from	 Stool	 for	 Pathogen	

Detection”,	 with	 the	 following	 minor	 modifications.	 	 In	 step	 3,	 the	 incubation	

temperature	 was	 increased	 to	 95°C	 to	 lyse	 all	 types	 of	 cells.	 	 Optional	 step	 17,	

consisting	 of	 an	 additional	 centrifugation	 step	 after	 centrifugation	 using	 wash	

buffer	 AW2,	was	 performed.	 	 At	 step	 18,	 the	 volume	 of	 elution	 buffer	 (EB)	was	

lowered	to	100µl	for	more	a	concentrated	DNA	sample,	and	was	left	to	incubate	at	
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room	temperature	for	5	minutes	in	the	spin	column	before	the	final	centrifugation	

step.		Upon	extraction,	DNA	was	stored	at	-20°C	until	use.			

	

2.2.2	PCR	amplification	and	addition	of	barcoded	primers	

	

For	 all	 samples,	 the	 V3-V4	 region	 of	 the	 16S	 rRNA	 gene	 was	 amplified	 using	

Illumina-specific	barcoded	versions	of	primers	341F	5’-CCTACGGGNGGCWGCAG-3’	

and	805R	5’-GACTACHVGGGTATCTAATCC-3’	for	each	of	these	samples,	creating	an	

amplicons	 of	 approximately	 464	 base-pairs,	 allowing	 for	 small	 species-specific	

variations.	 	 Table	 2.3	 shows	 the	 mastermix	 protocol	 used	 for	 each	 reaction.	 A	

highly	stringent	Taq	polymerase	kit,	Moltaq,	was	used	to	minimise	DNA	replication	

errors	 during	 amplification	 (VH	 Bio,	 catalogue	 number	 05S0400100).	 	 For	 each	

mastermix,	 a	 negative	 control	 of	 H20	 was	 also	 prepared	 to	 check	 for	

contamination.		Each	of	the	reagents	listed	in	table	2.3	were	added	into	a	PCR	tube	

before	being	placed	into	the	thermocycler.		PCR	cycling	conditions	were	94°C	for	5	

minutes,	 followed	by	30	 cycles	 of	 30	 seconds	 at	 94°C,	 40	 seconds	 at	 58°C	 and	1	

minute	 at	 72°C,	 then	 a	 further	10	minutes	 at	 72°C.	 	 A	 total	 of	 8	 forward	 and	12	

reverse	barcodes	were	used,	 for	a	 total	of	96	possible	combinations,	allowing	96	

samples	to	be	sequenced	in	parallel	in	one	sequencing	run.		Amplicons	were	run	on	

a	1%	agarose	gel	(1g	agarose,	100mL	deionised	water,	at	100V	for	30-40	minutes)	

to	check	for	the	correct	amplicon	size.		
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Table	2.3	PCR	mastermix	for	barcoded	amplification	of	V3-V4	region	of	16S	rRNA	

Reagent	
For	1x	reaction	

Final	volume	(µL)	 Final	concentration	

Moltaq	H2O	 7.2	 -	

2.5X	 Moltaq	 Buffer	 and	

dNTPs	mastermix	
10	

1	x	buffer	

	

Moltaq	(5u/µL)	 0.8	 0.625u	

Forward	primer	(10µM)	 2	 0.8µM	

Reverse	primer	(10µM)	 2	 0.8µM	

Template	DNA	 3	 -	

Total	volume	 25	 -	

	

2.2.3	Sequencing	library	preparation	

	

After	PCR,	amplicons	were	purified	using	Agencourt	AMPure	XP	beads	(Beckman	

Coulter,	 catalogue	 number	 A63880)	 using	 their	 96	well	 format	 PCR	 Purification	

Process	Procedure	in	their	PCR	purification	handbook	provided.	

	

After	 purification,	 the	 amplicons	 were	 quantified	 using	 Qubit	 Fluorometric	

Quantitation	(ThermoFisher	Scientific,	reagent	kit	catalogue	number	Q32854).		For	

each	run,	containing	approximately	96	barcoded	samples,	samples	were	diluted	to	

equimolar	 concentrations	 using	 PCR	 grade	 H2O	 from	 the	 Moltaq	 kit	 referenced	

earlier,	 and	 equal	 volumes	 of	 each	 equimolar	 amplicon	 were	 then	 combined	 to	

create	 a	 pooled	 library.	 	 A	 mock	 community	 containing	 known	 quantities	 of	

different	 bacterial	 DNA	was	 also	 added	 to	 each	 run;	 observation	 of	 reads	 in	 the	

same	 ratios	 indicated	 no	 biases	 during	 sequencing.	 	 The	 mock	 community	

composition	is	shown	in	table	2.4	(bei	resources,	catalogue	number		HM-783D).	
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Table	2.4	Mock	community	composition	

Bacterial	Species	 DNA	concentration	

Actinomyces	odontolyticus	 1.0	pg/	µ	L		

Bacillus	cereus	 45	pg/	µ	L		

Bacteriodes	vulgatus	 0.8	pg/	µ	L		

Clostridium	beijerinckii	 44	pg/	µ	L		

Deinococcus	radiodurans	 1.0	pg/	µ	L		

Enterococcus	faecalis	 0.7	pg/	µ	L		

Escherichia	coli	 680	pg/	µ	L	

Helicobacter	pylori	 8.6	pg/	µ	L		

Lactobacillus	gasseri	 3.2	pg/	µ	L		

Listeria	monocytogenes	 5.0	pg/	µ	L		

Neisseria	meningitidis	 5.8	pg/	µ	L		

Propionibacterium	acnes	 8.8	pg/	µ	L		

Pseudomonas	aeruginosa	 160	pg/	µ	L	

Rhodobacter	sphaeroides	 1400	pg/	µ	L	

Staphylococcus	aureus	 59	pg/	µ	L		

Staphylococcus	epidermidis	 510	pg/	µ	L	

Streptococcus	agalactiae	 32	pg/	µ	L		

Streptococcus	mutans	 420	pg/	µ	L	

Streptococcus	pneumoniae		 0.6	pg/	µ	L		

Actinomyces	odontolyticus		 1.0	pg/	µ	L		

	

2.2.4	MiSeq	sequencing	

	

The	Illumina	MiSeq	sequencing	platform	was	used	to	perform	all	sequencing	runs.		

Samples	 were	 denatured	 and	 loaded	 using	 Protocol	 A:	 Standard	 Normalization	

Method	provided	by	Illumina	in	their	Denature	and	Dilute	Libraries	guide.		10%	of	

12pM	 PhiX	 (Illumina,	 catalogue	 number	 FC-110-3001)	 was	 also	 loaded	 to	

introduce	DNA	base	variation	in	the	initial	cycles,	to	improve	base-calling	accuracy.	
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2.3	Pre-processing	of	sequencing	data	

	

The	following	data	handling	steps	were	performed	for	all	samples	analysed	in	this	

thesis.		Study-specific	data	analyses	that	vary	between	the	chapters	are	described	

in	full	detail	in	each	chapter.			

	

Pre-processing	 of	 reads	 was	 performed	 using	 QIIME	 (version	 1.9.1,	 J	 Gregory	

Caporaso	et	al.,	2010)	in	the	virtual	box	Microbiome	Helper	(version	2.1,	Comeau,	

Douglas	and	Langille,	2017).		The	MiSeq	platform	trims	primers	and	adapters	from	

the	reads	as	standard	before	outputting	the	data	as	individual	forward	and	reverse	

files	per	sample	loaded.		Forward	and	reverse	reads	were	then	further	trimmed	to	

ensure	 high	 quality	 scores	 across	 the	 whole	 read	 using	 Cutadapt	 (version	 1.8,	

Martin,	2011),	usually	around	the	240bp	mark,	as	confidence	in	base-calling	tails	

off	 towards	 the	 end	 of	 a	 read	 for	 reads	 generated	 using	 the	 Illumina	 MiSeq	

platform.		The	script	used	was	parallel	--link	--jobs	20	cutadapt.	--pair-filter	any	--

no-indels	--discard-untrimmed.	
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2.3.1	Determining	unique	sequences	with	DADA2	

	

For	each	chapter,	DADA2	(version	1.6.1,	Callahan	et	al.,	2016)	was	used	to	sort	the	

reads	into	unique	sequences	for	downstream	analyses.		As	mentioned,	this	method	

employs	 an	 error-correcting	 process	 that	 compares	 bases	 in	 the	 same	 positions	

within	 reads	 to	 detect	miscalled	 bases	 and	was	 chosen	 over	 classic	OTU	picking	

methods	as	it	accurately	retains	more	sequence	variant	information	by	clustering	

reads	 at	 100%	 sequence	 similarity	 rather	 than	 the	 97%	 cut	 off	 used	 in	 OTU	

picking.	 	 The	 virtual	 box	Microbiome	Helper	 (version	 2.1,	 Comeau,	 Douglas	 and	

Langille,	 2017)	was	 used	 to	 implement	 DADA2	 for	 all	 datasets	 using	 the	 scripts	

dada2_filter.R	 and	 dada2_inference.R.	 	 Implementation	 of	 DADA2	 using	 this	 tool	

included	pairing	forward	and	reverse	reads,	error-checking	and	chimera-checking,	

which	removes	mis-paired	forward	and	reverse	reads.		Reads	were	then	assigned	

taxonomy	to	as	low	a	level	as	possible	using	the	SILVA	release	132	representative	

set	of	16S	rRNA	sequences	(version	132,	Quast	et	al.,	2012;	Yilmaz	et	al.,	2014)	and	

chimeras	were	removed,	both	using	the	script	dada2_chimera_taxa.R.			

	

2.3.2	Rarefaction	of	sample	data		

	

Following	 this,	 the	 datasets	were	 each	 rarefied	 to	 an	 even	 depth	 to	 account	 for	

variation	in	sequencing	depth	between	the	samples	by	using	single_rarefaction.py.		

To	rarefy	a	sample	means	to	randomly	pick	a	subset	of	reads,	the	number	of	which	

is	referred	to	as	the	depth,	hence	to	rarefy	to	an	even	depth	means	to	subset	each	

sample	to	contain	the	same	number	of	reads.		There	are	many	contradicting	views	

that	 advocate	 or	 condemn	 rarefaction	 of	 data,	 (Lozupone	 et	 al.,	 2007;	 Schloss,	

2010;	Anderson	et	al.,	2011;	McMurdie	and	Holmes,	2014;	Edgar,	2017)	and	as	yet	

there	 is	 no	 clear	 consensus	 as	 to	 which	 method	 retains	 the	 most	 data	 without	

altering	what’s	really	there.		The	issue	arises	from	the	fact	that	for	each	sample,	a	

different	 number	 of	 reads	 will	 be	 obtained	 due	 to	 errors	 during	 base-calling,	

pairing	 reads,	 chimera	 checking	 and	 so	 on.	 The	 argument	 against	 rarefying	

samples	 is	 a	 philosophical	 one,	 arguing	 that,	 by	 discarding	 reads	 from	 the	 high-

read-count	samples,	the	full	set	of	information	available	is	not	considered	for	that	
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sample	 (McMurdie	and	Holmes,	2014).	 	The	number	of	 reads	discarded	depends	

on	 the	 lowest	 read-count	 sample,	 so	 accordingly	 if	 all	 samples	 have	 been	

sequenced	 to	 a	 high	 depth,	 this	 is	 less	 of	 an	 issue	 as	 the	 likelihood	 of	 rare	 taxa	

being	 sequenced	 and	 included	 increases.	 	 Alternative	 methods	 involved	

transforming	the	data	in	some	way,	such	as	calculating	the	relative	abundances	of	

reads	for	all	samples,	such	that	reads	are	no	longer	counted	as	whole	numbers	but	

as	 fractions	of	 the	total	 (McMurdie	and	Holmes,	2014).	 	Here	 it	was	decided	that	

rarefaction	was	sufficient	as	all	samples	were	sequenced	to	high	depths,	containing	

20,000	 reads	 per	 sample	 after	 quality	 filtering	 and	 rarefaction	 (Anderson	 et	 al.,	

2011).	

	

2.4	Analysis	methods	employed	in	all	chapters	

	

Descriptions	of	the	following	methods	of	data	analysis	are	included	here	as	a	key	to	

understanding	 the	 processes	 for	 anyone	 unfamiliar	with	 these	methods.	 	 For	 all	

sets	 of	 samples	 compared	here,	 both	 alpha	 and	beta	measures	 of	 diversity	were	

used,	 to	measure	 how	 similar	 samples	were	 to	 each	 other	 in	 various	ways.	 	 All	

alpha	 and	 beta	 diversity	 estimates	 and	 their	 visualisations	were	 generated	 in	 R	

using	various	packages	unless	otherwise	stated.			

	

2.4.1	Metadata	

	

Metadata	here	refers	 to	any	additional	 information	about	 the	samples;	 this	could	

include	information	on	the	collection	site,	collection	year,	host	species	and	so	on.		

These	listed	are	all	types	of	metadata	categories,	whilst	a	metadata	field	refers	to	a	

single	 type	 of	 metadata	 within	 a	 category.	 	 For	 example,	 within	 the	 metadata	

category	of	“host	species”,	the	fields	might	be	“common	chimpanzee”,	“ring-tailed	

lemur”,	“siamang”	etc.		Throughout	this	thesis,	these	terminologies	will	be	used	to	

refer	to	such	information	on	samples.	
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2.4.2	Alpha	diversity	

	

The	term	alpha	diversity	refers	to	any	measure	of	diversity	within	a	sample,	and	

considers	 diversity	 in	 terms	 of	 both	 richness	 and	 evenness	 of	 taxa	 across	 the	

sample.	 	 The	measure	 of	 alpha	 diversity	 used	 for	 all	 analyses	 here	 is	 the	 Chao1	

measure	(Chao,	1984),	implemented	using	the	phyloseq	R	package	(version	1.22.3,	

McMurdie	 and	Holmes,	 2013)	using	 the	 script	 estimate_richness.	 	 Scatterplots	of	

Chao1	values	for	each	sample	were	generated	to	visualise	the	data,	where	samples	

are	grouped	into	columns	and/or	coloured	by	the	relevant	metadata	categories.		A	

non-parametric	two-sided	two-sample	t-test	using	999	Monte	Carlo	permutations	

to	calculate	p-values	was	used	to	compare	the	means	of	the	metadata	fields	within	

a	 category	 using	 the	 QIIME	 script	 compare_alpha_diversity.py	 in	 Terminal;	

significant	variation	between	fields	shows	that	alpha	diversity	varies	significantly	

between	samples	from	different	fields	based	on	that	metadata	category.		This	test	

performs	 in	 the	same	way	as	 the	parametric	 t-test,	but	computes	 the	probability	

based	 on	 a	 boot-strap	 procedure	 where	 the	 sample	 group	 values	 are	 permuted	

using	 Monte	 Carlo	 permutations	 to	 calculate	 a	 p-value,	 making	 the	 test	 non-

parametric.	 	The	 test	 first	 calculates	 the	observed	 test	 statistic	using	 the	original	

means	from	the	two	fields.		It	then	randomly	shuffles	values	between	the	two	fields	

and	recalculates	the	test	statistic.		The	“shuffled”	test	statistic	is	then	compared	to	

the	observed	one	to	see	 if	 it	 is	equal	 to	or	more	extreme.	 	Since	 it	 is	a	 two-sided	

test,	 the	absolute	values	of	 the	original	and	shuffled	 test	 statistics	are	used.	 	The	

process	is	repeated	for	999	permutations	and	the	p-value	is	calculated	as	the	count	

of	 “equal	 to	 or	 more	 extreme”	 test	 statistics	 divided	 by	 the	 total	 number	 of	

permutations	i.e.		

	

p	=	(equal	to	or	more	extreme	count	+	1)	/	(999	+	1)	

	

where	+1	is	added	for	the	case	where	equal	to	or	more	extreme	count	=	0.	
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2.4.3	Beta	diversity	

	

Beta	 diversity	 considers	 how	 each	 sample	 compares	 to	 every	 other	 sample.		

Various	methods	 either	 consider	 sample	 similarity	 (where	 identical	 samples,	 i.e.	

two	 samples	 that	 contain	 the	 same	 OTUs,	 are	 given	 a	 score	 of	 1	 and	 entirely	

dissimilar	 samples	 a	 score	 of	 0)	 or	 sample	 dissimilarity	 (entirely	 dissimilar	

samples	get	a	score	of	1	here).		In	each	method,	every	sample	is	compared	to	every	

other	sample	in	a	pairwise	manner,	generating	a	distance	matrix	of	how	similar	or	

dissimilar	each	sample	is	to	every	other	sample.		Three	measures	of	beta	diversity	

are	included	in	for	each	chapter	of	this	thesis:	Bray-Curtis	(Bray	and	Curtis,	1957),	

and	both	unweighted	and	weighted	Unifrac	measures	(Lozupone	and	Knight,	2005;	

Lozupone	et	al.,	 2011),	 each	of	which	are	 explained	 in	 the	previous	 introduction	

chapter.	

	

As	 they	 incorporate	 phylogenetic	 information,	 both	 Unifrac	 measures	 require	 a	

phylogenetic	 tree	 to	 calculate	 distances.	 	 A	 sequence	 alignment	 was	 generated	

from	 the	 total	 set	 of	 unique	 sequences	 using	 PyNAST	 (version1.2.2,	 J.	 Gregory	

Caporaso	 et	 al.,	 2010),	 non-informative	 columns	 were	 removed	 and	 an	

approximately-maximum-likelihood	 phylogenetic	 tree	 was	 built	 using	 FastTree	

(version	 2.1,	 Price,	 Dehal	 and	 Arkin,	 2009).	 	 To	 do	 so,	 the	 scripts	 align_seqs.py,	

filter_alignment.py	and	make_phylogeny.py	respectively	were	used.		All	steps	were	

implemented	 using	 Microbiome	 Helper	 (version	 2.1,	 Comeau,	 Douglas	 and	

Langille,	 2017).	 	 Distances	 matrices	 for	 Bray	 Curtis,	 unweighted	 Unifrac	 and	

weighted	Unifrac	measures	were	created	in	phyloseq	using	the	script	‘distance’,	for	

each	distance	measure.	

	

Principal	Coordinate	Analysis	 (PCoA)	plots	were	created	 for	each	of	 the	distance	

measures,	 to	 visualise	 the	 data	 and	 check	 for	 consistencies	 between	 the	 three	

measures	using	phyloseq	(version	1.22.3,	McMurdie	and	Holmes,	2013),,	using	the	

script	plot_ordination.		PCoA	plots	use	the	pairwise	distances	between	each	pair	of	

samples	 and	 convert	 them	 into	 a	 set	 of	 coordinates,	which	 are	plotted	 such	 that	
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samples	 that	 are	 more	 similar	 cluster	 closer	 together	 and	 samples	 less	 similar	

separate	 out	 from	 each	 other.	 	 Since	 weighted	 Unifrac,	 as	 previously	 discussed,	

takes	into	account	the	most	microbiome	information,	the	choice	was	made	to	use	

this	method	in	further	analyses.		The	following	methods	of	looking	at	beta	diversity	

thus	use	the	weighted	Unifrac	distance	matrices	generated	in	each	chapter	in	their	

analyses.	

	

Permutational	 Multivariate	 Analysis	 of	 Variance	 (PERMANOVA)	 (Anderson	 and	

Walsh,	2013)	was	used	as	a	 statistical	measure	of	 significance	when	considering	

whether	gut	microbiomes	vary	 significantly	as	 fields	within	metadata	 categories,	

for	 example	 collection	 sites	 or	 host	 primate	 species,	 change.	 This	 is	 a	

permutational,	 non-parametric	 form	 of	 ANOVA,	 which	 compares	 the	 variance	

between	the	means	of	metadata	fields	within	a	metadata	category.	 	PERMANOVA	

was	implemented	using	QIIME	(version	1.9.1,	J	Gregory	Caporaso	et	al.,	2010)	with	

the	script	compare_categories.py.	

	

To	 further	 consider	 whether	 gut	 microbiomes	 varied	 significantly	 as	 sample	

metadata	 fields	 changed,	 distance	 boxplots	were	 in	many	 cases	 generated	 using	

the	script	make_distance_boxplots.py		in	QIIME.		Here,	distance	values	taken	from	a	

weighted	Unifrac	distance	matrix	are	used	to	generate	a	boxplot,	generating	boxes	

based	on	the	two	metadata	fields	that	each	distance	corresponds	to.		Two	kinds	of	

boxplots	 exist;	 the	 first	 collates	 distances	 based	 on	 whether	 the	 samples	 being	

compared	 belong	 to	 the	 same	 field	 (a	 “within-field”	 distance)	 or	 whether	 they	

belong	 to	separate	 fields	 (a	 “between-field”	distance”),	whilst	 the	second	collates	

distances	based	on	 the	specific	 fields	being	compared,	 resulting	 in	a	much	 larger	

boxplot.		Using	the	collection	year	metadata	category	as	an	example,	the	first	type	

of	 boxplot	 would	 group	 distances	 into	 two	 boxes	 based	 on	 whether	 the	 two	

samples	 compared	 are	 “within-year”	 (i.e.	 from	 the	 same	 collection	 year)	 or	

“between-years”	 (from	 different	 collection	 years).	 	 The	 second	 type	 of	 boxplot	

would	group	distances	into	boxes	based	on	the	specific	years	being	compared	(e.g.	

“2009	vs.	2009”,	“2009	vs.	2010”,	“2009	vs.	2011”	and	so	on	for	all	pairs	of	years).	
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A	 non-parametric	 two-tailed	 two-sample	 t-test	 using	 999	 Monte	 Carlo	

permutations	 (see	 above	 section	 on	 alpha	 diversity	 for	 description	 of	 how	 this	

works)	is	then	used	to	compare	the	mean	of	each	box	to	the	mean	of	every	other	

box.		For	the	simpler	form	of	boxplot,	if	the	mean	within-field	distance	is	found	to	

be	significantly	lower	than	the	mean	between-field	distance,	the	implication	is	that	

samples	contained	in	the	same	field	are	more	similar	to	each	other	than	to	samples	

from	 a	 different	 field.	 	 Using	 the	 collection	 year	 example	 again,	 the	 test	 is	

comparing	whether	 two	 samples	 collected	 in	 the	 same	 year	 are	more	 similar	 to	

each	 other	 than	 two	 samples	 collected	 in	 two	 different	 years.	 	 Comparing	 the	

means	of	the	second,	more	complex	form	of	boxplot	then	allows	for	comments	to	

be	made	as	to	which	metadata	fields	are	more	similar	to	each	other	and	which	are	

more	different,	for	example	whether	samples	collected	in	2010	were	more	similar	

to	samples	collected	in	2011	than	they	were	to	samples	collected	in	2014.			

	

2.5	Chapter-specific	analyses	

	

The	following	analyses	are	not	used	in	all	chapters.		Each	chapter	in	which	they	are	

implemented	clearly	states	which	methods	are	used.	

	

2.5.1	Mantel	test	of	correlation	

	

Chapter	used:	chapter	3	

A	Mantel	test	(Anderson	and	Walsh,	2013)	compares	two	distance	matrices	to	test	

whether	they	are	correlated	with	each	other.		A	positive	result	between	a	metadata	

distance	matrix	and	a	sample	distance	matrix	implies	that	the	metadata	category	is	

correlated	 with	 microbiome	 diversity.	 	 The	 Mantel	 test	 used	 here	 was	

implemented	 in	QIIME	 (version	 1.9.1)	with	 script	 compare_distance_matrices.py,	

using	weighted	Unifrac	distances	between	samples.	

	

2.5.2	K-nearest	neighbour	
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Chapter	used:	chapters	3	and	4	

K-nearest	 neighbour	 models	 consider	 how	 accurately,	 as	 a	 percentage	 of	 all	

possible	comparisons,	a	sample’s	field	within	a	metadata	category	can	be	predicted	

by	 looking	 at	 the	 fields	 of	 the	 K–nearest	 neighbours	 in	 a	 distance	 matrix	 –	 i.e.	

which	 fields	 the	 K	 most	 similar	 samples	 belong	 to.	 	 The	 R	 package	 FastKNN	

(version	1.0.1)	was	used	to	implement	this	test	(Zhang	et	al.,	2013).		The	value	of	K	

is	 chosen	 based	 on	 the	 number	 of	 samples	 that	 need	 to	 be	 included	 to	 get	 the	

lowest	error	rate	in	the	training	database	(the	database	where	the	true	metadata	

fields	are	known).		Values	of	K	were	tested	before	5	was	decided	as	the	optimal	K	

value	as	for	each	comparison	made,	this	was	the	highest	value	of	K	before	accuracy	

began	to	drop.	

	

2.5.3	DeSeq2	

	

Chapter	used:	chapter	3	

DeSeq2	(version	1.18.1,	Love,	Huber	and	Anders,	2014b,	2014a)	is	a	tool	originally	

developed	to	test	for	differential	read	counts	per	gene	in	RNA	sequencing	analyses,	

and	has	since	been	co-opted	into	16S	microbiome	studies.		In	this	thesis	I	use	it	to	

search	 for	 differentially	 abundant	 bacterial	 taxa	 between	 two	 fields	 within	 a	

metadata	category.		The	results	are	plotted	as	a	log	two-fold	change	from	one	field	

to	the	other.	This	was	implemented	in	R	using	the	script	“DESeq”	from	the	DeSeq2	

package	 (first	 converting	 the	 phyloseq	 object	 to	 DeSeq2	 format	 using	 the	 script	

phyloseq_to_deseq2).	
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Chapter	 3	 –	 Variation	 within	 the	 common	 chimpanzee	

(Pan	troglodytes)	gut	microbiome	
	

3.1	Introduction	

	

3.1.1	Intra-specific	gut	microbiome	variation	in	humans	

	

Given	 that	 host	 species	 is	 only	 one	 of	 the	 factors	 that	 affect	 gut	 microbiome	

composition,	 it	 makes	 sense	 then	 that	 members	 of	 the	 same	 species	 can	 have	

different	and	distinguishable	gut	microbiomes.		Humans	are	by	far	the	most	widely	

studied	primate	and	it	has	been	shown	that	there	is	population-level	microbiome	

diversity	 in	humans;	 indeed,	characterisation	of	human	gut	microbiome	diversity	

is	the	subject	of	numerous	studies	(Ley,	Peterson	and	Gordon,	2006;	Turnbaugh	et	

al.,	2007;	Kinross,	Darzi	and	Nicholson,	2011;	Lozupone	et	al.,	2012;	Schloissnig	et	

al.,	2012;	Yatsunenko	et	al.,	2012;	Faith	et	al.,	2013;	Davenport	et	al.,	2014;	Moeller	

et	al.,	 2014).	 It	 is	 in	 humans	 that	 studies	 have	 demonstrated	 the	 variability	 and	

flexibility	of	gut	microbiomes,	which	vary	with	diet	(Wu	et	al.,	2011;	David	et	al.,	

2014;	Ren	et	al.,	2015),	disease	and	health	states	(Pimentel,	Chow	and	Lin,	2000;	

Round	and	Mazmanian,	2009;	Kinross,	Darzi	and	Nicholson,	2011;	Lozupone	et	al.,	

2012;	Guinane	and	Cotter,	2013;	Falony	et	al.,	2016),	use	of	medication	(Pimentel,	

Chow	 and	 Lin,	 2000;	 Kinross,	 Darzi	 and	 Nicholson,	 2011;	 Falony	 et	 al.,	 2016),	

initial	colonisation	methods	(Kelly,	King	and	Aminov,	2007),	red	blood	cell	counts	

(Falony	et	al.,	 2016),	 seasons	 (Davenport	et	al.,	 2014),	 co-habitation	 (Song	et	al.,	

2013),	 environmental	 factors	 (Rothschild	 et	 al.,	 2018)	 and	 host	 genetics	 (Spor,	

Koren	and	Ley,	2011)	to	name	a	few.		

	

Humans	exhibit	the	greatest	intra-specific	variety	of	lifestyles	of	all	primates.		Yet,	

for	all	their	unique	and	disparate	lifestyles,	human	beings	represent	an	ecological	

anomaly.	 	 	 For	 all	 other	 primate	 species,	 and	 indeed	 most	 if	 not	 all	 other	

mammalian	 species,	 it	 is	 usually	 the	 case	 that	 their	 lifestyles	 span	 a	 much	

narrower	range.		No	other	single	species	of	primate	has	been	found	living	naturally	

in	more	 than	one	 continent,	 and	 indeed,	 those	 species	 that	 are	 found	 in	 a	wider	
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proportion	of	the	world	tend	to	have	dispersed	at	a	slower	pace	than	humans	and	

so	diversify	into	subspecies	(Hey,	2010).	 	With	this	rapid	geographical	dispersion	

of	human	beings	come	rapid	changes	to	all	other	lifestyle	aspects	(Lahr	and	Foley,	

2005),	 including	 diversification	 of	 diet,	 social	 habits	 (from	 living	 in	 isolated	

villages	 to	 huge	 cities)	 and	 habitats,	 all	 of	 which	 are	 known	 to	 impact	 the	 gut	

environment.	 	 It	 would	 be	 wrong	 then	 to	 make	 the	 assumption	 for	 other,	 non-

human	primate	species,	for	which	lifestyles	tend	to	be	more	homogenous	within	a	

given	 species,	 that	 the	 gut	 microbiome	 shows	 the	 same	 intra-specific	

diversification.	 	Further	exploration	 into	 subspecies-,	population-	and	 individual-

level	variation	is	important.	 	Whilst	inter-specific	comparisons	can	and	should	be	

made	 to	 better	 understand	 gut	 microbiome	 diversity	 across	 the	 primate	 Order,	

also	 considering	 variation	 within	 single	 host	 species	 allows	 us	 to	 form	 a	 better	

basis	 upon	 which	 to	 compare	 different	 host	 species.	 	 Understanding	 gut	

microbiome	 variation	 within	 a	 species	 for	 example	 may	 allow	 us	 to	 detect	

anomalous	 host	 populations	 that	 might	 be	 present	 in	 our	 studies	 rather	 than	

treating	them	as	representative	of	that	species	 in	multi-species	comparisons,	and	

presents	opportunities	then	to	compare	them	to	other	populations	of	that	species	

to	understand	which	factors	make	their	cases	different.	

	

3.1.2	The	common	chimpanzee	(Pan	troglodytes)	and	its	gut	microbiome	

	

One	 of	 the	most	 extensively	 studied	 non-human	primates	 is	 our	 closest	 relative,	

the	 common	 chimpanzee	 (Pan	 troglodytes),	 yet	 exactly	 how	 the	 gut	microbiome	

varies	 in	 this	 species	 both	 between	 and	 within	 populations	 remains	 unclear.		

Chimpanzees	 lend	 themselves	 to	microbiome	 studies	 well;	 their	 popularity	 as	 a	

species	 to	 study	means	 that	 our	 knowledge	 of	 their	 habitats,	 diets,	 sociality	 and	

general	lifestyles	are,	in	comparison	to	some	other	non-human	primates,	relatively	

well-understood,	 all	 of	which	 are	 factors	 known	 to	 affect	 the	 gut	microbiome	 in	

humans.	 	 Furthermore	 the	 common	 chimpanzee	 comprises	 four,	 possibly	 five,	

subspecies,	 which	 are	 distributed	 across	 Central	 and	 West	 Africa	 (Bjork	 et	 al.,	

2011),	allowing	us	to	consider	the	extent	of	microbiome	variation	at	a	subspecies	

level.	 	 This	 chapter,	 using	 distinct,	 non-interacting	 and	 ecologically	 different	
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populations	 of	 chimpanzees,	 will	 consider	 whether	 there	 exists	 significant	

variation	 in	 the	 gut	 microbiome	 at	 both	 a	 subspecies	 and	 individual	 level,	 or	

whether	it	is	the	case	that	a	more	homogenous	set	of	living	circumstances	results	

in	more	homogenous	gut	communities.	

	

The	common	chimpanzee	 is	one	of	 two	species	 in	the	genus	Pan,	 the	other	being	

the	bonobo	(Pan	paniscus),	and	belongs	 to	 the	same	Family	(Hominidae,	or	Great	

Apes)	 as	 humans.	 	 They	 are	 native	 to	 sub-Saharan	 Africa,	 ranging	 from	West	 to	

Central	 Africa(Hey,	 2010).	 	 They	 live	 in	 communities	made	up	 of	 between	15	 to	

150	 individuals	 (with	roughly	equal	numbers	of	males	and	 females)	with	a	strict	

social	hierarchy	that	is	male-dominated	(Foerster	et	al.,	2016).	 	The	International	

Union	 for	 Conservation	 of	 Nature	 (IUCN)	 reports	 that	 the	 total	 number	 of	

chimpanzees	living	in	the	wild	was	last	estimated	in	2003	to	be	between	172,700–

299,700	 (Butynski,	 2003).	 	 Four,	 possibly	 five	 subspecies	 of	 chimpanzee	 are	

currently	 recognised:	 	 the	 Central	 chimpanzee	 (Pan	 troglodytes	 troglodytes),	 the	

Western	 chimpanzee	 (P.	t.	verus),	 the	Nigeria-Cameroon	 chimpanzee	 (P.	t.	ellioti)	

and	 the	 Eastern	 chimpanzee	 (P.	 t.	 schweinfurthii),	 with	 the	 South-eastern	

chimpanzee	(P.	t.	marungensis)	being	argued	for	as	being	a	distinct	subspecies	by	

Groves	 (2005).	 	 The	 most	 recent	 estimates	 for	 each	 subspecies	 are	 as	 follows:	

<6,000-9,000	 Nigeria-Cameroon	 Chimpanzees	 (P.	 t.	 ellioti)	 (Morgan,	 BJ	 and	 al,	

2011),	 181,000-256,000	 Eastern	 Chimpanzees	 (P.	 t.	 schweinfurthii)	 (Plumptre	 et	

al.,	 2010),	~140,000	Central	Chimpanzees	 (P.	t.	troglodytes)	 (International	Union	

for	 Conservation	 of	 Nature	 and	 Natural	 Resources.,	 2018),	 and	 18,000-65,000	

Western	Chimpanzees	(P.	t.	verus)	(International	Union	for	Conservation	of	Nature	

and	Natural	Resources.,	 2018).	 	The	most	 recent	 estimates	 suggest	 that	 the	Pan-

Homo	 split	 occurred	 somewhere	 between	 12.1	 and	 6	 million	 years	 ago	 (Mya)	

(Patterson	et	al.,	 2006;	Moorjani	et	al.,	 2016),	with	 the	 chimpanzee-bonobo	 split	

subsequently	occurring	approximately	1.15	Mya	[0.81–1.49]	(Lobon	et	al.,	2016).		

Within	 the	 common	 chimpanzee	 clade,	 it	 is	 thought	 that	 there	 are	 two	 distinct	

lineages:	 the	shared	ancestor	of	P.	t.	verus	 and	P.	t.	ellioti	 is	 thought	 to	have	split	

from	the	shared	ancestor	of	P.	t.	schweinfurthii	and	P.	t.	troglodytes	approximately	

0.59	Mya	[0.41–0.78]	(Lobon	et	al.,	2016).		P.	t.	ellioti	is	then	estimated	to	have	split	

from	P.	t.	verus	approximately	0.32	Mya	[0.22–0.43]		whilst	the	split	between	P.	t.	
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schweinfurthii	and	P.	t.	troglodytes	is	estimated	to	have	taken	place	more	recently,	

approximately	 0.16	 Mya	 [0.17–0.34]	 (Lobon	 et	 al.,	 2016).The	 discussion	 on	

chimpanzee	 phylogeny	 is	 on	 going;	 as	 the	 primary	 subject	 of	 this	 thesis	 is	 not	

chimpanzee	evolution,	I	here	use	the	current	consensus	view.		All	subspecies	of	the	

Common	Chimpanzee	are	omnivorous	frugivores,	with	their	diets	comprising	fruit,	

leaves	and	other	plant	materials,	with	a	small	proportion	(~2%)	being	made	up	of	

insects,	 birds,	 eggs	 and	 meat,	 including	 other	 primates(Hohmann,	 Robbins	 and	

Boesch,	2006;	Potts,	Watts	and	Wrangham,	2011;	McLennan,	2013).	

	

Perhaps	 owing	 to	 the	 fact	 that	 they	 are	 our	 closest	 living	 relatives,	 a	 number	 of	

studies	of	 the	gut	microbiomes	of	 great	 apes,	 and	 specifically	 chimpanzees,	have	

been	made.	 	 It	 has	 been	 shown	by	Moeller	et	al.	(2016a)	that	 for	 some	bacterial	

taxa	 at	 least	 there	 has	 been	 co-evolution	 with	 their	 hosts	 in	 the	 hominid	 clade	

(Moeller	 et	al.,	 2016a).	 	Members	 of	Bacteroidaceae	 and	Bifidobacteraceae	 show	

strain	 evolution	 that	 mirrors	 the	 evolution	 of	 their	 hosts,	 although	 some	

Bacteroidaceae	lineages	have	been	lost	in	either	humans	or	gorillas,	as	represented	

by	their	absence	in	these	host	species.	 	 Interestingly,	there	is	evidence	to	suggest	

that	 strain	 transfer	between	host	 species	has	occurred	 for	Lachnospiraceae.	 	The	

reason	suggested	 for	 this	was	 that	 some	members	of	Lachnospiraceae	 are	spore-

forming	organisms,	thus	are	better	suited	for	dispersal	and	survival	outside	of	the	

body.		Estimates	for	the	human-gorilla	and	human-chimpanzee	lineage	splits	based	

on	 gut	 microbiome	 divergence	 alone	 were	 within	 the	 ranges	 suggested	 by	

mitochondrial	 and	 nuclear	 genome-based	 estimates,	 further	 implying	 that	 co-

evolution	between	host	and	microbiome	exists	in	great	apes.			

	

A	 few	 microbiome	 studies	 have	 focussed	 on	 chimpanzees	 specifically.	 	 Indeed,	

some	 have	 even	 drawn	 parallels	 between	 humans	 and	 chimpanzees.	 It	 has	

previously	 been	 reported	 that	 chimpanzees	 have	 gut	 enterotypes	 that	 are	

homologous	 to	 those	 found	 in	humans	 (Arumugam	et	al.,	 2011;	Wu	et	al.,	 2011),	

suggesting	 that	 the	 development	 of	 enterotypes	 occurred	 before	 the	Homo-Pan	

split	 (Moeller	et	al.,	 2012),	 although	 the	 existence	 of	 enterotypes	 in	 humans	 has	

been	 called	 into	 question	 by	 some	 (Jeffery	 et	 al.,	 2012).	 	 A	major	way	 in	which	

chimpanzees	 differ	 from	humans	 however	 is	 in	 the	 population-level	 variation	 of	



	 55	

their	gut	microbiomes.		Whilst	in	humans,	a	given	person	will	display	a	distinct	and	

recognisable	gut	microbiome	(Schloissnig	et	al.,	2012),	this	does	not	appear	to	be	

the	case	for	chimpanzees	living	within	a	single	population.		Moeller	et	al.	(2016b)	

showed	that	chimpanzees	living	in	Gombe	National	Park,	Tanzania	do	not	exhibit	

individually	 recognisable	 microbiomes,	 but	 instead	 show	 community-specific	

microbiomes,	 which	 they	 term	 ‘pan-microbiomes’,	 that	 are	 influenced	

predominantly	by	social	 interactions	rather	than	by	 individual	variation	(Moeller	

et	al.,	2016b).		This	study	showed	that	more	frequent	social	interactions	with	other	

individuals	led	to	a	more	species-rich	gut	microbiome	as	well	as	more	homogenous	

guts	across	the	community	of	chimpanzees,	suggesting	transfer	of	taxa	facilitated	

by	 social	 interactions.	 	 By	 sampling	multiple	 generations,	 they	were	 also	 able	 to	

show	 that	 infants	 acquired	 gut	 microbiomes	 predominately	 through	 social	

interactions	 rather	 than	 from	 other	 sources	 such	 as	 the	 environment.	 	 The	

relatively	 stable	 nature	 of	 the	 gut	means	 that	 bacteria	 found	 there	 can	 afford	 to	

become	highly	specialised	 in	their	 functions	and	dependencies.	 	Bacteria	that	are	

highly	specialised	to	survive	in	the	gut	are	unlikely	to	be	able	to	survive	in	the	soil	

or	 outside	 environment	 for	 long	 and	 conversely,	 those	 that	 are	 specialised	 or	 at	

least	can	adapt	to	survive	outside	of	the	gut	are	likely	to	be	outcompeted	in	the	gut	

by	 the	 more	 specialised	 taxa	 (Amato,	 2013).	 	 Degnan	 et	 al.	 (2012)	 also	 found	

community-specific	 gut	 microbiomes	 when	 studying	 two	 geographically-

overlapping	 communities	 of	 chimpanzees	 that	 occasionally	 share	 members	

between	 the	 two	 communities	 (Degnan	 et	 al.,	 2012).	 	 They	 found	 again	 that	

chimpanzee	gut	microbiomes	were	not	distinct	based	on	their	family	relatedness,	

but	rather	based	on	which	community	they	belonged	to.		Chimpanzees	living	in	the	

same	social	groups	interact	physically	at	much	higher	daily	frequencies	than	with	

others	 living	 in	 a	 different	 community	 (Finestone	 et	al.,	 2014).	 	 Individuals	who	

migrated	 between	 communities	 in	 this	 study	 retained	 their	 distinctive	 gut	

microbiota	for	extended	periods	of	time,	raising	the	question	of	how	long	the	gut	

microbiome	takes	to	vary	in	adulthood.	 	It	seems	likely	then,	given	that	the	gut	is	

most	fluid	when	in	infancy,	that	the	community	in	which	an	individual	chimpanzee	

grows	up	is	crucial	in	determining	its	stable	gut	microbiome	for	the	rest	of	its	life.		
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Despite	 these	 interesting	 findings,	 the	 number	 of	 chimpanzee	 gut	 microbiome	

studies	is	at	present	low,	and	furthermore	there	have	been	no	studies	comparing	

different	subspecies	of	chimpanzee.			

	

This	 chapter	 focuses	 on	 two	 geographically	 distinct	 populations	 of	 chimpanzee,	

each	belonging	to	a	different	subspecies.		The	first	set	of	samples	considered	here	

is	 made	 up	 of	 99	 samples	 collected	 from	 20	 individual	 chimpanzees,	 over	 the	

course	 of	 5	 years	 at	 Issa	 in	 Tanzania.	 	 These	 are	 members	 of	 the	 Eastern	

chimpanzee	 subspecies,	P.	 t.	 schweinfurthii,	 on	which	 no	 gut	microbiome	 studies	

have	been	done.		The	samples	comprise	5	samples	per	individual	for	20	identified	

individuals	(with	the	exception	of	one	individual,	for	whom	there	are	4	samples).		

This	allows	for	 individual	gut	microbiome	variation	to	be	explored.	 	This	chapter	

also	asks	whether	variation	occurs	with	collection	year	and	season	(wet	or	dry).		A	

further	 38	 samples	 were	 collected	 between	 2014-2015	 from	 a	 site	 10km	 away	

from	 the	 main	 collection	 site.	 	 It	 is	 currently	 unknown	whether	 the	 individuals	

present	at	this	second	site	belong	to	the	same	community	from	the	main	collection	

site	 whose	 home	 ranges	 have	 extended	 in	 response	 to	 ecological	 pressures,	 or	

whether	 the	 second	 site	 contains	 a	 second	 community	 of	 chimpanzees.	 	 This	

chapter	 will	 therefore	 attempt	 to	 look	 for	 any	 variation	 in	 gut	 microbiome	

composition	between	 the	 sample	 collection	 sites,	 and	address	 the	question	 as	 to	

whether	 it	 is	 possible	 to	 determine	 host	 communities	 based	 on	 gut	microbiome	

content	alone.		An	obvious	caveat	is	that	the	two	sites’	samples	were	collected	over	

different	 time	periods.	Any	variation	seen	based	on	collection	year	will	 therefore	

also	 be	 taken	 into	 account	 when	 attempting	 to	 answer	 this	 question.	 	 Samples	

were	then	collected	in	2016	from	a	population	of	P.	t.	ellioti	chimpanzees	living	in	

Gashaka-Gumti	National	 Park,	Nigeria.	 	 In	 comparing	 the	 chimpanzees	 at	 Issa	 to	

these	 individuals,	 this	 chapter	 will	 investigate	 whether	 there	 exists	 sub-species	

level	variation	in	the	gut	microbiomes	of	chimpanzees,	and	which	bacterial	taxa,	if	

any,	are	conserved	between	the	two	subspecies,	which	might	indicate	importance	

to	chimpanzees	as	a	whole	species.	

	

To	do	so,	this	chapter	aims	to	answer	the	following	questions:	
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1. Do	 the	 gut	 microbiomes	 of	 the	 native	 chimpanzees	 living	 in	 Issa	 show	

variation	 based	 on	 collection	 year,	 collection	 site,	 wet	 vs.	 dry	 seasons	

and/or	between	individual	chimpanzees?	

2. Comparing	the	samples	from	the	two	collection	sites	at	Issa,	can	we	use	this	

information	 to	 predict	whether	 the	 chimpanzees	 at	 Issa	 form	 one	 or	 two	

communities?	

3. Is	 there	 greater	 variation	 between	 the	 Gashaka	 and	 Issa	 populations	 of	
chimpanzees	than	there	is	within	each	population?	

	

3.2	Methods	

	

3.2.1	Chimpanzee	populations	and	sample	collection	

	

	Issa	 Valley	 chimpanzees	 –	 main	 site	 (Hernandez-Aguilar,	 2006;	 Moore	 and	

Vigilant,	2014;	Piel	et	al.,	2015;	Yoshikawa,	2015)	

	

The	set	of	samples	collected	from	the	main	collection	site	in	Issa	Valley,	part	of	the	

Ugalla	 Game	 Reserve	 in	 Western	 Tanzania	 comprises	 99	 samples	 collected	

between	 2009-2012	 from	 20	 known	 individuals	 of	 the	 Eastern	 Chimpanzee	

subspecies	(P.	t.	schweinfurthii).		Professor	Beatrice	Hahn’s	group	at	the	University	

of	 Pennsylvania	 have	 previously	 performed	 genotyping	 on	 these	 faecal	 samples	

based	on	8	 single	nucleotide	polymorphism	 (SNP)	 loci,	 enabling	 identification	of	

the	individual	producing	each	sample.		Current	population	estimates	range	from	a	

minimum	 of	 113	 individuals	 at	 Issa	 (Moore	 and	 Vigilant,	 2014)	 with	 the	 most	

recent	estimate	reaching	up	to	~288	chimpanzees	(Piel	et	al.,	2015).		Their	habitat	

is	the	most	dry	of	all	chimpanzee	subspecies,	receiving	<1500	mm	annual	rainfall	

(Hernandez-Aguilar,	 2006).	 A	 wet	 season	 (November–April)	 is	 followed	 by	 a	

distinct	dry	spell	(May–October).		Their	habitat	is	made	up	of	broad	valleys	broken	

up	by	steep	mountains	and	plateaus.	The	vegetation	is	mainly	miombo	woodland,	

intersected	by	patches	of	 swamp,	grassland	and	as	evergreen	gallery	and	 thicket	

riverine	forest.		Reflecting	this	more	sparse	habitat,	they	have	an	increased	home-
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range	 of	 about	 85	 km2	 (05°50'S,	 30°56'E;	 altitude	 900–1800	 m)	 and	 their	 diet	

comprises	 fewer	plant	 species	and	parts	of	plants,	as	well	as	 less	meat	 including	

invertebrates,	but	increased	proportions	of	underground	storage	organs	of	plants	

compared	 to	 those	 individuals	 living	 for	 example	 in	 Gombe	 and	 Mahale	

(Yoshikawa,	2015).	 	Despite	 this	variation	compared	 to	other	chimpanzees,	 their	

daily	diet	is	still	made	up	of	mostly	fruit.	

	

	

Issa	Valley	chimpanzees	–	secondary	site	

	

A	further	38	samples	were	collected	between	2014-2015	from	a	site	10	km	away	

from	 the	 main	 collection	 site.	 	 It	 is	 currently	 unknown	whether	 the	 individuals	

present	at	this	second	site	are	the	same	community	from	the	main	collection	site	

whose	home	ranges	have	extended	in	response	to	ecological	pressures,	or	whether	

the	 second	 site	 contains	 a	 second	 community	 of	 chimpanzees.	 	 Genotyping	 for	

these	samples	has	not	yet	been	performed.			

	

	

Gashaka	 chimpanzees	 (Sommer	 et	 al.,	 2004;	 Hohmann,	 Robbins	 and	 Boesch,	

2006;	Schöning	et	al.,	2007;	Sommer	and	Ross,	2011)	

	

Samples	 were	 collected	 from	 14	 individuals	 in	 2016	 from	 Nigerian-Cameroon	

chimpanzees	(P.	t.	ellioti)	living	in	Gashaka-Gumti	National	Park	in	Eastern	Nigeria.		

The	population	is	made	up	of	approximately	35	individuals	with	a	home-range	of	

30	km2		(07°19′N,	11°35′E;	altitude	583	m).		Their	habitat	is	a	mountainous	mosaic	

of	consisting	of	22%	open	woodland-savannah	and	78%	closed	forests.	The	diet	of	

these	chimpanzees	is	again	mostly	fruit,	and	supplemented	by	preying	on	colonies	

of	 social	 insects	 to	 harvest	 honey	 and	 ants.	 A	 distinct	 dry	 season	 (November–

March)	is	followed	by	a	wet	season	(April–October),	which	sees	97%	of	all	rainfall.	

	

Information	on	sample	storage	and	preparation	up	to	sequencing	can	be	found	in	

chapter	2.		Each	of	the	following	analyses	is	described	only	in	brief	here.		For	their	

full	explanations,	again	see	methods	chapter	2.			
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3.2.2	Analysis	of	variation	in	Issa	Valley	

	

With	 the	 sample	metadata	 available,	 this	 chapter	 was	 able	 to	 consider	 whether	

variation	occurred	with	four	categories;	collection	year,	collection	site,	season	and	

individual	chimpanzee.	 	For	both	year	and	site,	 the	full	138	sample	set	was	used,	

covering	 2009-2015	 and	 spread	 over	 two	 collection	 sites	 (2009-2011	 from	 the	

main	site,	and	2014-2015	from	the	secondary).		Samples	from	the	main	collection	

site	had	been	previously	genotyped	by	Beatrice	Hahn’s	group	at	the	University	of	

Pennsylvania,	but	this	has	not	yet	been	performed	for	the	second	site;	thus,	in	all	

analyses	of	individual	chimpanzee	variation,	only	samples	collected	from	the	main	

site	are	used	(99	samples	from	20	individuals).		

	

Chao1	 was	 used	 to	 measure	 alpha	 diversity.	 	 Boxplots	 of	 alpha	 diversity	 were	

produced	 for	 collection	 year	 and	 collection	 site.	 	 Variation	 based	 on	 individual	

chimpanzees	 was	 not	 considered	 here,	 as	 there	 were	 too	 few	 samples	 (~5	 per	

chimpanzee).	

	

Beta	 diversity	was	measured	 initially	 using	Bray-Curtis,	 unweighted	Unifrac	 and	

weighted	Unifrac.	PCoA	plots	were	generated	 for	all	 three	measures	 to	check	 for	

congruence	 between	 a	 range	 of	 methods,	 however	 as	 discussed	 in	 methods,	

weighted	 Unifrac	 is	 the	 method	 chosen	 here	 for	 further	 analyses.	 PERMANOVA	

was	used	to	assess	metadata	category	significance.		

	

For	 each	 of	 the	 three	 metadata	 categories,	 weighted	 Unifrac	 pairwise	 distances	

were	grouped	based	on	the	two	fields	they	compared	(e.g.	2009	vs.	2012,	main	site	

vs.	secondary	site)	and	boxplots	were	generated.	 	The	means	of	 these	plots	were	

compared	 using	 a	 non-parametric	 two-tailed	 two-sample	 t-test	 with	 999	Monte	

Carlo	 permutations	 (see	 methods	 chapter	 under	 alpha	 diversity	 section	 for	 full	

explanation	of	how	this	 test	works).	 	Distances	were	also	sorted	 into	two	groups	

based	on	whether	 they	were	a	within-field	 (e.g.	2009	vs.	2009)	or	between-field	
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(e.g.	 2009	 vs.	 2012)	 distance,	 and	 again	 the	 two	means	were	 compared	 using	 a	

non-parametric	two-sample	t-test.	

	

Taxa	 summary	 plots	 were	 produced	 using	 the	 phyloseq	 package	 in	 R.		

Differentially	 abundant	 taxa	 were	 tested	 for	 using	 a	 Kruskall-Wallis	 test	 with	

Bonferroni	 correction	 using	 STAMP	 (Parks	 et	 al.,	 2014)	 and	 boxplots	 for	 these	

differentially	 abundant	 taxa	 were	 produced	 using	 phyloseq	 (McMurdie	 and	

Holmes,	2013).			

	

3.2.3	Analysis	of	collection	site	variation	in	Issa	Valley	

	

To	 attempt	 to	 detangle	 the	 effects	 of	 collection	 year	 from	 collection	 site,	 a	 K-

nearest	 neighbour	 model	 was	 used	 to	 predict	 a	 sample’s	 field	 based	 on	 its	 K	

nearest	 neighbour’s	 fields,	 for	 collection	 year	 and	 collection	 site,	 both	 for	 all	

samples	and	for	pairs	of	years	using	a	range	of	values	of	K.	 	The	accuracy	of	each	

model	 was	 calculated	 as	 a	 percentage	 and	 compared;	 an	 accurate	 prediction	

suggests	 that	 the	 gut	microbiomes	 vary	with	 the	metadata	 category	 considered.		

This	 was	 implemented	 using	 the	 FastKNN	 package	 in	 R	 (Zhang	 et	 al.,	 2013).	 	 A	

Mantel	 test	 of	 correlation	 was	 also	 performed	 between	 the	 weighted	 Unifrac	

distance	 matrix	 and	 a	 Euclidean	 distance	 matrix	 of	 collection	 date	 by	 month.		

Correlation	implies	that	the	gut	microbiomes	changed	in	a	linear	manner	over	time	

and	that	samples	collected	at	 the	second	site	are	 thus	 likely	 to	be	 from	the	same	

community	of	chimpanzees	as	the	first	site.		Importantly,	a	lack	of	correlation	does	

not	necessarily	imply	that	the	second	site	samples	are	a	distinct	community,	as	the	

gut	 microbiome	 does	 not	 necessarily	 change	 in	 a	 linear	 manner	 over	 time	 but	

instead	could	fluctuate.	

	

3.2.4	Analysis	of	variation	between	two	subspecies	of	chimpanzee	

	

A	random	sample	from	each	of	the	20	Issa	chimpanzees	was	chosen	to	represent	

the	Issa	population	in	comparisons	with	the	Gashaka	population,	to	avoid	uneven	

sample	groupings.	
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Beta	diversity	was	measured	using	Bray	Curtis,	unweighted	Unifrac	and	weighted	

Unifrac.		PERMANOVA	was	used	to	assess	the	significance	of	population	on	the	gut	

microbiome.	 	The	weighted	Unifrac	distances	were	sorted	 into	 two	groups	based	

on	 whether	 they	 were	 a	 within-field	 (e.g.	 Issa	 vs.	 Issa)	 or	 between-field	 (e.g.	

Gashaka	 vs.	 Issa)	 distance,	 and	 the	 two	 means	 were	 compared	 using	 a	 non-

parametric	 two-sample	 t-test.	 	 Taxa	 summary	 plots	 were	 produced	 using	 the	

phyloseq	 package	 in	 R.	 	 Differentially	 abundant	 taxa	 between	 Gashaka	 and	 Issa	

were	tested	for	using	DESeq2	package	in	R	(Love,	Huber	and	Anders,	2014a)	based	

on	 the	 negative	 binomial	 distribution	 of	 reads	 and	 the	 log	 2-fold	 change	 was	

plotted	for	these	differentially	abundant	taxa	using	phyloseq.			

	

3.3	Results	

	

3.3.1	Diversity	within	Issa	

	

Figure	3.1	shows	the	collection	dates	across	time	for	each	of	the	20	chimpanzees	

studied	 at	 the	main	 Issa	 site	 (a)	 as	well	 as	 the	 collection	months	 of	 the	 samples	

from	the	second	site	at	Issa	(b).	
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Figure	 3.1a	 	 	 Scatterplot	 showing	 collection	 dates	 by	 month	 of	 samples	 for	 individual	

chimpanzees.	 	 This	 serves	 as	 a	 visual	 illustration	 of	 the	 spread	 of	 samples	 only;	 thus,	

where	two	samples	were	collected	 from	a	single	 individual	 in	 the	same	month,	 they	will	

appear	as	a	single	point	on	the	plot.			
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Figure	 3.1b	 	 	Number	of	 samples	collected	across	months	 for	 the	second	 Issa	collection	

site.	One	point	is	equal	to	one	sample.	

	

Alpha	diversity	boxplots	for	collection	year	and	site	are	shown	in	figures	3.2a	and	

3.2b	respectively.	 	Alpha	diversity	did	not	differ	between	any	two	years	with	 the	

exception	 of	 2011	 having	 significantly	 lower	 alpha	 diversity	 than	 both	 2012	

(p=0.015,	non-parametric	 two-sample	t-test)	and	2014	(p=0.015,	non-parametric	

two-sample	 t-test).	 Alpha	 diversity	 was	 not	 affected	 by	 sample	 collection	 site	

either	(p=0.21,	non-parametric	two-sample	t-test),	as	illustrated	in	figure	3.2b.	

	



	64	

	
Figure	 3.2a	 	 	 Alpha	diversity	plot	 for	Chao1	measure	of	 diversity,	 grouping	 samples	by	

collection	year.		Confidence	intervals	around	each	point	represent	the	standard	errors	for	

the	 Chao1	method	 based	 on	 the	model’s	 assumptions.	 	 Non-parametric	 two-tailed	 two-

sample	t-test	between	means	of	collection	years	showed	that	mean	alpha	diversity	of	2011	

was	 significantly	 lower	 than	 mean	 alpha	 diversity	 of	 both	 2012	 (p=0.015)	 and	 2014	

(p=0.015).	



	 65	

Figure	 3.2b	 	 	 Alpha	 diversity	 plot	 for	 observed	 count	 and	 Chao1	 measures,	 grouping	

samples	by	collection	site.			Confidence	intervals	around	each	point	represent	the	standard	

errors	 for	 the	 Chao1	method	 based	 on	 the	model’s	 assumptions.	 	 Non-parametric	 two-

sample	t-test	showed	no	difference	between	the	means	of	collection	sites	(p=0.21).	

	

PCoA	 plots	 coloured	 by	 collection	 year,	 season	 and	 individual	 chimpanzee	 are	

shown	 as	 a	 visualisation	 of	 the	 data	 in	 figures	 3.3-3.5	 respectively,	 for	 (a)	Bray-

Curtis,	 (b)	 unweighted	 Unifrac	 (b)	 and	 (c)	 weighted	 Unifrac	 metrics	 of	 beta	

diversity.	 	 Samples	 showed	 no	 clear	 clustering	 patterns	 for	 any	 of	 the	metadata	

categories	 considered.	 	 PERMANOVA	 results	 investigating	 clustering	 of	 samples	

are	reported	below	after	figures	3.3-3.5.	
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Figure	 3.3a	 	 	 PCoA	 plots	 coloured	 by	 collection	 year	 and	 shaped	 by	 collection	 site,	 for	

Bray-Curtis	measure	of	beta	diversity.	

Figure	 3.3b	 	 	 PCoA	 plots	 coloured	 by	 collection	 year	 and	 shaped	 by	 collection	 site,	 for	

unweighted	Unifrac	measure	of	beta	diversity.	

	

a 

b 
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	Figure	 3.3c	 	 	 PCoA	 plots	 coloured	 by	 collection	 year	 and	 shaped	 by	 collection	 site,	 for	
weighted	Unifrac	measure	of	beta	diversity.	

	

	
Figure	3.4a			PCoA	plots	coloured	by	season,	for	Bray-Curtis	measure	of	beta	diversity.	

	

	

c 

a 
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Figure	 3.4b	 	 	 PCoA	 plots	 coloured	 by	 season,	 for	 unweighted	 Unifrac	measure	 of	 beta	

diversity.	

	

	
Figure	 3.4c	 	 	 PCoA	 plots	 coloured	 by	 season,	 for	 weighted	 Unifrac	 measure	 of	 beta	

diversity.	

	

	

b 

c 
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Figure	3.5a	 	 	PCoA	plots	coloured	by	 individual	chimpanzee,	 for	Bray-Curtis	measure	of	

beta	diversity.	

	
Figure	 3.5b	 	 	 PCoA	 plots	 coloured	 by	 individual	 chimpanzee,	 for	 unweighted	 Unifrac	

measure	of	beta	diversity.	

a 

b 
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Figure	 3.5c	 	 	 PCoA	 plots	 coloured	 by	 individual	 chimpanzee,	 for	 weighted	 Unifrac	

measure	of	beta	diversity.	

	

Table	3.1	PERMANOVA	test	of	significance	using	weighted	Unifrac	distances	

Category	assessed	 p	value	 Test	statistic	

Collection	year	 0.001	 5.59	

Collection	year,	main	site	only	 0.001	 5.68	

Collection	site	(main	or	secondary)	 0.001	 6.10	

Individual	animal	 0.013	 1.70	

Individual	animal,	2011-2012	only	 0.078	 1.49	

Season	 0.06	 0.89	

	

Permutational	Analysis	of	Variance	(PERMANOVA)	results	on	the	weighted	Unifrac	

distances	 between	 fields	within	 various	metadata	 categories	 are	 shown	 in	 table	

3.1.		These	PERMANOVA	results	correspond	to	the	PCoA	plots	in	figures	3.3c,	3.4c	

and	3.5c,	 checking	 for	 statistical	 significance	between	 fields	within	 the	metadata	

c 
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categories	coloured	or	shaped	in	these	PCoA	plots.		These	indicate	that	despite	the	

lack	 of	 clear	 clustering	 patterns	 in	 the	 PCoA	 plots,	 year,	 site	 and	 individual	

chimpanzee	are	all	significant	ways	of	grouping	the	samples	(p=	0.001,	0.001	and	

0.013	respectively),	with	collection	year	and	site	being	more	significant	predictors	

of	 gut	microbiome	 composition	 than	 individual	 chimpanzee,	 as	 indicated	 by	 the	

higher	 test	 statistics.	 	 Collection	 year	 was	 still	 significant	 when	 considering	

samples	 collected	 at	 the	 main	 site	 only	 (p=0.001).	 	 The	 season	 in	 which	 the	

samples	 were	 collected	 did	 not	 have	 an	 effect	 on	 gut	 microbiome	 composition	

(p=0.06).		Given	the	opportunistic	manner	in	which	the	samples	were	collected	(i.e.	

that	samples	were	randomly	collected	and	 later	genotyped,	 rather	 than	collected	

from	targeted,	known	individuals),	it	happened	that	up	to	4	samples	per	individual	

for	 some	 individual	 chimpanzees	 were	 collected	 in	 the	 same	 year	 within	 a	

relatively	 short	 space	 of	 time	 (see	 figure	 3.1).	 	 This	 was	 problematic	 when	

attempting	to	detangle	the	effects	of	year	from	individual	on	the	gut	microbiome.		

To	circumvent	this	issue,	PERMANOVA	for	individual	chimpanzee	was	repeated	on	

samples	 collected	 between	 2011-2012	 only	 (15	 individuals).	 	 Gut	 microbiome	

composition	 did	 not	 differ	 significantly	 between	 these	 chimpanzees	 (p	 =	 0.078,	

table	3.1).		

		

Figures	3.6-3.7	show	distance	boxplots	using	weighted	Unifrac	pairwise	distances.		

The	mean	distance	of	within-field	distances	was	significantly	lower	than	that	of	the	

between-field	distances	for	collection	site	(p	=	0.001,	non-parametric	two	sample	t	

test,	999	Monte	Carlo	permutations)	and	collection	year	(p=0.001,	non-parametric	

two	sample	t	test,	999	Monte	Carlo	permutations).	 	In	other	words,	this	indicates	

that	samples	collected	within	the	same	year	or	at	the	same	site	were	significantly	

more	 similar	 to	 each	 other	 than	 to	 those	 collected	 in	 different	 years	 or	 from	

different	sites.		Figure	3.6b	shows	the	individual	year	vs.	year	comparisons	in	more	

detail.	
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Figure	3.7	Distance	boxplot	for	all	pairwise	weighted	Unifrac	distances,	grouped	based	on	

whether	the	two	samples	compared	belonged	to	the	same	collection	site	(“All	within”)	or	

different	 collection	 sites	 (“All	 between”).	 	 Non-parametric	 two-sample	 t-test	 showed	

samples	collected	in	the	same	site	were	significantly	more	similar	than	samples	collected	

in	two	different	sites,	p=0.019).	

	

Table	3.2	shows	the	accuracy	of	the	K-nearest	neighbour	model,	as	a	percentage,	at	

predicting	 sample	 field	 for	 various	 metadata	 categories.	 	 The	 value	 of	 K	 that	

showed	highest	prediction	accuracy	for	most	sample	categorisations	was	5;	hence	

this	 is	 the	 value	 of	 K	 chosen	 here.	 	 For	 conciseness,	 only	 the	 subset	 of	 total	

comparisons	that	are	referred	to	 in	 the	discussions	section	 is	shown	in	table	3.2.		

The	 tests	 revealed	 that	 collection	 site	 was	 the	 strongest	 predictor	 of	 gut	

microbiome	composition	using	this	model,	whilst	collection	year	was	a	particularly	

poor	 predictor.	 	 As	 the	 samples	 from	 each	 site	 were	 collected	 during	 non-

overlapping	 time	 periods,	 further	 K-nearest	 neighbour	 models	 were	 run	 using	

individual	 pairs	 of	 years,	 either	 from	 the	 same	 collection	 site	 or	 from	 different	

collection	 sites.	 	 The	 model	 was	 reasonably	 accurate	 at	 distinguishing	 between	

some	collection	years,	 particularly	between	 the	 samples	 collected	 from	 the	main	

site	 in	2009	and	2011,	but	poor	when	considering,	 for	 example,	2012	and	2014,	
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which	were	collected	from	two	different	collection	sites.		Given	the	accuracy	of	the	

model	at	predicting	collection	site	when	using	all	 the	samples,	 it	 is	 interesting	to	

see	such	poor	predictive	power	when	using	a	subset	(the	samples	from	2012	and	

2014)	of	these	total	samples,	and	suggests	that	the	differences	between	collection	

site	samples	may	be	an	effect	of	collection	year	instead.	

	

Table	3.2	Accuracy	of	a	K-nearest	neighbour	model,	k=5,	at	predicting	sample	field	

Categorisations	 Percentage	accuracy	

Collection	Site	(2009-2012	vs.	2014-2015)	 72.26%	

Collection	Year,	all	samples	 21.90%	

2009	(m)	vs.	2011	(m)	 64.00%	

2009	(m)	vs.	2012	(m)		 37.50%	

2012	(m)	vs.	2014	(s)	 20.55%	

2011-2012(m)	vs.	2014-2015	(s)	 58.93%	

(m)	Main	collection	site,		(s)	Secondary	collection	site	

	

A	Mantel	 test	of	 correlation	between	 the	weighted	Unifrac	distance	matrix	and	a	

Euclidean	 distance	matrix	 of	 collection	 date	 showed	 no	 correlation	 between	 the	

two	(p	=	0.38),	indicating	that	the	gut	microbiomes	did	not	alter	in	a	linear	manner	

over	time.		

	

Reads	 were	 collated	 at	 both	 Order	 and	 Family	 level.	 	 Given	 the	 significance	 of	

collection	 year	 to	 microbiome	 composition,	 samples	 were	 collated	 by	 collection	

year.		The	relative	abundance	of	Orders	for	each	year	was	calculated	and	shown	as	

a	 bar	 plot	 in	 figure	 3.8.	 	 Figure	 3.9	 shows	 the	 30	 most	 abundant	 Orders	 by	

collection	year.		Reads	that	could	not	be	classified	down	to	Order	were	collated	to	

their	 lowest	 available	 taxonomic	 rank,	 hence	 there	 are	 fewer	 than	 30	

categorisations.	 The	 most	 abundant	 three	 Orders	 for	 all	 collection	 years	 were	

Bacteroidales	and	Clostridiales	and	Selenomonodales,	all	of	which	are	commonly	

found	in	the	gut	(Peris-Bondia	et	al.,	2011).			

	

Differential	abundance	was	tested	for	using	a	Kruskall-Wallis	test	with	Bonferroni	

correction.	 	 Table	 3.3	 shows	 the	 Orders	 that	 are	 differentially	 abundant	 across	
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collection	years	as	well	as	their	Bonferroni-corrected	p	values.		Figure	3.10	shows	

boxplots	of	the	means	per	collection	year	of	these	differentially	abundant	Orders.		

Figure	 3.11	 shows	 boxplots	 of	 the	 Families	 that	 were	 differentially	 abundant	

across	 collection	 years,	 with	 plots	 coloured	 by	 Order.	 	 Results	 indicate	 that	

Desulfovibrionales	was	the	Order	that	varied	the	greatest	between	collection	years	

(indicated	 by	 the	 greatest	 effect	 size	 0.368),	 with	 Coriobacteriales	 showing	 the	

second	greatest	variation	between	collection	years	(effect	size	0.238),	followed	by	

Clostridiales	(0.181)	and	Spirochaetales	(effect	size	1.69).	

	

Table	3.3	Differentially	abundant	Orders	across	collection	years	

Order	 p-values	
p-values	

(corrected)	
Effect	size	

Desulfovibrionales	 <0.001	 <0.001	 0.368	

Bifidobacteriales	 <0.001	 <0.001	 0.096	

Methanomassiliicoccales	 <0.001	 <0.001	 0.193	

Spirochaetales	 <0.001	 <0.001	 0.169	

Unclassified	Firmicutes	 <0.001	 <0.001	 0.158	

Methanobacteriales	 <0.001	 <0.001	 0.067	

Unclassified	Deltaproteobacteria	 <0.001	 <0.001	 0.024	

Unclassified	Proteobacteria	 <0.001	 0.002	 0.108	

Synergistales	 <0.001	 0.003	 0.100	

Anaerolineales	 <0.001	 0.005	 0.139	

Coriobacteriales	 <0.001	 0.006	 0.238	

Unclassified	

Candidatus_Saccharibacteria	

<0.001	 0.008	 0.074	

Aeromonadales	 <0.001	 0.008	 0.115	

Puniceicoccales	 <0.001	 0.010	 0.135	

Pseudomonadales	 <0.001	 0.012	 0.079	

Clostridiales	 <0.001	 0.013	 0.181	

Erysipelotrichales	 <0.001	 0.024	 0.164	

Bdellovibrionales	 <0.001	 0.030	 0.065	

Burkholderiales	 <0.001	 0.049	 0.025	
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Figure	 3.9	 Top	30	most	 abundant	Orders	 across	 all	 samples,	 as	 relative	 abundance	per	

collection	year,	for	all	collection	years	at	Issa	
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Figure	3.10	Barplots	of	the	mean	per	collection	year	of	differentially	abundant	Orders.			
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Figure	3.11	Barplots	of	the	mean	per	collection	year	of	differentially	abundant	Families	
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3.3.2	Diversity	between	Gashaka	and	Issa	populations	

	

Figure	3.12	is	a	boxplot	of	alpha	diversity	based	on	a	chao1	measure	of	diversity,	

collating	 samples	 by	 population.	 	 Alpha	 diversity	 did	 not	 differ	 significantly	

between	chimpanzee	populations	(p=0.124,	non-parametric	two-sample	t-test).	

	

	
Figure	 3.12	 Alpha	 diversity	 plot	 of	 the	 two	 chimpanzee	 populations.	 	 Non-parametric	

two-sample	t-test	indicated	that	there	was	no	significant	difference	between	chimpanzee	

populations	(p=0.124)	

		

PCoA	plots	for	Bray	Curtis,	unweighted	Unifrac	and	weighted	Unifrac	are	shown	in	

figure	3.13	and	are	coloured	by	chimpanzee	population.		All	three	plots	show	clear	

clustering	 of	 samples	 based	 on	 chimpanzee	 population,	 and	 PERMANOVA	

indicated	 that	 chimpanzee	 population	 was	 a	 significant	 way	 of	 grouping	 the	

samples	(p	=	0.001,	PERMANOVA	based	on	weighted	Unifrac	distances).	
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Figure	3.13a	PCoA	plots	coloured	by	chimpanzee	population,	for	Bray-Curtis	measure	of	

beta	diversity	

	

	
Figure	 3.13b	 PCoA	 plots	 coloured	 by	 chimpanzee	 population,	 for	 Bray-Curtis	 (a),	

unweighted	Unifrac	(b)	and	weighted	Unifrac	(c)	measures	of	beta	diversity	

	

a 

b 
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Figure	 3.13c	 PCoA	 plots	 coloured	 by	 chimpanzee	 population,	 for	 Bray-Curtis	 (a),	

unweighted	Unifrac	(b)	and	weighted	Unifrac	(c)	measures	of	beta	diversity	

	

Figure	3.14	Distance	boxplot	for	all	pairwise	weighted	Unifrac	distances,	grouped	based	

on	whether	the	two	samples	compared	belonged	to	the	same	population	(“all-within”)	or	

different	populations	(“all-between’).		Non-parametric	two-sample	t-test	showed	samples	

collected	from	the	same	population	were	significantly	more	similar	than	samples	collected	

from	different	populations	(p=0.001)	

c 
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Figure	3.14	shows	a	boxplot	of	 the	distances	for	between-population	and	within-

population	 comparisons.	 	 Within-population	 distances	 were	 significantly	 lower	

than	between-population	distances	(p	=	0.001,	non-parametric	two-sample	t-test,	

999	 Monte	 Carlo	 permutations),	 further	 indicating	 that	 samples	 collected	 from	

chimpanzees	within	the	same	population	were	more	similar	to	each	other	than	to	

samples	from	chimpanzees	from	the	other	population.	

	

Reads	were	collated	down	to	both	Order	and	Family	level.		Samples	were	grouped	

by	chimpanzee	population	and	the	relative	abundance	of	taxa	for	each	population	

was	calculated.		Figure	3.15	shows	the	mean	relative	abundances	of	Orders	for	Issa	

and	Gashaka.	 	Reads	 that	were	 identified	as	chloroplasts	were	removed,	as	 these	

are	likely	the	result	of	undigested	plant	material	present	in	the	faeces.		Figure	3.16	

shows	the	30	most	abundant	Orders.	 	Reads	that	could	not	be	classified	down	to	

the	taxonomic	 level	considered	were	collated	to	their	 lowest	available	taxonomic	

rank,	hence	there	are	fewer	than	30	categorisations.	
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Figure	3.16	Mean	relative	abundance	by	chimpanzee	population	of	the	30	most	abundant	

Orders	across	all	samples.	

	

Table	 3.4	 shows	 the	 bacterial	 Orders	 that	 are	 differentially	 abundant	 across	

chimpanzee	populations.	 	Coriobacterales	showed	the	greatest	variation	between	

chimpanzee	 populations	 (effect	 size	 0.550)	 Figure	 3.17	 shows	 the	 log	 2-fold	

change	 of	 bacterial	 Families	 from	 Gashaka	 to	 Issa,	 coloured	 by	 Order,	 where	 a	

positive	 value	 indicates	 an	 increase	 in	 the	 Issa	 population	 compared	 to	Gashaka	

and	 a	 negative	 value	 indicates	 a	 decrease.	 	 Multiple	 points	 per	 Family	 column	

indicate	multiple	Genera	within	that	Family.		An	increase	in	some	Genera	within	a	

Family	 was	 generally	 correlated	 with	 a	 decrease	 in	 other	 Genera	 within	 that	

Family,	 with	 the	 exception	 of	 Butyricicoccus	 and	 Actinobacter	 Families,	 which	
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showed	a	>20	log	2	fold	increase	in	the	Gashaka	chimpanzees	compared	to	the	Issa	

individuals,	 and	 the	 Pseudobutyvibrio	 Family,	 which	 showed	 a	 >25	 log	 2	 fold	

decrease	 in	 Gashaka	 chimpanzees	 compared	 to	 those	 at	 Issa.	 	 Figure	 3.18	 then	

shows	 this	data	 as	bar	plots	of	 the	 relative	 abundance	of	differentially	 abundant	

Genera	between	Gashaka	and	Issa,	collated	at	Genus	(a),	Family	(b)	and	Order	(c)..			
	

Table	3.4	Differentially	abundant	Orders	between	chimpanzee	populations	

Order	 p-values	 p-values	(corrected)	 Effect	size	

Coriobacteriales	 <0.001	 <0.001	 0.550	

Unclassified	

Mollicutes	

<0.001	 0.003	 0.379	

Spirochaetales	 <0.001	 0.008	 0.429	

Bifidobacteriales	 <0.001	 0.010	 0.153	

Selenomonadales	 <0.001	 0.016	 0.175	

	

		

Figure	3.17	Bacterial	Families	that	showed	a	log	2-fold	change	from	Gashaka	samples	to	Issa	

samples,	 coloured	 by	 Order.	 	 Positive	 values	 indicate	 increased	 proportions	 in	 the	 Issa	

population	 compared	 to	 Gashaka,	 and	 negative	 values	 indicate	 a	 decrease	 in	 Gashaka	

samples.			
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Figure	3.18a	Differentially	abundant	genera	between	Gashaka	and	Issa	samples	
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Figure	3.18b	Differentially	abundant	genera	between	Gashaka	and	Issa	samples,	collated	

into	plots	at	Family	level	
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Figure	3.18c		Differentially	abundant	genera	between	Gashaka	and	Issa	samples,	collated	

into	plots	at	Order	level	
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3.4	Discussion	

	

3.4.1	Variation	between	the	chimpanzees	at	Issa’s	main	collection	site	

	

The	 results	 initially	 appear	 to	 indicate	 that	 the	 gut	 microbiomes	 vary	 between	

individual	 chimpanzees	 for	 the	main	 collection	 site	 samples.	 	 PCoA	 plots	 do	 not	

show	 clear	 clustering	 based	 on	 individual	 chimpanzee	 (figures	 3.4a-c),	 however	

PERMANOVA	of	all	99	samples	 implied	 that	gut	microbiomes	varied	significantly	

between	 individuals	 (table	 3.1).	 	 As	 can	 occur	 during	 environmental	 sample	

collection	however,	where	samples	are	collected	as	and	when	they	are	found	and	

not	 in	 a	 targeted	 or	 scheduled	manner,	 it	 so	 happens	 that	 for	many	 individuals,	

their	representative	samples	were	all	collected	within	a	short	space	of	time	(figure	

3.1).	 	 This	 was	 unavoidable,	 as	 it	 is	 logistically	 impossible	 to	 track	 and	 collect	

known	 individuals’	 samples,	 particularly	 for	 an	 unhabituated	 group	 of	

chimpanzees	 such	 as	 at	 Issa.	 	 Identification	 of	 individuals	 instead	 relied	 on	 SNP	

genotyping	 performed	 by	 Beatrice	 Hahn	 and	 her	 colleagues	 at	 the	 University	 of	

Pennsylvania,	meaning	that	 individuals	were	 identified	after	sample	collection	so	

targeted	collection	from	individuals	could	not	take	place.	

	

Figure	 3.1	 shows	 the	 relationship	 between	 individual	 and	 the	 date	 of	 sample	

collection.		No	individual	had	sample	collection	dates	that	spanned	more	than	two	

years;	 therefore,	 when	 considering	 individual	 variation,	 only	 samples	 collected	

between	 2011-2012	 were	 used,	 comprising	 75	 samples	 from	 15	 individuals.		

Interestingly,	 in	 this	 subset,	 there	 was	 no	 variation	 based	 on	 individual	

chimpanzees	 (p=0.078,	 PERMANOVA,	 table	 3.1),	 suggesting	 that	 the	 initial	

variation	observed	was	actually	due	to	 the	different	years	 that	 the	samples	were	

collected	 in.	 	This	 lack	of	 gut	 individuality	 contrasts	with	 the	 current	knowledge	

about	 the	 human	 gut,	which	 is	 known	 to	 vary	 both	within	 individuals	 over	 time	

and	between	individuals	(Lozupone	et	al.,	2012),	but	concurs	with	previous	studies	

of	 the	 chimpanzee	 gut	microbiome,	where	 a	 lack	 of	 individual	microbiomes	 has	

been	 observed	 in	 chimpanzee	 populations	 (Degnan	 et	 al.,	 2012;	 Moeller	 and	

Ochman,	2013;	Moeller,	Foerster,	et	al.,	2016).			
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Chimpanzees	 are	 a	 highly	 physically	 social	 species.	 Social	 grooming	makes	 up	 a	

large	 part	 of	 their	 daily	 lives	 (Dunbar,	 1991;	 Nakamura,	 2003).	 	 This	 grooming	

occurs	 all	 over	 the	 body,	 with	 no	 hand-washing,	 personal	 hygiene	 practices	 or	

waste	disposal	systems	as	humans	have,	suggesting	a	higher	rate	of	contact	with	

faecal	matter	 than	 expected	 for	most	 human	 groups.	 	 Grooming	 occurs	 in	 these	

highly	 social	 animals	 as	 a	way	 to	 form	 and	maintain	 bonds	 and	 establish	 social	

hierarchies	 (Nakamura,	 2003;	 Levé	 et	al.,	 2016;	Wittig	et	al.,	 2016);	 accordingly,	

although	 grooming	 occurs	 at	 a	 higher	 frequency	 between	 family	 members	

(Langergraber,	 Mitani	 and	 Vigilant,	 2007),	 it	 often	 occurs	 between	 unrelated	

members	 of	 the	 group	 (Eppley	 et	 al.,	 2013),	 and	 again	 conceivably	 at	 a	 much	

higher	 rate	 than	 direct	 physical	 contact	 does	 between	 unrelated	 humans.		

Furthermore,	 chimpanzees	 live	 in	much	 smaller,	more	distinct	 groups	 than	most	

humans	do,	 ranging	 from	15-150	chimpanzees	 that,	 in	 comparison	 to	 time	spent	

physically	 interacting	 with	 members	 of	 the	 same	 community,	 rarely	 physically	

interact	with	others	outside	of	the	group	(Vigilant	et	al.,	2001).	 	This	is	especially	

true	for	the	individuals	at	Issa	who	live	in	an	area	that	simply	cannot	support	many	

chimpanzee	 communities	 (Piel	 et	 al.,	 2015).	 	 Given	 all	 of	 these	 factors	 then,	 it	

makes	 sense	 that	 gut	 bacteria	 are	 more	 freely	 shared	 between	 all	 individuals	

within	 a	 community	 than	would	be	 expected	 in	human	beings,	 and	 furthermore,	

that	 community-specific	microbiome	differences	develop	due	 to	 few	 interactions	

with	members	outside	of	the	community.	

	

Whilst	 their	 increased	 social	 interactions	may	explain	 the	higher	 rate	of	 transfer	

and	sharing	of	bacterial	 taxa,	 it	 is	 likely	 that	chimpanzee	diet	also	plays	a	role	 in	

sustaining	 similar	 gut	 microbiomes.	 	 In	 humans,	 our	 diverse	 range	 of	 diets	 are	

thought	 to	 be	 one	 of	 the	 drivers	 of	 gut	microbiome	 diversification	 (David	 et	al.,	

2014).	 	 The	 host’s	 diet	 directly	 dictates	 the	 nutrients	 available	 for	 gut	 bacteria;	

hence	people	with	differing	diets	sustain	differing	sets	of	bacteria.		In	contrast,	the	

range	of	food	available	in	the	Issa	chimpanzees	is	much	more	restricted,	and	diet	

for	 the	 population	 as	 a	 whole	 is	 dictated	 entirely	 by	 what	 is	 available	 in	 the	

immediate	environment	(Yoshikawa,	2015).		Individual	diet	is	in	turn	dictated	by	a	

range	 of	 factors	 which	 determine	 how	 much	 of	 this	 available	 set	 of	 food	 an	
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individual	 actually	 consumes,	 including	 resource	 holding	 potential,	 age	 and	

reproductive	 state	 (Hohmann,	 Robbins	 and	 Boesch,	 2006;	 Crick	 et	 al.,	 2013;	

Foerster	et	al.,	2016).		The	key	difference	between	Western	humans	and	individual	

chimpanzees	 is	 that	 in	 a	 population	 of	Western	 humans,	 dietary	 differences	 are	

often	 based	 on	 differences	 in	 food	 types,	 whilst	 in	 the	 Issa	 population	 of	

chimpanzees,	dietary	differences	between	individuals	are	based	on	an	individual’s	

proportions	of	the	same	set	of	available	food.		The	most	likely	explanation	for	the	

pan-microbiome	 observed	 in	 Issa	 chimpanzees	 and	 others	 in	 the	 literature	 is	 a	

combination	of,	firstly,	increased	physical	interactivity	within	a	community,	which	

increases	 the	 rate	 at	 which	 taxa	 are	 shared	 between	 individuals,	 and	 secondly,	

limited	 variation	 in	 the	 types	 of	 food	 available,	 which	 dictates	 the	 diet	 of	 the	

population	 of	 chimpanzees	 as	 a	whole,	 thus	 determining	which	 taxa	 are	 able	 to	

persist	and	survive	in	the	guts	of	these	animals.	

	

The	food	available	in	Issa	depends	on	factors	that	vary	over	time,	such	as	rainfall,	

temperature,	pollination	and	so	on	 (Yoshikawa,	2015).	 	 It	makes	sense	 then	 that	

collection	year	had	a	significant	effect	on	microbe	composition	(PERMANOVA,	p=	

0.01,	 table	 3.1),	 with	 within-year	 distances	 being	 significantly	 smaller	 than	

between-year	 distances	 overall	 (figure	 3.4a).	 Variation	 did	 not	 follow	 a	 linear	

progression;	 gut	microbiome	variation	did	not	 correlate	with	Euclidean	distance	

between	 collection	 dates	 (Mantel	 test	 of	 correlation),	 with	 for	 example	 samples	

collected	 in	 2009	 and	 2012	 being	more	 similar	 to	 each	 other	 than	 between	 any	

other	two	years	(figure	3.4b).		This	suggests	that	as	time	progressed	away	from	the	

starting	year,	the	gut	environments	did	not	grow	steadily	more	different	but	rather	

fluctuated	 in	 their	 overall	 compositions.	 	 This	 is	 also	 reflected	 in	 the	 relative	

abundance	 of	 some	 of	 the	 bacterial	 taxa	 driving	 differences	 between	 collection	

years.	

	

As	discussed	earlier	(see	chapter	1),	16S	rRNA	gene	sequencing	does	not	facilitate	

functional	analysis	of	the	gut	microbiome	well.	 	Partial	sequencing	of	the	gene,	in	

this	 case	 the	 V3-V4	 region,	 is	 commonly	 regarded	 as	 accurate	 to	 genus	 level	

identification	 only	 (J.	Michael	 Janda	 and	Abbott,	 2007;	 Schloss,	 2010;	 Shin	 et	al.,	

2016)	and	even	within	one	genus,	different	bacterial	species	can	display	different	
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functions	 and	 abilities.	 	 Further	 sequencing	 involving	 at	 least	 the	 full	 16S	 rRNA	

gene	and	ideally	multiple	other	housekeeping	genes	would	be	necessary	for	strain-

level	 identification,	 with	 full	 genome	 sequencing	 being	 the	most	 comprehensive	

method	 to	 accurately	 explore	 function.	 	 As	 such,	 as	 this	 thesis	 focuses	 on	 the	

factors	 that	 determine	 diversity	 in	 gut	 microbiomes	 rather	 than	 functional	

differences,	this	chapter	does	not	attempt	to	address	this	question	here	other	than	

to	briefly	mention	one	 feature	of	 interest	of	 the	gut	microbiomes	studied	here	 in	

the	 context	 of	what	we	 know	about	 the	 primate	 gut	microbiome	 generally.	 	 The	

low	 abundance	 of	 Bifidobacteriales	 in	 the	 2015	 samples	 is	 odd;	 this	 Order	 is	

known	to	be	a	common	gut	microbe	and	has	been	found	to	correlate	with	colonic	

health	and	remission	of	irritable	bowel	syndrome	(IBD)	in	humans	(Morgan	et	al.,	

2012;	Papa	et	al.,	2012),	however	the	same	studies	have	shown	Coriobacteriales	to	

also	correlate	with	colonic	health;	the	almost	two-fold	increase	in	Coriobacteriales	

from	2014	to	2015	in	chimpanzees	might	act	to	compensate	for	or	even	compete	

with	the	Bifidobacteriales.			

	

With	the	exception	of	 the	absence	of	Pseudomonadales	 in	2015,	none	of	 the	taxa	

that	 were	 differentially	 abundant	 across	 collection	 years	 were	 absent	 from	 the	

sample	set	for	any	year	(fig	3.10).	 	This	suggests	that	rather	than	acquisition	and	

loss	of	taxa	across	time,	what	occur	here	are	fluctuations	in	the	relative	abundance	

of	 taxa	 based	 on	 the	 availability	 of	 certain	 food-types.	 	 Increased	 daily	 social	

interactivity	 has	 also	 been	 linked	 to	 an	 increase	 in	 alpha	 diversity	 (i.e.	 bacterial	

species	 richness	 and	 evenness)	 in	 individual	 chimpanzees’	 gut	 microbiomes	

(Moeller,	 Foerster,	 et	 al.,	 2016).	 No	 data	 was	 available	 as	 to	 the	 chimpanzees’	

places	in	the	social	hierarchy	of	the	community	or	which	types	of	food	were	most	

abundant	 in	 Issa	 when	 samples	 were	 collected,	 but	 it	 would	 be	 interesting	 to	

investigate	whether	the	relative	abundances	of	any	bacterial	taxa	correlated	either	

with	availability	of	any	types	of	food	in	the	area	at	that	time	or	in	response	to	food	

availability	 to	 an	 individual	 based	 on	 their	 place	 in	 the	 social	 hierarchy	 at	 that	

point	in	time.		

	

Interestingly,	humans	have	significantly	decreased	alpha	diversity,	the	lowest	of	all	

apes,	 with	 suggested	 causes	 including	 use	 of	 medicines	 or	 lack	 of	 dietary	 fibre	
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(Moeller,	 2017).	 	 It	 has	 been	 shown	 that	 both	 species	 richness	 (i.e.	 numbers	 of	

different	 taxa	 present)	 and	 evenness	 (i.e.	 how	 even	 the	 total	 cell	 counts	 of	 each	

taxa	are)	are	different	in	humans,	with	other	apes	having	both	higher	numbers	of	

different	 bacterial	 taxa	 and	 a	 more	 even	 spread	 of	 cell	 counts	 across	 the	 taxa	

present	(Moeller	et	al.,	2014).		As	discussed	previously	(see	chapter	1),	one	way	in	

which	gut	bacteria	provide	a	benefit	to	their	host	is	through	digestion	of	nutrients	

that	the	host	cannot	perform	themselves.		Perhaps	great	ape	hosts,	in	this	case	the	

Issa	 chimpanzees,	 in	 harbouring	 a	 more	 species-rich	 gut	 microbiome,	 are	

safeguarding	 against	 fluctuations	 in	 diet;	 by	 continually	 playing	 host	 to	 a	 wider	

variety	of	taxa,	host	individuals	may	maximise	digestion	of	a	wider	variety	of	foods	

such	 that	 they	 do	 not	 suffer	 if	 one	 food-type	 decreases	 in	 abundance,	 with	 the	

benefit	 of	 such	 outweighing	 any	 potential	 cost	 of	 maintaining	 higher	 alpha	

diversity.	 	The	 fact	 that	other	great	ape	gut	microbiomes	tend	to	be	more	evenly	

dispersed	 across	 the	 taxa(Moeller	 et	 al.,	 2014)	 present	 may	 also	 reflect	 this;	

assuming	that	a	given	individual	can	only	host	a	given	quantity	of	gut	microbiota,	

maintaining	lower	but	more	evenly	spread	numbers	of	different	taxa	may	provide	

a	 buffer	 against	 temporal	 fluctuations	 in	 food-type	 availability	 through	

diversification	of	bacterial	 functions,	analogous	to	“not	putting	all	of	your	eggs	in	

one	basket”.			

	

3.4.2	Variation	between	Issa’s	two	collection	sites	

	

Samples	 collected	 at	 the	 second	 site	 in	 Issa	were	 significantly	 different	 to	 those	

collected	 from	 the	 main	 site	 (p=0.01,	 PERMANOVA),	 however	 the	 two	 sets	 of	

samples	were	collected	during	two	non-overlapping	time	periods	(2009-2012	and	

2014-2015).	 	Given	 that	 the	gut	microbiomes	of	 the	chimpanzees	do	vary	across	

time,	it	 is	possible	then	that	the	second	site’s	samples	were	produced	by	the	first	

site’s	 chimpanzee	 community	 travelling	 across	 Issa,	 and	 that	 there	 are	 not	 two	

distinct	 communities	 living	 in	 Issa.	 	 Sample	 collection	 from	 the	 two	 sites	 over	

different	 time	 periods	 is	 a	 major	 caveat	 in	 this	 study,	 but	 again	 given	 the	

opportunistic	nature	of	sample	collection,	one	that	was	unavoidable.		Degnan	et	al.	

(2012)	 have	 previously	 discussed	 a	 case	 in	 which	 an	 individual	 chimpanzee	
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migrated	 from	 one	 community	 to	 another.	 	 This	 chimpanzee	 retained	 a	 gut	

microbiome	recognisable	as	belonging	to	the	first	population	for	years	after	it	has	

migrated	 to	 a	 new	 population,	 demonstrating	 that	 there	 exists	 population-level	

variation	 in	 the	 gut	 microbiomes	 of	 chimpanzees	 that	 is	 greater	 than,	 amongst	

other	 things,	yearly	variation.	 	Based	on	 this,	 I	here	use	 the	assumption	 that	 two	

populations	of	chimpanzees	are	likely	to	show	greater	variation	between	their	gut	

microbiomes	than	occurs	over	time	to	attempt	to	answer	the	question	of	whether	

the	two	sites	host	two	distinct	chimpanzee	populations.		

	

There	 was	 no	 correlation	 between	 the	 Euclidian	 distance	 matrix	 of	 sample	

collection	 date	 and	 the	weighted	Unifrac	 distance	 between	 each	 pair	 of	 samples	

when	using	a	Mantel	test	of	correlation.		The	lack	of	correlation	however	does	not	

necessarily	imply	that	there	is	no	correlation	between	collection	year	and	sample	

composition,	but	rather	shows	only	that	the	microbiomes	studied	do	not	change	in	

a	linear	manner	over	time.		Given	the	fluctuations	seen	in	the	relative	abundances	

of	the	differentially	abundant	taxa	across	collection	years,	this	is	unsurprising.			

	

When	attempting	to	predict	collection	year	and	collection	site	using	the	full	set	of	

138	samples	from	both	collection	sites	in	Issa,	the	K-nearest	neighbour	model	was	

most	accurate	at	predicting	collection	site	(correctly	assigning	collection	site	72%	

of	 the	 time).	 	When	 comparing	 subsets	 of	 the	 two	 collection	 sites	 however,	 the	

accuracy	 of	 the	 K-nearest	 neighbour	 model	 varied	 depending	 on	 the	 samples	

included,	in	a	manner	that	suggests	that	variation	based	on	collection	site	might	be	

driven	by	samples	from	particular	years	within	that	site.		For	example,	accuracy	at	

predicting	 collection	 site	 dropped	 by	 13%	 (from	 72%	 to	 59%)	 when	 samples	

collected	between	2009-2010	were	excluded	(table	3.1,	row	6)	and	the	model	was	

particularly	poor,	accurate	only	21%	of	the	time,	at	predicting	collection	site	when	

considering	 samples	 collected	 between	 2012-2014	 only	 (table	 3.1,	 row	 5).		

Furthermore,	the	model	was	reasonably	accurate	(64%)	at	distinguishing	between	

samples	 collected	 from	 the	main	 site	 in	 either	 2009	 or	 2011	 (table	 3.1,	 row	 3),	

correctly	assigning	collection	year	to	these	samples	over	three	times	more	often	(a	

difference	of	44%)	than	 it	assigned	correct	collection	site	 to	samples	collected	 in	

2012	(at	 the	main	site)	and	2014	(at	 the	secondary	site).	 	The	range	of	accuracy	
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scores	of	the	K-nearest	model,	dependent	on	which	two	years	are	being	compared,	

highlights	the	point	made	earlier	that	rather	than	changing	in	a	linear	manner	over	

time,	what	we	actually	observe	is	a	fluctuation	in	the	relative	abundances	of	taxa	in	

the	gut	over	time.	 	Figure	3.6b	shows	the	distances	between	samples	 for	pairs	of	

years	compared.		

	

If	 the	 two	 collection	 sites	 housed	 two	 separate	 chimpanzee	 communities	 that	

harboured	distinct	 gut	microbiomes,	we	would	expect	 to	 see	 significantly	higher	

weighted	Unifrac	distances	between	samples	collected	in	different	years	and	from	

different	sites	(blue	arrows	 in	 the	example	 in	 figure	3.19)	 than	between	samples	

collected	in	different	years	but	from	the	same	sites	(orange	arrows	in	figure	3.19),	

however	 this	 was	 not	 the	 case.	 	 Comparisons	 of	 the	 means	 of	 each	 box	 in	 the	

boxplot	in	figure	3.6b	showed	that,	there	were	no	significant	differences	between	

any	 pairs	 of	means	 (i.e.	 in	 figure	 3.19,	 no	 arrow	 of	 any	 colour	was	 significantly	

greater	 or	 smaller	 than	 any	 other	 arrow)	 when	 implementing	 Bonferroni	

correction	for	multiple	hypotheses.		
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Figure	3.19	Illustration	showing	how	distance	boxplot	comparisons	work.		Beta	diversity	

analyses	generate	pairwise	distances	between	each	pair	of	samples.		Distance	boxplots	(as	

in	figure	3.6b)	collate	these	distances	by	the	two	fields	(here,	years,	e.g.	2011	vs.	2012	or	

2012	vs.	2014)	being	compared.		Examples	A	and	B	illustrate	two	possible	scenarios.			

A)	 The	 means	 of	 within-collection-site	 comparisons	 are	 lower	 than	 the	 between-

collection-site	 comparisons	 for	 all	 pairs	 of	 collection	 years	 compared.	 	 This	 implies	 that	

variation	occurs	based	on	collection	site	and	not	based	on	collection	year	

B)	 The	 means	 of	 within-site	 comparisons	 are	 sometimes	 lower	 than	 between-site	

comparisons	 (e.g.	 the	 mean	 distance	 between	 2011	 vs.	 2012	 is	 lower	 than	 the	 mean	

distance	between	2012	vs.	2015),	but	sometimes	higher	(e.g.	the	mean	distance	between	

2014	vs.	2015	is	higher	than	the	mean	distance	between	2012	vs.	2014).		This	implies	that	

variation	seen	due	to	collection	site	 is	a	confounded	result,	and	instead	driven	by	one	or	

more	 years	 within	 that	 collection	 site	 (in	 this	 example,	 2015	 is	 highly	 dissimilar	 to	 all	

other	years).	
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I	suggest	therefore	that	there	are	two	likely	possibilities	that	could	account	for	the	

results	seen.		Firstly,	it	could	simply	be	the	case	that	the	chimpanzees	are	the	same	

population	with	a	greater	than	typical	home	range.		As	discussed,	Issa	is	somewhat	

atypical	 compared	 to	 other	 chimpanzee	 home-ranges.	 	 Issa	 is	 the	 driest	 of	 all	

known	 chimpanzee	 habitats,	 with	 annual	 rainfall	 at	 <1,500	 mm(Hernandez-

Aguilar,	 2006).	 	 This	 results	 in	 a	 reduction	 in	 both	 forest	 coverage	 and	 food	

abundance	per	km2.	 	The	home-range	of	these	chimpanzees	is	therefore	larger	in	

comparison	to,	for	example,	the	Gashaka	chimpanzees	(who	have	a	home	range	of	

approximately	 30km2)(Sommer	 and	 Ross,	 2011),	 with	 the	 current	 estimate	 for	

chimpanzee	 home	 range	 at	 Issa	 being	 around	 85km2	 (05°50'S,	 30°56'E;	 altitude	

900–1800	m)(Piel	et	al.,	2015),	which	is	referred	to	here	as	the	main	Issa	collection	

site.	 	The	second	site	at	Issa	is	located	approximately	10	km	away	from	this	main	

collection	site;	 given	 the	 increased	home	range	of	 the	 Issa	 chimpanzees,	 it	 is	not	

unthinkable	 that	 they	 might	 range	 an	 extra	 10km	 if	 food	 abundance	 is	 low	 or	

competition	within	the	community	is	high.		The	results	of	Degnan	et	al	(2012),	who	

showed	 that	 an	 adult	 migrant	 from	 one	 chimpanzee	 community	 retained	 that	

community-specific	gut	microbiome	even	after	years	spent	in	the	new	community,	

suggest	 that	 if	 the	samples	collected	at	 the	 two	 Issa	sites	were	 from	two	distinct	

populations,	and	even	if	they	exchanged	members,	their	gut	microbiomes	would	be	

recognisably	different	from	each	other	even	across	two	years	(i.e.	2012	vs.	2014).	

	

The	 second	 possibility	 is	 that	 there	 are	 two	 newly-formed	 chimpanzee	

communities	that	have	split	from	one	single	community	recently	enough	that	there	

has	not	been	enough	time	or	variation	in	living	conditions	for	the	two	communities	

to	have	developed	distinct	gut	microbiomes.		Divergence	times	for	chimpanzee	gut	

microbiomes	 have	 not	 been	 reported,	 and	 indeed	 there	 are	 many	 other	 factors	

than	 population	 separation	 time,	 such	 as	 food	 availability	 to	 each	 community,	

environmental	 conditions	 and	 other	 species	 sharing	 the	 same	 environment	

(Moeller,	 Peeters,	 et	 al.,	 2013)	 that	 comparisons	 to	 other	 divergence	 estimates	

would	not	necessarily	even	be	valid	in	this	case.		Without	further	genotyping	of	the	

samples	collected	at	 the	second	site,	 studies	of	 the	animals	 themselves	or,	 at	 the	

very	least,	analysis	of	samples	collected	from	the	main	site	between	2014-2015,	it	
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is	 not	 possible	 to	 know	 for	 certain	 whether	 these	 individuals	 comprise	 one	 or	

more	 communities.	 	 Thus,	 whilst	 speculatively	 I	 suggest	 that	 they	 are	 the	 same	

community	of	chimpanzees	with	an	increased	home-range,	more	work	would	need	

to	be	done	to	confirm	this.	

	

3.4.3	Differences	between	Gashaka	and	Issa	chimpanzee	populations	

	

The	 chimpanzees	 living	 in	 Issa	 and	 Gashaka	 are	 two	 different	 subspecies	 of	

chimpanzee,	with	different	habitat	conditions	and	diets	and	evolutionary	histories.		

It	is	unsurprising	then	that	they	display	distinct	and	recognisable	gut	microbiomes.		

All	measures	of	beta	diversity	produced	PCoA	plots	that	showed	distinct	groupings	

between	 Issa	 and	 Gashaka	 samples	 (figure	 3.13),	 and	 PERMANOVA	 indicated	

significant	 differences	 between	 the	 gut	 microbiomes	 of	 these	 two	 populations	

(p=0.01).	 	 Boxplots	 of	 the	 distances	 between	 and	 within	 sample	 groupings	 for	

population	 add	 support	 to	 the	 idea	 that	 the	Gashaka	 and	 Issa	 chimpanzees	have	

distinct	 gut	microbiomes	 by	 showing	 that	 samples	 from	 the	 same	 population	 of	

chimpanzees	 were	 more	 similar	 to	 each	 other	 than	 to	 samples	 from	 the	 other	

population	 (figure	 3.14).	 	 This	 implies	 the	 existence	 of	 variation	 at	 a	 host	

subspecies	 level	within	the	gut	microbiomes	of	chimpanzees,	a	topic	that	has	not	

previously	been	studied.		Whether	this	is	due	to	physiological	or	genetic	variation	

between	the	 two	subspecies,	or	variation	 in	 their	diets	or	habitats	remains	 to	be	

seen	 and	 has	 the	 potential	 to	 be	 the	 topic	 of	 future	 research;	 it	 is	 likely	 that	

variation	in	diet	and	habitat	(including	both	abundance	and	available	food	types)	

as	 well	 as	 geographical	 and	 temporal	 separation	 all	 play	 a	 role	 in	 the	

diversification	seen	between	the	gut	microbiomes	of	these	two	subspecies	studied	

here.		Importantly,	the	chimpanzees	representing	each	subspecies	come	from	only	

two	populations.			It	is	therefore	not	possible	to	completely	distinguish	variation	at	

a	population	level	from	variation	at	a	subspecies	level;	to	do	so,	this	study	would	

have	to	be	repeated	with	multiple,	non-interacting	populations	belonging	to	these	

subspecies.	 	 It	 is	 however	 known	 that	 variation	 between	 the	 gut	 microbiota	 of	

hominid	(great	ape)	species	follows	divergence	times	that	roughly	correlate	to	the	

evolutionary	history	of	these	host	species	(Moeller,	Caro-Quintero,	et	al.,	2016).		It	
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is	not	inconceivable	that	the	gut	microbiome	would	co-evolve	with	their	host	at	a	

subspecies	 level	 of	 evolution	 also;	 therefore	 I	 hypothesise	 that	 variation	 seen	

between	Gashaka	and	Issa	chimpanzees	is	likely	representative	of	subspecies-level	

variation,	however	further	studies	would	have	to	be	made	to	confirm	this.	

	

The	 typical	microbiome	of	a	chimpanzee	 living	 in	Gashaka,	compared	 to	 those	at	

Issa,	is	characterised	by	a	three-fold	increase	in	Spirochaetes,	and	a	4-fold	increase	

in	an	unclassified	Order	of	Mollicutes.	 	Conversely,	 the	chimpanzees	at	 Issa	show	

increased	 proportions	 overall	 of	 Bifidobacteriales,	 Coriobacteriales	 and	

Selenomonadales	 compared	 to	 those	 living	 in	 Gashaka	 (figure	 3.19).	 	 Again,	 this	

thesis	does	not	attempt	to	address	this	question	of	bacterial	function,	other	than	to	

briefly	state	some	speculations	based	on	the	existing	literature.		An	increase	in	the	

numbers	of	Coriobacteriaceae,	 the	only	 family	within	 the	Order	Coriobacteriales,	

has	 been	 linked	 to	 increased	 stress	 levels	 in	 mice	 (Bangsgaard	 Bendtsen	 et	 al.,	

2012);	perhaps	then	their	increased	proportions	in	the	Issa	chimpanzees	might	be	

linked	 to	 the	 stresses	 of	 the	 harsher	 environment	 at	 Issa	 compared	 to	 Gashaka.		

Spirochaetales	have	 speculatively	been	 linked	 to	high-fibre	diets	 in	 rural	African	

children	(De	Filippo	et	al.,	2010)	and	for	example	are	a	dominant	taxon	in	the	guts	

of	termites	(Breznak,	1975;	Do	et	al.,	2014),	which	digest	high	quantities	of	fibrous	

material	and	which	the	chimpanzees	at	both	Gashaka	and	Issa	are	known	to	prey	

upon	(Fowler	and	Sommer,	2007;	Stewart	and	Piel,	2014).		The	lower	proportions	

of	 above-ground	 plant	 parts	 as	 well	 as	 invertebrates,	 including	 termites,	 in	 the	

diets	 of	 the	 chimpanzees	 at	 Issa	 (Yoshikawa,	 2015)	may	 then	be	 responsible	 for	

the	 comparative	 decrease	 in	 Spirochaetales	 compared	 to	 the	 Gashaka	

chimpanzees.		Without	further	studies	including	some	on	other	populations	of	the	

same	subspecies	as	studied	here,	it	is	not	possible	to	make	a	substantial	statement	

on	the	functions	of	these	taxa	in	these	gut	microbiomes.	

	

Interestingly,	 looking	 at	 genus	 level	 variation	 between	 the	 two	 chimpanzee	

populations	(figure	3.18),	genera	that	show	a	decrease	in	one	population	in	some	

cases	co-occur	with	an	 increase	of	another	genus	within	 that	Family	 in	 the	other	

chimpanzee	population.		One	such	occurrence	of	this	is	in	the	relative	abundances	

of	Lachnospiraceae	and	Ruminococcaceae	Families	within	the	Clostridiales	Order	
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(figure	 3.18a).	 	 In	 Lachnospiraceae	 for	 example,	 Gashaka	 chimpanzees	 show	 an	

increase	 in	 Anaerostipes	 and	 Pseudobutyrivibrio	 but	 a	 decrease	 in	 Butyrivibrio.		

Similarly,	 in	 the	 Ruminococcaceae	 Family,	 an	 increase	 in	 the	 abundance	 of	

Butyricicoccus,	members	of	which	have	been	described	as	probiotics	that	provide	

protection	against	invasive	species	(Eeckhaut	et	al.,	2016),	in	the	Issa	chimpanzees	

co-occurred	with	a	decrease	in	Faecalibacterium,	Flavonifractor,	Oscillibacter,	and	

a	 fourth,	 unclassified	 genus	 of	 Ruminococcaceae.	 	 Collectively,	 despite	 the	

differential	 abundance	 of	 individual	 genera	 within	 the	 Clostridiales	 Order,	

Clostridiales	as	a	whole	did	not	 show	significant	differential	 abundance	between	

Gashaka	and	Issa	chimpanzees.		Whilst	clearly	much	more	research	would	need	to	

be	carried	out	before	any	claims	could	be	made,	I	tentatively	speculate	that	this	too	

may	 a	 result	 of	 co-evolution	 between	 host	 and	 microbiome.	 Members	 of	

Bifidobacteriaceae	and	Bacteroidaceae,	for	example,	show	co-evolution	with	great	

apes,	where	there	is	high	bacterial	clade-host	specificity	that	has	been	maintained	

over	thousands	of	generations	(Moeller,	Caro-Quintero,	et	al.,	2016).		It	is	possible	

then	 that	patterns	of	 co-evolution	are	detectable	not	only	at	a	host-species	 level,	

but	 also	 between	 host	 subspecies.	 	 It	 may	 be	 then	 that	 within	 Clostridiales,	

different	 genera	 have	 co-evolved	 and	 adapted	 to	 survive	 in	 each	 of	 the	 two	

subspecies	of	chimpanzee	studied	here.	

	

3.5	Conclusions	

	

It	 has	 been	 shown	 here	 that	 within	 the	 Issa	 chimpanzee	 population,	 their	 gut	

microbiota	vary	not	between	 individual	but	 for	 the	population	as	a	whole	across	

time.	 	 This	 is	 concurrent	 with	 the	 literature,	 in	 which	 chimpanzees	 have	 been	

found	to	have	community-specific	gut	microbiomes	(Degnan	et	al.,	2012;	Moeller,	

Foerster,	 et	 al.,	 2016).	 	 Bacterial	 taxa	 do	 not	 disappear	 from	 the	 gut	 across	 the	

years	 studied	 here,	 but	 rather	 fluctuate	 in	 their	 relative	 abundance,	 which	 I	

speculate	 may	 be	 evidence	 that	 variation	 over	 time	 occurs	 in	 response	 to	

fluctuations	 in	 the	abundance	of	 food	 types	across	 the	years.	 	Given	 that	 the	gut	

microbiota	 fluctuates	over	 time,	 I	 suggest	 that	 rather	 than	 the	 two	 sites	housing	

two	 chimpanzee	 communities	 with	 distinct	 gut	 microbiomes,	 the	 variation	
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observed	 between	 the	 two	 collection	 sites	 is	 a	 result	 of	 the	 different	 periods	 of	

time	over	which	 the	 two	sets	of	 samples	were	collected.	Finally,	 It	has	also	been	

shown	 here	 that	 there	 are	 detectable	 and	 significant	 differences	 between	 the	

chimpanzees	at	Gashaka	and	Issa.		I	hypothesise	that	this	is	demonstrates	variation	

at	 a	 chimpanzee-subspecies	 level,	 and	 occurs	 as	 a	 result	 of	 the	 different	

evolutionary	histories,	diets	and	habitats	of	the	two	subspecies.		

	

The	next	chapter	will	consider	variation	at	a	host-species	 level	by	comparing	the	

gut	 microbiomes	 of	 3	 primate	 species,	 including	 the	 some	 of	 the	 chimpanzees	

studied	in	this	chapter,	sharing	the	same	habitat	in	Issa	Valley.	
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Chapter	4	–	Issa	primates,	or,	inter-species	variation	in	a	

shared	habitat	
	

4.1	Introduction	

	

4.1.1	Inter-specific	variation	exists	in	Primates	

	

The	 previous	 chapter	 focussed	 on	 intra-species	 variation,	 and	 found	 that	 two	

populations	 of	 chimpanzees	 played	 host	 to	 recognisable,	 population-specific	 gut	

microbiomes.		Given	that	there	exists	population-	and	subspecies-level	variation,	it	

is	unsurprising	that	many	studies	have	shown	primates	to	harbour	species-specific	

gut	 microbiomes.	 	 Studies	 have	 demonstrated	 species-specific	 microbiomes	 in	

primates	 throughout	 the	 Order,	 with	 comparisons	 ranging	 from	 closely	 related	

species	 of	 howler	monkeys	 (Amato	et	al.,	 2016),	 hominids	 (Ochman	et	al.,	 2010;	

Moeller,	 Caro-Quintero,	 et	 al.,	 2016)	 and	 colobus	 (Mccord	 et	 al.,	 2014),	 to	more	

distantly	 related	 species	 of	 lemur	 (Fogel,	 2015;	 McKenney,	 Rodrigo	 and	 Yoder,	

2015)	 and	 even	 including	 across-Order	 studies	 (Ley,	 Hamady,	 et	 al.,	 2008;	 Ley,	

Lozupone,	 et	 al.,	 2008).	 	 Nonetheless,	 studies	 of	 primate	 gut	 microbiota	 remain	

few,	with	most	primate	species	remaining	yet	unexplored.		This	chapter	will	focus	

on	 three	Catarrhine	species;	one	ape,	 the	common	chimpanzee	(Pan	troglodytes),	

and	two	Old	World	monkeys,	 the	red-tailed	monkey	(Cercopithecus	ascanius)	and	

the	 yellow	 baboon	 (Papio	 cynocephalus).	 	 The	 individuals	 compared	 all	 live	

sympatrically	 in	 Issa	 Valley,	 Tanzania,	 meaning	 they	 share	 similar	 habitats	 and	

climates.	 	The	chimpanzee	population	is	the	same	Issa	population	included	in	the	

previous	chapter.	 	By	comparing	these,	 this	chapter	begins	by	aiming	to	consider	

whether	there	exist	species-specific	gut	microbiomes	for	these	species.			

	

4.2.2	Three	primate	species	living	in	Issa	Valley,	Tanzania	

	

Within	the	Catarrhines,	it	is	estimated	that	the	split	between	the	Cercopithecoidea	

and	 Hominoidea	 (containing	 chimpanzees)	 Superfamilies	 occurred	 ~29	 MYA	
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(Chatterjee	et	al.,	2009).		The	only	existing	Family	within	Cercopithecoidea,	named	

Cercopithecidae,	 split	 into	 two	 subfamilies	 ~16.2	 MYA	 (Raaum	 et	 al.,	 2005);	

Cercopithecinae,	containing	both	monkey	species	studied	here,	and	Colobinae.		The	

Cercopithecinae	subfamiliy	 is	often	split	 into	two	tribes,	diverging	~18.6-10	MYA	

(Raaum	 et	 al.,	 2005;	 Chatterjee	 et	 al.,	 2009);	 the	 Panionini,	 to	 which	 the	 yellow	

baboon	belongs,	and	the	Cercopithecini,	containing	the	red	tailed	monkey.			

	

	Red	tailed	monkeys	

	

The	 red	 tailed	 monkey,	 or	 red	 tailed	 guenon,	 is	 a	 species	 abundant	 across	 the	

central	 region	 of	 Africa	 (Sarmiento,	 Stiner	 and	 Brooks,	 2001),	 with	 an	 IUCN	

conservation	status	as	of	2018	of	Least	Concern.	 	They	are	diurnal	and	primarily	

arboreal,	 although	 they	 spend	 some	 time	 foraging	 on	 the	 forest	 floor	 (Bektić,	

2009),	with	 their	diet	consisting	mainly	of	 fruit	and	also	containing	some	 leaves,	

flowers,	seeds	and	insects	(Wrangham,	Conklin-Brittain	and	Hunt,	1998).		They	are	

a	 social	 species,	 living	 in	 groups	 of	 between	 7-30	 individuals,	 comprising	 one	

dominant	male	and	several	 females	and	offspring,	 in	which	allomothering,	or	 the	

care	of	 infants	by	adults	other	 than	their	own	mother,	has	been	reported	to	 take	

place	(Sarmiento,	Stiner	and	Brooks,	2001).		

	

Yellow	baboons	

	

The	yellow	baboon	has	a	similar	distribution	to	the	red	tailed	monkey	across	most	

of	Central	Africa	(Jolly,	1993),	living	terrestrially	in	mixed-sex	troops	averaging	30-

80	individuals	and	displaying	a	complex	social	hierarchy	(Henzi	and	Barrett,	2003;	

Kingdon,	 Butynski	 and	De	 Jong,	 2016).	 	 As	 of	 2018	 they	 have	 an	 IUCN	 status	 of	

Least	Concern.	 	They	are	opportunistic	eaters	 that	will	 consume	almost	anything	

available,	 with	 their	 diets	 showing	 high	 variation	 even	 across	 several	 years	

depending	on	food	availability	and	preference	(Norton	et	al.,	1987).		
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Cross-species	interactions	

	

Both	 red	 tailed	 monkeys	 and	 yellow	 baboons	 have	 been	 reported	 as	 prey	 for	

chimpanzees	(Nishida,	Uehara	and	Nyundo,	1979;	Nakamura,	1997;	Uehara,	1997),	

however,	 unusually,	 this	 has	 not	 been	 observed	 in	 Issa;	 currently	 the	 only	

observed	mammalian	prey	of	these	chimpanzees	has	been	the	blue	duiker,	a	small	

antelope	(Ramirez-Amaya	et	al.,	2015;	Piel	et	al.,	2017),	despite	the	abundance	of	

other	species	known	to	serve	as	prey	 for	other	chimpanzee	populations.	 	Thus	 it	

will	be	assumed	here	that	the	Issa	chimpanzees	do	not	consume	the	two	monkey	

species	studied	here.		Cross-species	grooming	between	the	red	tailed	monkey	and	

yellow	baboon	has	been	recorded	on	film	in	Issa	(Piel	and	McLester,	2016).		This	is	

of	 interest	 when	 considering	 gut	 microbiome	 diversity	 due	 to	 the	 effects	 of	

physical	social	interactivity	on	the	gut	microbiota	of	social	primates(Bennett	et	al.,	

2016;	 Perofsky	 et	 al.,	 2017);	 indeed	 social	 grooming	 networks	 have	 even	

previously	 been	 shown	 to	 dictate	 gut	 microbiome	 content	 in	 the	 yellow	

baboon(Tung	et	al.,	2015;	Moeller,	Foerster,	et	al.,	2016).	

	

4.2.3	The	baboon	gut	microbiome	

	

Whilst	 there	 are	 currently	 no	microbiome	 studies	 of	 the	 red-tailed	monkey,	 the	

baboon	gut	microbiome,	particularly	that	of	the	yellow	baboon,	has	received	some	

interest	due	to	the	highly	social	nature	of	the	genus,	making	them	an	ideal	species	

in	which	to	study	the	effects	of	social	interactions	on	gut	microbiota.			

	

For	 the	 yellow	 baboons	 in	 Ambolesi	 National	 Park,	 Kenya,	 social	 grouping	 was	

found	to	be	a	strong	predictor	of	microbiome	composition,	even	after	controlling	

for	 both	 the	 genetic	 relatedness	 and	 dietary	 differences	 of	 the	 subjects	 studied,	

outweighing	 the	 effects	 of	 both	 sex	 and	 age	 (Tung	 et	 al.,	 2015).	 	 Specifically,	

grooming	 networks,	 regardless	 of	 kinship,	 were	 found	 to	 correlate	 with	 gut	

microbiome	 content	 in	both	 this	 study	 and	 a	 second	 study	on	 this	 population	 in	

Ambolesi,	which	 focussed	on	baboon	dispersal	patterns	 (Grieneisen	et	al.,	2017).		

Bacteria	most	 likely	 to	 be	 shared	 between	 baboons	 tended	 to	 be	 anaerobic	 and	
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non-spore	forming	(Tung	et	al.,	2015);	in	other	words,	these	are	bacteria	which	are	

unlikely	to	be	able	to	survive	for	 long	in	the	environment	outside	of	a	host.	 	This	

direct	transfer	of	microbes	from	host	to	host	is	also	seen	in	the	vaginal	microbiome	

of	yellow	baboons,	where	shared	sexual	partners	was	a	predictor	of	composition	

(Miller	 et	 al.,	 2017).	 	 The	 gut	 taxa	 that	 varied	 with	 social	 grooming	 in	 these	

baboons	 are	 thought	 to	 belong	 both	 to	 the	 “core”	 gut	microbiome	 (those	which	

perform	 primary	 gut	 functions),	 and	 to	 the	 lower	 abundance,	 “non-core”	

microbiome,	which	 is	 taken	 to	 represent	 transient	acquisitions	 (Grieneisen	et	al.,	

2017),	suggesting	that	social	behaviour	affects	the	gut	in	a	more	stable,	long	term	

manner	than	just	transient	acquisition	alone.		Furthermore,	male	dispersal,	where	

young	 males	 mature	 and	 leave	 the	 group,	 also	 correlated	 with	 gut	 microbiome	

composition,	 and	 microbiomes	 of	 these	 males	 varied	 with	 time,	 such	 that	 the	

microbiomes	of	males	that	had	joined	groups	grew	in	similarity	to	the	rest	of	the	

group	the	longer	that	they	were	members	(Grieneisen	et	al.,	2017).		Diet,	as	is	the	

case	 with	 many	 other	 primates,	 has	 also	 been	 shown	 to	 be	 a	 predictor	 of	 gut	

microbiota	 in	 the	 Ambolesi	 baboons	 (Ren	 et	al.,	 2015).	 	 Interestingly,	 this	 study	

also	reported	that	the	gut	microbiomes	of	individuals	are	highly	dynamic	over	time	

in	 comparison	 to	 other	 primates	 such	 as	 humans	 and	 chimpanzees,	 perhaps	

related	to	their	highly	variable	diets	(Norton	et	al.,	1987).	

	

4.1.2	The	effect	of	sympatry	on	the	gut	microbiome	

	

Despite	maintaining	species-specificity,	living	sympatrically	with	other	species	can	

affect	 the	 gut	 microbiomes	 of	 primates	 even	 without	 heterospecific	 physical	

contact	(Moeller,	Peeters,	et	al.,	2013;	Song	et	al.,	2013).		In	a	study	of	chimpanzees	

whose	 geographical	 range	 overlapped	 significantly	with	 a	 population	 of	 gorillas,	

Moeller	et	al	(2013)	found	that	there	was	convergence	in	the	gut	microbiomes	of	

gorillas	with	the	sympatric	population	of	chimpanzees,	in	comparison	to	a	separate	

population	of	chimpanzees	living	allopatrically.	 	Patterns	observed	in	the	relative	

abundances	of	bacterial	taxa	suggested	that	there	had	been	directional	sharing	of	

gut	 microbiota	 from	 gorillas	 to	 the	 sympatric	 chimpanzee	 population	 (Moeller,	

Peeters,	et	al.,	2013).			
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Despite	dietary	differences,	gorillas	and	chimpanzees	are	closely	related	species.	It	

remains	 unclear	whether	 the	 patterns	 seen	 in	 this	 study	were	 facilitated	 by	 the	

relatedness	of	 the	 two	primate	 species,	or	whether	 convergence	due	 to	a	 shared	

habitat	 might	 be	 possible	 for	 more	 distantly	 related	 species.	 	 This	 chapter	 will	

therefore	 also	 aim	 to	 test	 the	 effects	 of	 sympatry	 on	 the	 gut	microbiome	 of	 the	

three	species	 living	in	Issa,	which	belong	to	separate	clades	across	the	Catarrhini	

parvorder.	 	 To	 do	 so	 the	Gashaka	 chimpanzee	 samples	will	 be	 included	 into	 the	

analyses,	 representative	 of	 an	 allopatric	 chimpanzee	 population,	 to	 test	whether	

the	two	monkey	species	share	more	in	common	with	the	chimpanzees	in	Issa	than	

with	the	allopatric	Gashaka	chimpanzees.	

	

To	do	so,	this	chapter	aims	to	answer	the	following	questions:	

1. Is	there	a	significant	difference	between	the	gut	microbiomes	of	each	of	the	

three	primate	species	living	at	Issa?	

2. If	the	answer	to	the	above	question	is	yes,	do	the	two	monkey	species	living	

at	 Issa	 share	 significantly	more	gut	microbiota	with	 the	 chimpanzees	also	

sharing	 the	 same	environment	at	 Issa	 than	 these	monkey	 species	do	with	

the	 chimpanzees	 living	 in	 Gashaka?	 	 I	 ask	 this	 question	 to	 investigate	

whether	 sharing	 an	 environment	 causes	 any	 convergence	 of	 gut	

microbiomes	between	different	primate	species.	

	

4.2	Materials	and	Methods	

	

4.2.1	Study	populations		

	

Samples	 were	 categorised	 into	 four	 populations;	 Gashaka	 chimpanzees,	 Issa	

chimpanzees,	 red	 tailed	 monkeys	 and	 yellow	 baboons.	 	 The	 Gashaka	 and	 Issa	

chimpanzees	are	 those	studied	 in	 the	previous	chapter;	 for	 information	on	 these	

chimpanzee	populations,	see	sections	3.2.1	and	3.2.4	and	in	the	previous	chapter’s	

methods.		Table	4.1	shows	the	samples	included	in	this	study.	
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Table	4.1	Samples	in	this	study	

Population	 No.	samples	

Issa	chimpanzee	 20	

Gashaka	chimpanzee	 14	

Red	tailed	monkey	 12	

Yellow	baboon	 23	

	

Issa	monkeys	

	

Samples	were	 collected	 from	 individuals	 belonging	 to	 two	 species	 of	 Old	World	

monkeys,	 the	red-tailed	monkey	(Cercopithecus	ascanius,)	and	 the	yellow	baboon	

(Papio	cynocephalus)	in	March-August	2017	by	Alexander	Piel	and	colleagues.	 	As	

the	 samples	were	collected	opportunistically	and	 from	 two	species	not	 currently	

extensively	studied	at	Issa,	there	is	little	information	available	as	to	the	diet	and	or	

relatedness	of	the	individuals	living	at	Issa	beyond	what	is	known	generally	about	

the	 two	 species.	 	 For	 information	 on	 Issa	 generally,	 see	 section	 3.2.1	 in	 the	

previous	chapter.	

	

4.2.2	Alpha	and	beta	diversity	analyses	

	

The	metadata	categories	compared	here	were	host	species	and	primate	population	

(i.e.	 red	 tailed	 monkey,	 yellow	 baboon,	 Issa	 chimpanzees	 and	 Gashaka	

chimpanzees).	

	

Alpha	 diversity	 was	 measured	 using	 the	 chao1	 metric	 and	 plotted	 using	 the	 R	

package	phyloseq	(McMurdie	and	Holmes,	2013).		The	means	of	each	field	within	a	

given	metadata	category	were	compared	using	a	non-parametric	two-sample	t-test	

with	Bonferroni	correction	for	multiple	hypotheses.	

	

Beta	diversity	was	estimated	using	Bray	Curtis,	unweighted	Unifrac	and	weighted	

Unifrac	measures	 initially	 to	 test	 for	 congruence	 between	methods.	 	 PCoA	 plots	

were	 plotted	 for	 each	 of	 these	 measures,	 and	 weighted	 Unifrac	 was	 used	 in	 all	
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downstream	 analyses.	 	 PERMANOVA	 was	 used	 to	 test	 for	 metadata	 category	

significance	for	all	categories	assessed.	 	A	distance	boxplot	showing	the	weighted	

Unifrac	 pairwise	 distances	 collated	 by	 the	 two	 primate	 populations	 being	

compared	 was	 generated	 using	 QIIME	 for	 comparison	 of	 distances	 between	

primate	populations.		Means	were	compared	using	a	non-parametric	two-sample	t-

test	with	Bonferroni	correction.	

4.2.3	Differentially	abundant	taxa	

	

Taxa	summaries	were	plotted	as	bar	plots	in	R	using	the	phyloseq	package.		Taxa	

that	 were	 differentially	 abundant	 between	 the	 four	 primate	 populations	 were	

tested	 for	 using	 a	 Kruskall-Wallis	 test	 with	 Bonferroni	 correction.	 	 These	 were	

plotted	using	 the	R	package	ggplot2.	 	Where	 testing	 for	correlation	between	 two	

bacterial	 taxa,	 their	 relative	 abundances	 across	 all	 samples	were	 first	 tested	 for	

normal	 distribution	 using	 a	 Shapiro-Wilk	 test	 in	 R.	 	 After	 normal	 distributions	

were	confirmed,	correlations	between	 taxa	were	 then	calculated	using	a	Pearson	

correlation	test	implemented	in	R.	

	

4.3	Results	

	

Figure	4.1	shows	alpha	diversity	as	chao1	for	each	sample,	collated	by	population.		

Alpha	 diversity	 was	 significantly	 higher	 in	 the	 yellow	 baboons	 than	 all	 other	

populations	 (p	 values	 between	 0.006	 and	 0.012),	 and	 higher	 in	 the	 red-tailed	

monkeys	 compared	 to	 the	 Issa	 chimpanzees	only	 (p=0.024,	non-parametric	 two-

sample	 t-test).	 No	 other	 pairwise	 comparisons	 between	 populations	 showed	

significant	differences.			

	

PCoA	 plots	 were	 generated	 for	 Bray	 Curtis,	 unweighted	 Unifrac	 and	 weighted	

Unifrac	measures	of	beta	diversity	for	the	Issa	and	Gashaka	primates	(figure	4.2).		

Bray	Curtis	was	the	 least	useful	measure	for	distinguishing	between	the	two	Issa	

monkey	species	(4.2a),	whilst	unweighted	Unifrac	gave	the	clearest	separation	of	

all	 four	primate	populations	 (4.2b).	 	Using	weighted	Unifrac	as	a	measure	meant	

that	 the	 two	 chimpanzee	populations	 clustered	more	 closely	 together	 (4.2c)	 and	
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still	showed	separation	between	the	two	monkey	species.		For	all	three	measures,	

PC1	captured	22.4-27.2%	of	variation,	a	relatively	large	proportion,	and	separated	

the	chimpanzee	populations	from	the	Issa	monkeys.		PERMANOVA	of	the	weighted	

Unifrac	 distances	 showed	 that	 both	 population	 and	 species	 were	 significantly	

correlated	with	gut	microbiome	composition,	with	host	species	being	the	greatest	

predictive	factor	as	indicated	by	the	higher	test	statistic,	shown	in	table	4.2.	

	

	
Figure	4.1	Chao1	measure	of	alpha	diversity	for	all	samples,	collated	by	population.		The	

means	of	each	population	were	compared	using	a	non-parametric	two-sample	t-test	with	

Bonferroni	 correction.	 	Alpha	diversity	was	 significantly	higher	 for	yellow	baboons	 than	

the	 red	 tailed	monkeys	 (p=0.012)	 and	both	of	 the	 chimpanzee	populations	 (p=0.006	 for	

each),	and	was	higher	for	red	tailed	monkeys	compared	to	the	Issa	chimpanzee	population	

(p=0.024)	only.	
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Figure	 4.2a	 PCoA	 plots	 for	 Bray	 Curtis	 measure	 of	 beta	 diversity,	 where	 samples	 are	

coloured	by	primate	population	and	shaped	by	species.	

	
Figure	4.2b	PCoA	plots	for	unweighted	Unifrac	measures	of	beta	diversity,	where	samples	

are	coloured	by	primate	population	and	shaped	by	species.	

a 

b 
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Figure	4.2c	PCoA	plots	for	weighted	Unifrac	measure	of	beta	diversity,	where	samples	are	

coloured	by	primate	population	and	shaped	by	species.	

	

Table	4.2	P	values	for	PERMANOVA	test	of	significance	

Metadata	category	 p	value	 Test	statistic	

Population	 0.001	 15.88	

Species	 0.001	 17.61	

	

Using	weighted	Unifrac	distances,	 a	K-nearest	neighbour	model	was	used	 to	 test	

the	accuracy	of	predicting	primate	population	based	on	the	5	nearest	neighbours.		

The	 results	 are	 shown	 in	 table	 4.3.	 	 The	 model	 was	 reasonably	 accurate	 at	

predicting	both	the	population	and	species	that	samples	belonged	to.	

	

Table	4.3	Percentage	accuracy	of	K	nearest	neighbour	model	where	k=5	

Category	 Percentage	accuracy	of	model	

Population	 72.46%	

Species	 83.28%	

	

c 
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Figure	4.3	 shows	a	distance	boxplot	 comparing	 the	weighted	Unifrac	measure	of	

diversity	for	the	four	populations.		The	means	of	each	box	within	the	boxplot	were	

compared	to	each	other	using	a	non-parametric	two-sample	t-test	with	Bonferroni	

correction	 for	 multiple	 hypotheses.	 	 The	 Issa	 and	 Gashaka	 chimpanzee	 gut	

microbiomes	were	significantly	more	similar	to	each	other	(see	box	indicated	by	*	

on	figure	4.3)	than	either	population	was	to	both	the	red-tailed	monkeys	and	the	

yellow	baboons	(p=0.045	for	all	four	comparisons,	boxes	collectively	indicated	by	

**	on	figure	4.3).		Furthermore,	the	red-tailed	monkeys	were	equally	similar	to	the	

Issa	 and	Gashaka	 chimpanzees	 (p=	1),	 but	 the	 yellow	baboons	had	microbiomes	

that	 were	 significantly	 more	 similar	 to	 those	 of	 the	 Issa	 chimpanzees	 (box	

indicated	by	***	on	figure	4.3)	than	to	the	Gashaka	population	(indicated	by	****	on	

figure	4.3)	(p=0.045).		

	

	
Figure	4.3	Boxplot	of	distances	between	samples,	grouped	by	population.			

	

* 

** 

	

*** **** 
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In	 the	 previous	 chapter,	 variation	 between	 microbiomes	 occurred	 at	 lower	

bacterial	 taxonomic	 levels,	 e.g.	Order	and	Family,	but	 largely	not	at	higher	 levels	

such	 as	 Phylum;	 which	 is	 expected	 when	 comparing	 taxonomically	 similar	 host	

individuals	 such	 as	 members	 of	 the	 same	 species.	 	 Between	 the	 three	 primate	

species	 studied	here,	 variation	between	gut	microbiomes	 increased	 compared	 to	

the	 chimpanzee	 populations	 discussed	 in	 chapter	 3.	 	 This	 is	 demonstrated	 for	

example	in	the	clustering	patterns	in	figure	4.2,	where	clusters	are	clearly	distinct	

from	each	other.		An	increase	in	variation	translates	to	increases	in	the	numbers	of	

differentially	 abundant	 Genera,	 Families	 and	 Orders,	 and	 means	 that	 detectable	

variation	occurs	at	higher	taxonomic	levels	such	as	Phylum.	This	chapter	will	focus	

on	 phylum-level	 variation	 between	 the	 three	 primate	 species	 studied	 here	 to	

understand	 the	 broad	 differences	 between	 the	 populations	 studied.	 	 Figure	 4.4	

shows	the	total	phyla	present	across	the	three	species,	whilst	figure	4.5	shows	the	

average	relative	abundances	for	each	of	the	differentially	abundant	phyla.	 	The	p-

values	 for	 these	 differentially	 abundant	 phyla	 are	 shown	 in	 table	 4.4.	 	 The	

chimpanzees	 were	 characterised	 by	 increased	 proportions	 of	 Bacteroidetes,	

Spirochaetes,	 Tenericutes	 and	 Verrucomicrobia	 compared	 to	 the	 two	 monkey	

species,	along	with	a	decreased	proportion	of	Firmicutes.		Yellow	baboons	showed	

the	 lowest	 abundance	 of	 Bacteroidetes	 and	 the	 highest	 abundance	 of	 Firmicutes	

and	 Actinobacteria,	 along	 with	 the	 highest	 proportion	 of	 the	 low-abundance	

phylum	 Lentisphaerae.	 	 The	 red	 tailed	 monkeys	 meanwhile	 showed	 a	 2-5	 fold	

increase	in	Fibrobacteres	compared	to	the	other	two	primate	species.		
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Figure	4.4	Relative	abundance	of	phyla	present	in	each	primate	population	studied.		
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Figure	4.5	Mean	relative	abundances	of	phyla	that	were	differentially	abundant	between	

primate	populations.	
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Table	4.4	Phyla	that	are	differentially	abundant	between	primate	species	

Phylum	 p-values	
p-values	 (Bonferroni	

corrected)	
Effect	size	

Firmicutes	 <0.001	 <0.001	 0.535	

Verrucomicrobia	 <0.001	 <0.001	 0.328	

Lentisphaerae	 <0.001	 <0.001	 0.321	

Tenericutes	 <0.001	 <0.001	 0.288	

Spirochaetes	 <0.001	 <0.001	 0.230	

Bacteroidetes	 <0.001	 <0.001	 0.226	

Actinobacteria	 0.006	 0.006	 0.143	

Fibrobacteres	 0.025	 0.025	 0.105	

		

As	 indicated	 in	 table	 4.4,	 Firmicutes	 showed	 the	 greatest	 variation	 between	

primate	 populations	 (effect	 size	 0.535).	 	 As	 the	 abundance	 of	 Bacteroidetes	

increased	 in	 the	 Issa	 monkeys	 compared	 to	 the	 chimpanzee	 populations,	 the	

abundance	 of	 Firmicutes	 appeared	 to	 decrease	 (figures	 4.4	 and	 4.5).	 	 To	 test	

whether	 the	 two	 were	 in	 fact	 truly	 correlated,	 a	 Pearson’s	 test	 was	 performed	

using	all	samples	from	all	four	populations.		This	revealed	the	relative	abundance	

of	 Bacteroidetes	 across	 samples	 to	 be	 inversely	 correlated	 with	 abundance	 of	

Firmicutes	 (Pearson’s	 test,	 p<0.001,	 cor	 =	 -0.843)	 and	 occurred	 both	 within	 a	

single	host	species	and	across	species.		To	visualise	this	better,	figure	4.6	shows	the	

relative	abundances	of	Firmicutes	and	Bacteroidetes	per	sample	(4.6a),	as	well	as	

the	mean	abundance	of	each	for	each	primate	population	as	a	separate	plot	(4.6b).	
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Figure	 4.6	 Plots	 showing	 a)	 relative	 abundance	 of	 Firmicutes	 (above	 x	 axis)	 and	

Bacteroidetes	 (below	 x	 axis)	 for	 each	 sample,	 ordered	 by	 decreasing	 proportion	 of	

Bacteroidetes	 and	 grouped	 by	 primate	 population,	 and	 b)	 the	 mean	 abundances	 of	

Firmicutes	and	Bacteroidetes	for	each	primate	population.	
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4.4	Discussion	

	

4.4.1	Host	species-level	variation	in	the	primate	gut	microbiome.	

	

These	 results	 demonstrate	 a	 clear	 and	 recognisable	 difference	 between	 the	 gut	

microbiomes	 of	 the	 three	 primate	 species	 studied,	 indicative	 of	 the	 existence	 of	

species-level	variation.		Although	there	were	recognisable	differences	between	the	

two	 chimpanzee	 populations	 studied,	 as	 discussed	 in	 the	 previous	 chapter,	

variation	 between	 these	 two	 populations	 was	 significantly	 lower	 than	 between	

these	 and	 either	 monkey	 species	 (figure	 4.3).	 	 Furthermore,	 the	 relatedness	 of	

these	 gut	 microbiomes	 mirrors	 the	 evolutionary	 relationships	 of	 these	 three	

species;	 the	more	closely	 related	yellow	baboons	and	red	 tailed	monkeys	shared	

more	features	with	each	other	than	either	did	with	chimpanzees.			

	

Alpha	 diversity	was	 significantly	 higher	 in	 the	 yellow	 baboons	 than	 in	 all	 of	 the	

other	 populations,	 and	 higher	 in	 red	 tailed	monkeys	 than	 the	 Issa	 chimpanzees	

(figure	4.1).		Higher	alpha	diversity,	meaning	an	increase	in	the	number	of	species	

present,	 implies	an	 increased	range	of	 functions	within	the	gut	microbiome.	 	The	

higher	alpha	diversity	observed	 in	 the	yellow	baboons	might	be	a	 result	of	 their	

more	varied	and	opportunistic	diet	(Norton	et	al.,	1987);	consumption	of	a	wider	

variety	of	 food	types	 increases	 the	number	of	nutrient	niches	within	 the	gut	 that	

bacteria	can	fill,	leading	to	an	increase	in	alpha	diversity.		This	has	previously	been	

suggested	to	be	the	case	for	howler	monkeys,	where	an	increase	in	the	diversity	of	

plants	in	the	diet	showed	correlation	with	increased	alpha	diversity	(Amato	et	al.,	

2013).	

	

4.4.2	 The	 relationship	 between	 the	 degree	 of	 similarity	 between	 gut	

microbiomes	and	the	degree	of	relatedness	among	primate	populations	

	

A	comparison	of	the	PCoA	plots	generated	using	the	three	distance	metrics	offers	

some	information	as	to	how	the	microbiomes	of	each	species	and	population	differ	

from	 each	 other.	 	 Bray	 Curtis	 (figure	 4.2a)	 showed	 the	 least	 clear	 separation	
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between	Issa	monkeys,	compared	to	both	Unifrac	measures,	which	separated	the	

two	 species’	 samples	 out.	 	 Bray	 Curtis	 takes	 into	 account	 only	 the	 presence	 and	

absence	of	unique	sequences	when	scoring	diversity,	whereas	both	Unifrac	metrics	

also	consider	how	those	unique	sequences	are	taxonomically	related	to	each	other.		

Thus,	both	Unifrac	measures	place	greater	 importance	on	how	 the	bacterial	 taxa	

relate	to	each	other.		The	fact	that	both	Unifrac	metrics	showed	clearer	separation	

between	the	Issa	monkey	species	implies	that	these	two	species’	guts	vary	not	only	

in	the	presence	and	absence	of	different	unique	sequences,	which	are	analogous	to	

bacterial	 species-level	 taxonomy,	 but	 at	 higher	 taxonomic	 levels	 too,	 in	 the	

differential	 presence	 of	 whole	 clades	 within	 the	 bacterial	 evolutionary	 tree.	 	 If	

making	the	broad	assumption	that	on	the	whole,	 less	closely	related	bacteria	are	

likely	to	share	fewer	metabolic	functions,	these	results	are	the	first	suggestion	that	

these	 gut	microbiomes	 have	 evolved	 and	 formed	 to	 perform	 different	metabolic	

functions	 in	 each	 primate	 species	 too.	 	 Further	 analysis	 including	metabolic	 and	

proteomic	profiling	would	clearly	have	to	be	done	to	test	this	hypothesis,	however	

these	results	provide	a	starting	point	from	which	to	explore	further.	 	Diversity	in	

gut	microbiomes	has	been	observed	to	mirror	the	evolutionary	relationships	of	its	

hosts	 in	 other	 primates,	 even	 causing	 co-speciation	 between	 host	 and	 microbe	

(Ochman	et	al.,	2010;	Moeller,	Caro-Quintero,	et	al.,	2016).	Given	these	findings,	it	

is	logical	that	variation	exists	at	higher	taxonomic	levels,	particularly	between	the	

chimpanzees	 and	 Old	 World	 monkeys,	 which	 diverged	 approximately	 29	 MYA	

(Chatterjee	et	al.,	2009).	

	

The	fact	that	the	relatedness	of	primate	gut	microbiomes	follows	the	host-species	

evolutionary	 relationships	 is	 not	 surprising,	 given	 that	 the	 study	 featured	 only	

three	primate	species	and	that	one	of	the	species,	the	chimpanzee,	was	much	more	

distantly	related	 than	 the	other	 two.	 	Diet	has	been	shown	to	cause	convergence	

across	the	Mammalian	Order	when	comparing	broad	categories	of	diet	(Muegge	et	

al.,	2011),	however,	although	the	proportions	of	food	types	may	vary,	the	diets	of	

all	 three	 species	 studied	 here	 are	 omnivorous	 with	 a	 preference	 for	 fruit	 when	

available.	 	 If	 there	was	more	 information	 as	 to	 the	 day-to-day	 diets	 of	 the	 three	

species,	it	would	be	possible	to	take	into	account	dietary	variation,	however	these	
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results	suggest	that	diet	alone	is	not	responsible	for	the	relatedness	seen,	given	the	

broad	dietary	similarities	between	the	three	species.	

	

As	mentioned	earlier,	cross-species	grooming	has	been	observed	between	the	red	

tailed	monkeys	and	 the	yellow	baboons	 living	 in	 Issa;	 this	 is	of	 interest	as	 intra-

species	 grooming	 is	 known	 to	 influence	 the	 guts	 of	 baboons	 (Tung	 et	 al.,	 2015;	

Grieneisen	 et	 al.,	 2017).	 	 Again,	 It	 is	 difficult	 to	 disentangle	 the	 effects	 of	 cross-

species	grooming	on	the	gut	microbiomes	of	 these	two	populations	 from	the	 fact	

that	 they	 are	 more	 closely	 related	 to	 each	 other	 than	 to	 chimpanzees.		

Furthermore,	we	 do	 not	 know	 the	 extent	 to	which	 it	 occurs,	 and	 therefore	 how	

much	 of	 an	 impact	 that	 is	 likely	 to	 have	 on	 the	 gut.	 	 The	 behaviour	 itself	would	

have	to	be	studied	to	a	greater	extent	for	there	to	be	any	further	work	done	into	

this,	but	is	an	interesting	potential	avenue	to	explore	in	future	work.	

	

The	differential	separation	of	the	two	chimpanzee	populations	based	on	weighted	

and	 unweighted	 Unifrac	 measures	 reveals	 information	 as	 to	 how	 their	 gut	

microbiomes	 differ.	 As	 well	 as	 taking	 into	 account	 relatedness	 of	 unique	

sequences,	 weighted	 Unifrac	 also	 factors	 in	 their	 relative	 abundances,	 whilst	

unweighted	 Unifrac	 does	 not.	 	 By	 ignoring	 relative	 abundances,	 unweighted	

Unifrac	 overestimates	 the	 importance	 of	 low-abundance	 taxa	 by	 giving	 them	 an	

equal	 weighting	 to	 the	 high-abundance	 taxa,	 whilst	 weighted	 Unifrac	 can	

underestimate	their	importance	if	they	are	functionally	important	(Lozupone	et	al.,	

2007).	 	 	 The	 fact	 then	 that	 unweighted	 Unifrac	 showed	 a	 clearer	 separation	

between	 Issa	 and	 Gashaka	 chimpanzee	 populations	 (figure	 4.2b)	 implies	 that	

variation	 between	 the	 two	 populations	 lies	 in	 their	 low	 abundance	 taxa,	 rather	

than	in	the	greater	proportion	of	their	gut	microbiome.		PCoA	plots	are	designed	to	

visualise	diversity	to	the	highest	resolution	for	a	given	plot	rather	than	operating	

at	 a	 fixed	 scale,	 analogous	 to	 geographical	 maps,	 where	 resolution	 of	 a	 town’s	

layout	 is	 lost	when	creating	a	map	of	a	whole	country.	 	 It	 is	the	 inclusion	then	of	

less	similar	gut	microbiomes	that	sometimes	reveals	patterns	such	as	this	between	

the	two	chimpanzee	populations.		In	contrast,	variation	between	the	three	primate	

species	 studied	here	 lies	 in	both	 the	presence	and	absence	of	both	high	and	 low	

abundance	 taxa,	 as	 shown	 by	 the	 fact	 that	 there	 is	 separation	 between	 primate	
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species	 in	 both	 the	 weighted	 and	 unweighted	 Unifrac	 plots.	 	 Figure	 4.5	

demonstrates	this	point	by	showing	the	differentially	abundant	phyla	between	the	

three	 primate	 species.	 	 Phyla	 were	 differentially	 abundant	 for	 both	 highly	

abundant	 taxa	 (e.g.	 Firmicutes	 and	 Bacteroidetes)	 and	 low	 abundance	 taxa	 (e.g.	

Fibrobacteres	and	Verrucomicrobia).		

	

4.4.3	The	effects	of	habitat	sharing	on	the	gut	microbiomes	of	the	primates	at	

Issa	

	

The	results	here	indicate	that	the	yellow	baboons	had	gut	microbiomes	that	were	

more	similar	to	the	Issa	chimpanzee	population	than	to	the	Gashaka	chimpanzees.	

This	 raises	 the	 idea	 that	 there	might	be	 some	homogenisation	between	 the	guts,	

similar	to	what	has	been	reported	to	happen	elsewhere	between	chimpanzees	and	

gorillas	(Moeller,	Peeters,	et	al.,	2013).	

	

Interestingly,	the	red	tailed	monkeys	did	not	show	the	same	pattern,	with	their	gut	

microbiomes	 being	 equally	 similar	 to	 the	 Issa	 and	 Gashaka	 chimpanzee	

populations.	 	 Without	 more	 data	 on	 the	 behaviours	 and	 habitat	 uses	 of	 these	

populations	it	 is	not	possible	to	comment	further	on	this	other	than	to	speculate;	

perhaps	 it	 is	 the	 case	 that	 the	 chimpanzees	 share	 a	 greater	 proportion	 of	 their	

habitat	 with	 the	 baboons	 (remembering	 that	 baboons	 are	 terrestrial	 and	

chimpanzees	spend	some	time	on	the	ground	also),	or	that	there	are	more	frequent	

baboon-chimpanzee	 interactions.	 	 Regular	 interaction	 with	 an	 environment	 has	

been	shown	to	impact	the	microbiomes	of	other	animals;	captive	Komodo	dragons	

share	both	skin	and	oral	bacteria	with	their	enclosures,	demonstrating	the	ability	

of	bacteria	to	transfer	between	external	and	host-associated	environments	(Hyde	

et	al.,	 2016).	 	Variation	 in	 the	 stability	of	 each	 species’	 gut	microbiomes,	 or	how	

able	 they	 are	 to	 acquire,	 lose	 and	 generally	 change	 bacterial	 composition,	 is	

another	 possible	 idea.	 	 The	 baboon	 gut	microbiome	 is	 known	 to	 be	 dynamic	 in	

nature,	changing	over	time	even	within	an	individual	(Ren	et	al.,	2015);	perhaps	it	

is	the	case	then	that	baboons	have	a	gut	microbiome	that	is	somehow	in	less	of	a	

stable	state	 than	other	species	and	that	 this	allows	them	to	more	readily	acquire	



	 123	

taxa	from	outside	sources	such	as	from	the	chimpanzees	living	in	Issa.		More	work	

involving	extensive	behavioural	studies	would	need	to	be	done	to	test	any	of	these	

hypotheses	 out.	 	Despite	 the	 similarities	 shared	between	 the	 yellow	baboon	 and	

Issa	chimpanzee	populations,	the	Issa	chimpanzees	were	significantly	more	similar	

to	the	Gashaka	chimpanzees	than	to	either	of	the	monkey	populations,	 indicating	

that	host	species	has	a	greater	effect	on	gut	microbiome	composition	than	a	shared	

habitat	for	these	free-living	primates.	

	

4.4.4	 Relative	 abundance	 of	 Firmicutes	 and	 Bacteroidetes	 are	 negatively	

correlated	for	all	three	primate	species	

	

Firmicutes	and	Bacteroidetes	were	 inversely	correlated	with	each	other	not	only	

between	the	primate	species’	and	populations	studied,	but	also	within	populations	

between	individual	samples.			

	

Previous	 human-based	 studies	 have	 also	 commented	 on	 this	 inverse	 correlation	

(Huttenhower	et	al.,	2012).		Harbouring	high	numbers	of	Bacteroidetes	compared	

to	 Firmicutes	 have	 been	 linked	 to	 high-fibre	 intake	 in	 human	 populations	 (De	

Filippo	et	al.,	2010),	whilst	low	Bacteroidetes	and	high	Firmicutes	have	been	linked	

to	obesity	(Ley	et	al.,	2006).		For	example,	one	study	found	increased	proportions	

of	 Firmicutes	 and	 decreased	 Bacteroidetes	 in	 obese	 rats	 in	 comparison	 to	 lean	

ones,	 and	 shifted	 in	 favour	of	Bacteroidetes	 in	 response	 to	prebiotic	 fibre	 intake	

(Parnell	and	Reimer,	2012).		Ratios	in	healthy	humans	vary	significantly	however,	

calling	this	hypothesis	into	question	(Jandhyala	et	al.,	2015),	and	it	is	unrealistic	to	

assume	 that	 any	 patterns	 seen	 in	 humans	 reflect	 the	 health	 of	 other	 primate	

species	with	differing	diets	and	lifestyles.	 	Rather,	observing	this	pattern	in	these	

three	 species	 should	 be	 taken	 only	 as	 evidence	 that	 this	 ratio	 between	 the	 two	

phyla	exists	not	only	in	humans	but	across	the	Catarrhine	clade	(comprising	apes	

and	Old	World	monkeys)	of	primates	also.	
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4.5	Conclusions	

	

These	results	show	that	species-specific	gut	microbiomes	exist	in	the	three	species	

of	primate	studied	here,	and	that	the	relatedness	of	these	microbiomes	follows	the	

evolutionary	 relationships	 of	 the	 species	 themselves,	with	 the	 two,	more	 closely	

related	 monkey	 species	 sharing	 more	 gut	 taxa	 in	 common	 than	 with	 the	 more	

distantly	related	chimpanzee.	 	This	work	also	demonstrates	that	host	species	is	a	

greater	determinant	of	gut	microbiome	content	than	proximity	to	other	species	for	

free-living	 members	 of	 these	 primate	 species,	 as	 the	 Issa	 chimpanzees	 shared	

more	in	common	with	the	Gashaka	chimpanzees	than	with	the	other	two	primate	

species	 living	 in	 Issa.	 	 Finally,	 the	 results	 here	 indicate	 that	 the	 previously	

observed	 inverse	 correlation	between	 the	 relative	abundances	of	Firmicutes	 and	

Bacteroidetes	also	occurs	for	these	three	species	of	primate.		 	
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Chapter	 5	 –	 The	 gut	 microbiome	 in	 captivity	 and	 after	

release	into	the	wild	in	chimpanzees	
	

5.1	Introduction	

	

So	far	this	thesis	has	focussed	on	exploring	the	gut	microbiota	of	primates	under	

their	natural	living	conditions.		Many	primates	today	however	live	in	habitats	that	

are	 dramatically	 different	 to	 the	 ones	 in	 which	 they	 have	 evolved	 to	 survive.		

Captivity	in	places	such	as	zoos	is	commonplace	around	the	world;	there	are	many	

arguments	 for	 and	 against,	 which	 will	 not	 be	 discussed	 here.	 Regardless	 of	

personal	opinions	towards	the	pros	and	cons	of	captivity,	few	would	disagree	that	

a	better	understanding	of	the	effects	of	captivity	is	beneficial	for	many	reasons,	not	

least	if	we	wish	to	improve	the	ways	in	which	we	care	for	and	treat	those	living	in	

such	situations.		The	following	two	chapters	focus	on	the	effects	of	captivity	on	the	

gut	microbiome.	 	 This	 chapter	 specifically	will	 look	 at	 the	 effects	 of	 captivity	 on	

chimpanzee	gut	microbiomes,	including	what	happens	after	individuals	have	been	

released	from	captivity	into	the	wild.	

	

5.1.1.		Captivity	and	the	gut	microbiome	

	

In	 captivity,	 there	 are	 dramatic	 changes	 to	 multiple	 factors	 that	 are	 thought	 to	

affect	gut	microbiome	composition,	including	both	the	environment	and	diet	of	an	

individual	 primate,	 as	 well	 as	 in	many	 cases	 their	 socio-ecology	 and	 day-to-day	

activities.	Furthermore,	living	conditions	for	primates	in	captivity	tend	to	be	more	

homogenous	 across	 the	 Primate	Order	 than	 their	 free-living	 counterparts	would	

experience,	with	a	shared	climate	and	type	of	habitat	being	obvious	examples.			

	

Despite	 the	best	 efforts	 of	 zoos	 to	maintain	 a	 diet	 similar	 to	 that	 of	 a	 free-living	

individual,	 there	 are	 inevitable	 differences	 in	 the	 types	 of	 food	 consumed	 by	

primates	 living	 in	 captivity.	 	 For	 example,	 plants	 that	 are	 found	 in	 their	 native	

countries	are	largely	unavailable	in	the	UK,	and	obtaining	great	volumes	of	leaves	
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and	 other	 foliage	 for	 the	 more	 herbivorous	 primates	 is	 often	 not	 logistically	

possible.	The	predominant	diet	fed	to	captive	primates	tends	to	include	a	mixture	

of	 non-native	 leaves	 and	 fruits,	 supplemented	 by	 pellets	 containing	 essential	

nutrients,	given	in	varying	proportions	according	to	the	species	and	the	zoo.	Thus,	

whilst	the	relative	proportions	of	nutrients	may	differ	between	species,	the	types	

of	 food	 captive	 individuals	 are	 fed	 tend	 to	 be	 similar	 across	 different	 primate	

species,	 leading	 to	a	more	similar	diet	 than	 their	wild	counterparts	would	share.		

This	information	was	obtained	during	discussion	with	the	keepers	(from	multiple	

different	zoos	and	parks)	of	the	captive	primates	in	this	study.		Consuming	similar	

diets	 has	 been	 shown	 to	 lead	 to	 convergence	 of	 the	 gut	 microbiome	 between	

distantly	related	species	(Ley,	Lozupone,	et	al.,	2008;	Muegge	et	al.,	2011;	Erin	A.	

McKenney	et	al.,	2017);	this	raises	the	question	then	as	to	whether	we	see	captive	

primates	 harbouring	 more	 homogenous	 gut	 microbiomes,	 reflective	 of	 their	

homogenous	diets.	

	

Living	in	close	proximity	to	other	individuals	including	members	of	other	species	

has	 also	 been	 shown	 to	 affect	 microbiomes.	 	 Individuals	 interacting	 with	 each	

other	regularly	tend	to	share	more	taxa	(Finestone	et	al.,	2014;	Archie	and	Tung,	

2015;	 Bennett	 et	 al.,	 2016;	 Moeller,	 Foerster,	 et	 al.,	 2016;	 Amato	 et	 al.,	 2017;	

Perofsky	et	al.,	2017;	Springer	et	al.,	2017)	and	co-habitation	in	humans	has	been	

shown	 to	 have	 the	 same	 homogenising	 effect	 (Song	 et	 al.,	 2013),	 with	 studies	

reporting	 that	 co-habitation	 is	 more	 important	 than	 host	 genetic	 factors	 in	

determining	both	gut	and	salivary	microbiome	composition	(L.	Shaw	et	al.,	2017;	

Rothschild	 et	 al.,	 2018).	 	 Even	 close	 spatial	 proximity	 alone,	 without	 physical	

contact	between	individuals,	facilitates	sharing	of	bacterial	taxa	not	only	between	

conspecifics,	 but	 across	 different	 primate	 species	 also	 (Moeller,	 Peeters,	 et	 al.,	

2013),	and	it	has	been	shown	that	for	certain	species	of	primates,	life	in	captivity	

leads	to	acquisition	of	bacterial	taxa	typically	found	humans	(Clayton	et	al.,	2016).		

This	suggests	 that	proximity	 to	humans	can	cause	 transfer	of	 taxa	 to	non-human	

primates,	although	 the	effects	of	captivity	on	 the	gut	vary	across	 the	mammalian	

Class	 (McKenzie	 et	 al.,	 2017),	 indicating	 the	 need	 for	 further	 exploration	 of	

individual	species.		Non-human	primates	living	in	zoos	are	commonly	found	living	

in	 close	 proximity	 to	 many	 other	 non-human	 primate	 species	 from	 around	 the	
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world.	 	 As	 of	 January	 2018,	 London	 Zoo	 for	 example	 houses	 22	 primate	 species	

from	Families	 spanning	almost	 the	whole	Order	 (with	 the	exception	of	Tarsiers)	

within	its	36-acre	grounds(ZSL,	2018).		Is	it	the	case	then	that	bacterial	taxa	might	

transfer	 not	 only	 from	 human	 to	 non-human	 primate,	 but	 between	 non-human	

primate	species	also?	

	

5.1.2	What	happens	in	the	guts	of	captive	primates	if	they	are	released	into	

the	wild?		

	

Studies	 of	 the	 effects	 of	 captivity	 on	 the	 gut	microbiota	 of	 non-human	 primates	

remain	 few,	with	none	 yet	 looking	 at	 the	 captive	 chimpanzee	 gut.	 	 Furthermore,	

while	 the	 gut	 microbiota	 of	 captive	 animals	 have	 been	 compared	 to	 their	 free-

living	 counterparts,	 we	 know	 nothing	 about	 the	 gut	 microbiomes	 of	 free-living	

animals	whose	 recent	 ancestors	were	 kept	 in	 captivity.	 For	 example,	 it	 remains	

unclear	if	the	structure	of	microbiomes	acquired	in	captivity	will	be	altered	when	

non-human	primates	are	released	into	the	wild.		Understanding	how	fluid	the	gut	

microbiome	 is	 in	response	 to	release	 from	captivity	not	only	has	 the	potential	 to	

offer	 advice	 on	 reintroduction	 of	 individuals	 into	 the	 wild,	 but	 also	 add	 to	 our	

understanding	of	the	gut	microbiome	in	primates	as	a	whole.	

	

The	chimpanzees	living	on	Rubondo	Island	in	Lake	Victoria,	Tanzania,	are	a	release	

success	 story.	 	 In	 1966-1969,	 17	 wild-born	 chimpanzees	 were	 released	 from	

captivity	in	four	European	zoos	onto	Rubondo	Island	in	an	attempt	to	rehabilitate	

these	animals	and	form	a	new	chimpanzee	population(Borner,	1985).		At	the	time	

of	 their	 release,	 there	 were	 no	 naturally	 occurring	 chimpanzees	 present	 on	 the	

island,	 making	 today’s	 population	 of	 32-73	 free-living	 and	 self-sustaining	

individuals	 entirely	 the	 descendants	 of	 previously	 captive	 chimpanzees.	 	 This	

unusual	case	offers	the	potential	to	consider	how	the	gut	microbiome	alters	after	

release	from	captivity	in	a	population	considered	to	have	been	a	release	success.	

	

This	 chapter	 will	 first	 focus	 on	 how	 captivity	 affects	 the	 gut	 microbiome,	 by	

comparing	 a	 set	 of	 captive	 chimpanzees	 to	 the	 already-characterised	 gut	
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microbiota	 of	 the	 wild	 chimpanzees	 from	 chapter	 3.	 	 Given	 that	 it	 is	 has	 been	

shown	that	close	proximity	to	others	can	result	 in	sharing	of	 taxa,	 this	study	will	

include	data	on	 the	gut	microbiota	of	53	captive	 individuals	belonging	 to	six	Old	

World	monkey	(OWM)	species,	Family	Cercopithecidae.		These	OWMs	reside	in	six	

different	 zoos	 in	 the	UK,	 two	of	which	 also	house	 the	 captive	 chimpanzees;	 thus	

this	study	will	afford	an	opportunity	to	test	the	effects	on	the	non-human	primate	

gut	microbiome	of	the	close	proximity	to	other	species	and	homogenous	lifestyles	

that	 captivity	 creates.	 	 The	 study	 will	 then	 move	 on	 to	 compare	 the	 Rubondo	

chimpanzees	to	the	rest	of	the	chimpanzees,	to	see	how	reintroduction	to	the	wild	

has	affected	 the	gut	microbiome	50	years	and	multiple	generations	after	release.		

In	doing	so,	this	chapter	seeks	to	address	the	following	questions:	

1) How	does	 life	 in	 captivity	 alter	 the	 gut	microbiomes	 of	 chimpanzees,	 and	

how	do	these	compare	to	other	primates	also	living	in	UK	zoos?	

2) Is	 releasing	 of	 primates	 into	 the	 wild	 enough	 to	 revert	 any	 changes	 that	

captivity	has	caused	 in	subsequent	generations,	and	what	does	this	 tell	us	

more	 broadly	 about	 both	 the	 compositional	 flexibility	 and	 inheritance	

patterns	of	gut	microbiomes?	

	

Understanding	 how	 the	 gut	microbiome	 responds	 to	 release	 from	 captivity	may	

provide	 useful	 information	 about	 the	 feasibility	 of	 releasing	 animals	 into	 the	

wild(Beck	and	IUCN/SSC	Primate	Specialist	Group.,	2007),	a	measure	propelled	by	

considerations	of	conservation	biology	and	animal	welfare,	but	ultimately	also	how	

different	 lifestyles	might	affect	our	gut	bacteria	and	so	our	health.	 	The	Rubondo	

population	offers	not	only	the	chance	to	investigate	how	captivity	and	inheritance	

affects	 the	 gut	 microbiome,	 but	 also	 the	 unique	 opportunity	 to	 assess	 whether	

captive	effects	can	be	“reversed”	by	release	into	the	wild.	

	

To	explore	this,	this	chapter	aims	to	answer	the	following	questions:	

1. How	similar	are	the	gut	microbiomes	of	the	non-native	chimpanzees	living	

in	Rubondo	in	2013	to	the	native	chimpanzees	living	in	Issa	and	Gashaka?	

2. How	do	the	above	sets	of	chimpanzees	compare	to	captive	primates	living	

in	zoos	across	the	UK?	 	By	asking	this	question,	I	aim	to	consider	whether	

the	Rubondo	chimpanzees	share	any	gut	microbiome	features	with	captive	
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primates	 and	 so	whether	 life	 in	 captivity	 caused	 heritable	 changes	 to	 the	

the	gut	microbiomes	of	the	released	chimpanzees	in	the	1960s	that	release	

back	into	the	wild	was	insufficient	to	counteract.		

	

	

5.2	Materials	and	methods	

	

5.2.1	Chimpanzee	populations	

	

	
Figure	 5.1	Map	 of	 Africa	 showing	 sample	 collection	 sites.	 	 Created	 using	 Google	Maps,	

2018.	1	cm	:200	km.	[Accessed	30	August	2018].	

	

Table	5.1	 contains	 information	on	 the	4	 sampled	groups	of	primates	 included	 in	

this	study;	here,	“sampled	groups”	is	used	as	a	term	to	group	the	primates	rather	

than	 “population”	 as	 neither	 the	 captive	 chimpanzees	 nor	 OWM	 are	 true	

populations.	 	 The	 20	 Issa	 chimpanzee	 samples	 and	 the	 Gashaka	 samples	 as	

described	 in	 chapter	 3,	 section	 3.2.4	 were	 used	 here	 to	 represent	 free-living	

chimpanzees	 that	 have	 no	 history	 of	 captivity,	 which	 I	 collectively	 term	 here	

“native	 chimpanzees”.	 	 Information	 on	 these	 two	 populations	 can	 be	 found	 in	
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chapter	 3.	 	 Figure	 5.1	 shows	 the	 sample	 collection	 sites	 for	 the	 three	 free-living	

chimpanzee	populations.		Figure	5.2	shows	information	on	the	collection	locations	

and	numbers	of	samples	for	the	captive	primates	included	in	this	study.	 	There	is	

no	information	available	as	to	the	subspecies	of	the	captive	chimpanzees.		In	each	

case,	samples	were	collected	by	keepers	at	the	respective	zoos	with	the	permission	

of	the	zoos.	

	

Table	5.1	Primates	included	in	this	study	

Population	 Species	
Common	

name	

Free-living	

or	captive	

Total	no.	

samples	

Gashaka	 Pan	troglodytes	 Chimpanzee	 Free-living	 13	

Issa	 Pan	troglodytes	 Chimpanzee	 Free-living	 20	

Rubondo	 Pan	troglodytes	 Chimpanzee	 Free-living*	 20	

Captive	

chimpanzees	
Pan	troglodytes	 Chimpanzee	 Captive	 9	

Captive	Old	

World	

monkeys	

Cercopithecus	diana	 Diana	monkey	

Captive	

7	

Cercopithecus	

neglectus	

De	Brazza’s	

monkey		

8	

Theropithecus	

gelada	

Gelada	 6	

Macaca	nigra	 Black	macaque	 4	

Cercocebus	

lunulatus	

White-naped	

mangabey	

6	

Colobus	guereza	 Black	and	white	

colobus	

13	

*descendants	of	released	individuals	
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Figure	 5.2	 Captive	 primate	 samples,	 where	 one	 point	 denotes	 one	 sample	 from	 one	

individual.	

	

Rubondo	 chimpanzees	 (Borner,	 1985;	Moscovice	 et	al.,	 2007;	Msindai,	 Sommer	

and	Roos,	2015)	

	

Twenty	 samples	were	 collected	 from	 individual	 chimpanzees	 living	 on	 Rubondo	

Island	 in	2013.	 	 In	2014,	 it	was	 estimated	 that	 the	 chimpanzees	 formed	a	 single	

community	 of	 between	 32-73	 individuals	 that	 ranged	 through	most	 parts	 of	 the	

237km2	 island	 (02°18′S,	 31°50′E;	 1134–1486	 m	 altitude).	 	 The	 habitat	 consists	

mainly	of	evergreen	and	semi-deciduous	forest,	and	patches	of	grassland.	The	diet	

is	mostly	fruit.	There	are	two	wet	seasons	(Mar–May,	Oct–Dec)	with	one	dry	spell	

(Jun–Aug).	Faecal	samples	were	collected	by	Josephine	Msindai	in	2013.	

	

The	 initial	 founder	population	at	Rubondo	comprised	17	 individuals,	made	up	of	

six	 sub-adult	 males,	 one	 juvenile	 male,	 one	 adult	 male	 and	 nine	 adult	 females.		

These	individuals	were	released	from	four	European	zoos	in	four	cohorts	in	1966-

1969(Borner,	1985).	 	They	had	each	spent	between	four	months	to	nine	years	 in	

captivity,	 in	 settings	 ranging	 from	 solitary	 confinement	 to	 being	 housed	 in	 the	
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company	of	other	apes,	and	even	potentially	and	 temporarily	with	humans.	 	The	

specific	country	of	origin	is	not	known	for	the	majority	of	the	founder	population	

members,	 although	 one	 released	 female	 originated	 from	 Sierra	 Leone,	 another	

possibly	 from	Guinea	and	a	 third	 from	Côte	d'Ivoire.	Genetic	evidence	confirmed	

the	 West-African	 provenance,	 but	 also	 revealed	 that	 some	 of	 the	 founder	

individuals	 came	 from	 Central	 Africa	 (Msindai,	 Sommer	 and	 Roos,	 2015).	 The	

current	descendants	of	the	founder	individuals	are	thus	hybrids	of	Pan	troglodytes	

verus	(Western	chimpanzee)	and	P.	t.	troglodytes	(Central	chimpanzee).	

	

Information	 on	 sample	 storage	 and	 preparation	 up	 to	 and	 including	 sequencing	

can	be	found	in	chapter	2.		Each	of	the	following	analyses	is	described	only	in	brief	

here.		For	their	full	explanations,	again	see	methods	chapter	2.			

	

5.2.2	Alpha	and	beta	diversity	analyses	across	all	samples	

	

In	 chimpanzee-only	 comparisons,	 the	metadata	 categories	 considered	 here	were	

whether	 the	 chimpanzees	 were	 native,	 released	 or	 captive	 as	 well	 as,	 more	

specifically,	 which	 sample	 group	 (i.e.	 Issa,	 Gashaka,	 Rubondo	 or	 UK	 zoos)	 the	

chimpanzees	belonged	to.	 	When	including	the	captive	monkeys,	 this	group	were	

treated	 as	 a	 “captive	 OWM”	 sample	 group,	 and	 compared	 these	 to	 the	 three	

chimpanzee	sample	groups.	

	

Alpha	 diversity	 was	 calculated	 for	 each	 sample	 using	 Chao1	 to	 consider	 both	

richness	 and	 evenness	 of	 unique	 sequences	 within	 a	 sample.	 	 Means	 of	 fields	

within	 a	 given	 category	 were	 compared	 for	 significant	 differences	 using	 a	 non-

parametric	two-sample	t-test,	with	Bonferroni	correction	for	multiple	hypotheses	

where	applicable.	

	

To	consider	 the	beta	diversity	of	 the	samples,	 three	different	metrics	were	used;	

Bray	Curtis,	unweighted	Unifrac	and	weighted	Unifrac.	 	As	before,	PCoA	plots	 for	

all	 three	metrics	were	generated	 to	check	 for	congruence,	with	weighted	Unifrac	

being	the	method	of	choice	for	all	further	analyses.	 	PERMANOVA	was	performed	



	 133	

on	 the	 weighted	 Unifrac	 distances	 to	 test	 whether	 the	 metadata	 categories	

correlate	with	microbiome	variation.	

	

5.2.3	Differentially	abundant	taxa	between	captive	and	native	chimpanzees,	

and	how	they	compare	in	the	Rubondo	chimpanzees	

	

To	compare	the	presence	and	relative	abundance	of	bacterial	taxa	between	native	

and	captive	chimpanzee	the	Gashaka	and	Issa	populations	were	treated	as	a	single,	

“native	 chimpanzee”	 sample	 group.	 	 The	 bacterial	 taxa	 that	 were	 differentially	

abundant	 between	 the	 Gashaka	 and	 Issa	 populations	 (calculated	 previously	 in	

chapter	3)	were	filtered	out,	to	account	for	any	population	level	variation,	and	any	

unique	 sequences	 present	 in	 fewer	 than	 5	 samples	 in	 the	 captive	 chimpanzee	

population	were	removed	to	account	for	individual	differences.		Bacterial	taxa	that	

were	 differentially	 abundant	 between	 native	 (Gashaka	 and	 Issa	 collectively)	 and	

captive	 chimpanzees	 were	 then	 determined	 using	 a	 Kruskall-Wallis	 test	 with	

Bonferroni	 correction	 in	 STAMP	 (Parks	 and	 Beiko,	 2010).	 	 Box	 plots	 of	 these	

differentially	abundant	 taxa	were	generated	using	R	using	 the	phyloseq	package.		

The	relative	proportions	of	these	taxa	were	then	plotted	again,	this	time	including	

their	proportions	in	the	Rubondo	chimpanzees,	to	consider	their	abundance	within	

the	released	population.	

	

5.3	Results	

	

5.3.1	Native	vs.	captive	chimpanzee	gut	microbiome	

	

Figure	5.3	shows	alpha	diversity	as	chao1,	grouping	samples	by	chimpanzee	group.		

Mean	 alpha	 diversity	was	 significantly	 higher	 in	 the	 captive	 group	 than	 the	 Issa	

population	 (two-sample	 t-test,	 p=0.006)	 but	 not	 higher	 than	 the	 Gashaka	

population	 (p=0.054).	 	 There	 was	 no	 significant	 difference	 between	 the	 mean	

alpha	diversity	of	the	two	native	chimpanzee	populations	(p=1).	
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Figure	 5.3	Alpha	diversity	of	each	sample	grouped	by	population,	 for	chao1	measure	of	

diversity.	

	

Figure	 5.4	 shows	 PCoA	 plots	 for	 a)	 Bray	 Curtis,	 b)	 unweighted	 Unifrac	 and	 c)	

weighted	 Unifrac	 measures	 of	 beta	 diversity,	 where	 samples	 are	 coloured	 by	

chimpanzee	 group	 and	 shaped	 by	 whether	 the	 individuals	 are	 free-living	 or	

captive.		All	three	measures	of	beta	diversity	show	clear	clustering	of	samples	into	

three	 groups;	 Issa	 chimpanzees,	 Gashaka	 chimpanzees	 and	 captive	 chimpanzees.		

Samples	 from	a	 given	 chimpanzee	group	were	 significantly	more	 similar	 to	 each	

other	 than	 to	 samples	 from	a	different	group	 (non-parametric	 two-sample	 t-test,	

p=0.001),	 indicating	 further	 that	 location	 had	 a	 significant	 impact	 on	 the	 gut	

microbiome	 (figure	5.5a).	 	 Figure	5.5b	 shows	 that	distances	between	 the	 captive	

chimpanzees	 and	 both	 Issa	 and	 Gashaka	 chimpanzees	were	 significantly	 greater	

than	 those	 between	 Issa	 and	 Gashaka	 (non-parametric	 two-sample	 t-test	 with	

Bonferroni	 correction,	 p	 =	 0.015	 in	 both	 cases),	 indicating	 that	 the	 Issa	 and	

Gashaka	chimpanzees	share	more	gut	taxa	in	common	than	either	population	does	

with	the	captive	chimpanzees.			
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Figure	 5.4a	 PCoA	 plots	 of	 beta	 diversity	 for	 Bray	 Curtis	 measure	 of	 beta	 diversity	 for	

native	(Gashaka	and	Issa)	and	captive	chimpanzees.	

	

	
Figure	5.4b	PCoA	plots	of	beta	diversity	for	unweighted	Unifrac	measure	of	beta	diversity	

for	native	(Gashaka	and	Issa)	and	captive	chimpanzees.	

	

a 

b 



	136	

Figure	5.4c	PCoA	plots	of	beta	diversity	for	weighted	Unifrac	measure	of	beta	diversity	for	

native	(Gashaka	and	Issa)	and	captive	chimpanzees.	

	 	

c 
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Figure	 5.5	 Distance	 boxplots	 for	 weighted	 Unifrac	 distances	 of	 the	 native	 and	 captive	

chimpanzees,	 where	 distances	 are	 grouped	 based	 on	 a)	 whether	 the	 comparison	 is	

between	two	samples	within	the	same	field	or	different	fields,	and	b)	the	two	groups	being	

compared.	 Non-parametric	 two-sample	 t-test	 of	 the	means	 in	 a)	 indicated	 that	 samples	

collected	 from	 the	 same	 chimpanzee	 group	 were	 significantly	 more	 similar	 to	 samples	

collected	 from	 two	 different	 groups	 (p=0.001),	 and	 indicated	 in	 b)	 that	 the	 distances	

between	 the	 captive	 chimpanzees	 and	 both	 Issa	 and	 Gashaka	 were	 greater	 than	 the	

distance	between	Gashaka	vs.	Issa	(p=0.015	in	both	cases,	with	Bonferroni	correction).	

	

To	place	 the	 captive	 chimpanzees	 in	 the	 context	 of	 other	 captive	primates	 living	

under	 similar	 circumstances,	 the	 captive	 OWM	 samples	were	 next	 included	 into	

the	analyses.	 	Figure	5.6	shows	a	set	of	PCoA	plots,	 this	 time	 including	 the	other	

captive	OWMs.		The	captive	chimpanzees	clustered	away	from	the	two	free-living	

populations	and	with	the	other	captive	primates	for	all	measures	of	beta	diversity,	

although	when	 considering	 the	 gut	microbiota	 of	 the	 captive	 primates	 only,	 the	

samples	showed	some	clustering	by	species,	as	shown	in	figure	5.7.		The	black	and	

white	 colobus,	 gelada	 and	 chimpanzee	 samples	 cluster	 on	 a	 species	 basis	 and	

mostly	 away	 from	 the	 rest	 of	 the	 samples,	 suggesting	 some	 retention	 of	 host-

b a 
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species-specific	gut	microbes	 for	 these	primates.	The	Diana	monkey,	De	Brazza’s	

monkey,	 Sulawesi	 crested	macaque	 and	White-naped	mangabey	 samples	 on	 the	

other	 hand	 show	 little	 separation	 from	 each	 other.	 	 This	 will	 not	 be	 discussed	

further	 here,	 as	 it	 is	 not	 the	 focus	 of	 this	 chapter,	 however	 will	 feature	 in	 the	

following	chapter.	

	

	

	
Figure	5.6a	PCoA	plots	for	Bray	Curtis	measure	of	beta	diversity	for	native	chimpanzees	

and	 captive	 primates,	 where	 samples	 are	 coloured	 by	 sample	 group	 and	 shaped	 by	

primate	species.	

a 
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Figure	 5.6b	 PCoA	 plots	 for	 unweighted	 Unifrac	 measure	 of	 beta	 diversity	 for	 native	

chimpanzees	 and	 captive	 primates,	 where	 samples	 are	 coloured	 by	 sample	 group	 and	

shaped	by	primate	species.	

	
Figure	 5.6c	 PCoA	 plots	 for	 a)	 beta	 diversity	 for	 weighted	 Unifrac	 measure	 of	 beta	

diversity	 for	 native	 chimpanzees	 and	 captive	 primates,	 where	 samples	 are	 coloured	 by	

sample	group	and	shaped	by	primate	species.	

	

b 

c 
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Figure	 5.7a	 PCoA	 plots	 for	 Bray	 Curtis	 measure	 of	 beta	 diversity	 for	 captive	 primates	

only,	where	samples	are	coloured	by	primate	species.	

	

	
Figure	 5.7b	 PCoA	 plots	 for	 unweighted	 Unifrac	 measure	 of	 beta	 diversity	 for	 captive	

primates	only,	where	samples	are	coloured	by	primate	species.	

	

	

a 

b 
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Figure	 5.7c	 PCoA	 plots	 for	 weighted	 Unifrac	 measure	 of	 beta	 diversity	 for	 captive	

primates	only,	where	samples	are	coloured	by	primate	species.	

	

PERMANOVA	of	these	captive	samples	 indicated	that	host	species	was	correlated	

with	 gut	 microbiome	 composition	 (p=0.001),	 and	 the	 mean	 distance	 between	

samples	 collected	 from	 the	 same	 species	 was	 significantly	 less	 than	 the	 mean	

between	samples	 collected	 from	different	 species	 (non-parametric	 two-sample	 t-

test,	 p=0.001);	 figure	 5.8	 shows	 the	 distance	 boxplot	 demonstrating	 this,	

confirming	 further	 that	 host	 species	 did	 have	 a	 significant	 effect	 on	 gut	

microbiome	in	the	captive	primates.	

	

In	order	to	explore	which	bacterial	 taxa	were	altered	 in	the	captive	chimpanzees	

compared	 to	 the	 native	 individuals,	 a	 Kruskall-Wallis	 test	 for	 differentially	

abundant	taxa	was	performed	between	the	captive	chimpanzees	and	the	taxa	that	

did	not	differ	between	the	two	native	populations,	which	I	refer	to	here	the	“core	

chimpanzee	 microbiome”.	 	 Figure	 5.9	 shows	 the	 differentially	 abundant	 Orders	

between	 native	 and	 captive	 chimpanzee	 samples.	 Compared	 to	 native	

chimpanzees,	 the	 captive	 chimpanzee	 gut	 microbiome	was	 characterised	 by	 the	

absence	of	Bifidobacteriales,	 Streptophyta,	 and	members	of	 the	proposed	Orders	

E2	and	WCHB1-41,	 the	presence	of	Spirochaetes	and	Methanobacteriales,	as	well	

c 
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as	a	2-6	fold	decrease	in	the	relative	abundance	of	Erysipelotrichales	and	a	2-3	fold	

decrease	in	Coriobacteriales.		

	

	

	

Figure	 5.8	 Distance	 boxplot	 for	 weighted	 Unifrac	 distances	 of	 captive	 primates,	 where	

distances	 are	 grouped	 based	 on	 whether	 the	 comparison	 is	 between	 samples	 from	 the	

same	 species	 (“all-within”)	 or	 different	 species	 (“all-between”).	 	 Non-parametric	 two-

sample	 t-test	of	 the	means	 indicated	 that	 samples	 collected	 from	 the	 same	species	were	

significantly	more	similar	to	samples	collected	from	two	different	species	(p=0.001).	
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Figure	5.9	Differentially	abundant	Orders	between	captive	and	native	chimpanzees,	as	the	

mean	of	each	chimpanzee	group	
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5.3.2	Effects	of	release	on	the	gut	microbiomes	of	Rubondo	chimpanzees	

	

Next,	the	Rubondo	samples	were	compared	to	the	other	three	chimpanzee	groups.		

Figure	5.10	shows	the	alpha	diversity,	as	chao1,	of	the	four	groups	of	chimpanzees	

studied	here.	 	Alpha	diversity	was	significantly	 lower	 in	 the	Rubondo	 individuals	

than	 in	 the	 captive	 chimpanzees	 (p	 =0.048)	 but	 no	 significant	 differences	 were	

found	between	the	Rubondo	population	and	either	the	Issa	or	Gashaka	population	

(p=0.198	and	1	respectively).	

	
Figure	 5.10	 Alpha	 diversity	 of	 samples	 collated	 by	 chimpanzee	 group.	 	 Captive	

chimpanzees	had	 significantly	higher	 alpha	diversity	 than	 the	Rubondo	population	 (non	

parametric	two-sample	t-test	on	means,	p=0.048).	

	

Figure	5.11	 shows	PCoA	plots	 for	Bray	Curtis,	 unweighted	Unifrac	 and	weighted	

Unifrac	measures	 of	 beta	 diversity	 for	 the	 four	 groups	 of	 chimpanzee.	 	 For	 each	

measure	of	beta	diversity,	Issa	samples	and	Gashaka	samples	formed	two	distinct	

groups.	 	 A	 third	 distinct	 group	 is	 then	 formed	 by	 the	 captive	 chimpanzees	

alongside	 the	 Rubondo	 chimpanzees.	 	 Figure	 5.12	 includes	 the	 other	 captive	

primates	 for	each	distance	measure.	 	Again	here	 for	each	measure,	 there	 is	 clear	

clustering	of	the	Issa	chimpanzees	as	one	group,	and	the	Gashaka	chimpanzees	as	a	
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separate	group.	 	For	Bray	Curtis	and	unweighted	Unifrac	measures,	 there	 is	 then	

clustering	of	the	Rubondo	chimpanzees	with	the	captive	De	Brazza’s	monkeys,	and	

clustering	 of	 the	 captive	 chimpanzees	 with	 the	 rest	 of	 the	 captive	 Old	 World	

monkeys.		In	the	weighted	Unifrac	PCoA	plot,	the	Rubondo	chimpanzees	cluster	as	

one	group	with	the	captive	chimpanzees	and	captive	Old	World	monkeys.	 	When	

comparing	 to	 both	 captive	 chimpanzees	 and	 captive	 OWMs,	 the	 Rubondo	

chimpanzees	 clustered	 with	 the	 captive	 primates	 and	 away	 from	 the	 other	 two	

free-living	chimpanzee	populations	along	Principal	Coordinate	(PC)	1,	along	which	

the	 highest	 percentage	 of	 variation	 is	 captured.	 	 In	 particular,	 for	 all	 distance	

measures,	the	Rubondo	chimpanzees	and	captive	Gelada	samples	clustered	closely	

together.	

	
Figure	 5.11a	PCoA	plots	showing	Bray	Curtis	measure	of	beta	diversity,	where	samples	

are	coloured	by	chimpanzee	group.	

a 
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Figure	 5.11b	 PCoA	plots	 showing	unweighted	Unifrac	measure	of	beta	diversity,	where	

samples	are	coloured	by	chimpanzee	group.	

	

Figure	 5.11c	 PCoA	 plots	 showing	 weighted	 Unifrac	 measure	 of	 beta	 diversity,	 where	

samples	are	coloured	by	chimpanzee	group.	

	

b 

c 
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Figure	5.12a	PCoA	plots	showing	Bray	Curtis	measure	of	beta	diversity	including	captive	

OWMs,	where	samples	are	coloured	by	primate	group	and	shaped	by	species.	

	

	
Figure	5.12b	PCoA	plots	showing	unweighted	Unifrac	measure	of	beta	diversity	including	

captive	OWMs,	where	samples	are	coloured	by	primate	group	and	shaped	by	species.	

	

a 

b 
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Figure	 5.12c	 PCoA	plots	 showing	weighted	Unifrac	measure	 of	 beta	 diversity	 including	

captive	OWMs,	where	samples	are	coloured	by	primate	group	and	shaped	by	species.	

c 
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Figure	 5.13	 Boxplot	 of	 the	 weighted	 Unifrac	 distance	 between	 each	 pair	 of	 samples,	

grouped	by	chimpanzee	group.		

		

A	 distance	 boxplot	 comparing	 weighted	 Unifrac	 distances	 between	 the	 four	

chimpanzee	 groups	 is	 shown	 in	 figure	 5.13.	 	 All	 between-group	 (i.e.	 Issa	 vs.	

Gashaka,	 Rubondo	 vs.	 Issa	 etc.)	means	were	 significantly	 different	 to	 each	 other	

(non-parametric	two-sample	t-test	with	Bonferroni	correction,	p<0.05	in	all	cases).		

Therefore,	 the	 two	 chimpanzee	 groups	 with	 the	 most	 similar	 gut	 microbiomes	

were	the	Issa	and	Gashaka	chimpanzees,	whilst	the	least	similar	were	the	captive	

chimpanzees	 firstly	 with	 the	 Issa	 individuals,	 and	 then	 with	 the	 Gashaka	

individuals.	 	 The	 Rubondo	 chimpanzees	 were	 significantly	 more	 similar	 to	 the	

captive	 chimpanzees	 than	 to	 both	 the	Gashaka	 and	 Issa	 populations	 (p<0.001	 in	

both	 cases).	 	 Figure	 5.14	 shows	 the	 relative	 abundances	 of	 taxa	 that	 were	

differentially	 abundant	 between	 native	 and	 captive	 chimpanzees,	 this	 time	

including	 the	 Rubondo	 samples.	 	 The	 Rubondo	 chimpanzees	 shared	 most	
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characteristics	with	the	captive	chimpanzees,	with	the	exception	of	the	presence	of	

Coriobacteriales	and	the	proposed	Order	E2.	 	The	Orders	 that	were	differentially	

abundant	 only	 in	 the	 Rubondo	 chimpanzees	 compared	 to	 either	 (or	 both)	 the	

native	and	captive	chimpanzees	are	shown	in	figure	5.15.			

	
Figure	 5.14	 Bar	plots	 showing	 the	mean	 relative	 abundances	of	 differentially	 abundant	

Orders	 of	 bacteria	 in	 captive	 vs.	 native	 chimpanzee	 groups,	 as	 well	 as	 their	 relative	

abundances	in	the	Rubondo	samples.	
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Figure	5.15	Bar	plots	showing	the	means	of	the	bacterial	Orders	that	were	differentially	

abundant	between	Rubondo	and	the	rest	of	the	chimpanzee	samples.	

	

5.4	Discussion	

	

These	 results	 demonstrate	 that	 life	 in	 captivity	 alters	 the	 gut	 microbiomes	 of	

primates,	 and	 furthermore	 that	 these	 changes	 can	be	heritable	 and	persistent	 in	

some	cases	where	captive	individuals	are	released,	as	is	the	case	for	the	Rubondo	

chimpanzees.		

		

5.4.1	 Partial	 homogenisation	 of	 gut	 microbiota	 between	 host	 species	 in	

captive	primates	

	

Looking	 first	 at	 the	 native	 and	 captive	 chimpanzees,	 all	 three	 groups	 showed	

distinct	 gut	 microbiomes	 (figure	 5.4),	 with	 the	 Issa	 and	 Gashaka	 native	

chimpanzees	 having	 significantly	 more	 in	 common	 with	 each	 other	 than	 either	

population	shared	with	the	captive	chimpanzees	(figure	5.5b).		Alpha	diversity	was	

not	significantly	different	for	any	group	of	chimpanzees	(figure	5.3)	indicating	that	
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this	altered	captive	microbiome	is	not	due	to	a	reduction	or	increase	in	the	variety	

of	bacterial	species	nor	any	changes	to	the	overall	evenness	of	the	taxa	present,	but	

rather	 due	 to	 changes	 in	 the	 presence,	 absence	 and	 relative	 abundances	 of	

bacterial	 taxa.	 	 	 Little	 can	 be	 conclusively	 stated	 about	 the	 functions	 of	 the	

differentially	 abundant	 taxa	 driving	 these	 differences,	 for	 reasons	 discussed	

previously	 in	chapters	3	and	4.	 	 Interestingly	however,	 the	relative	proportion	of	

unique	 sequences	 that	 could	not	be	 assigned	 taxonomy	was	higher	 in	 the	native	

populations,	 which	 may	 be	 evidence	 for	 the	 humanization	 of	 captive	 gut	

microbiomes	and	if	so,	 is	 indicative	of	the	relatively	unexplored	nature	of	the	gut	

microbiomes	of	non-human	primates.	

	

In	 addition	 to	 displaying	 different	 gut	 communities,	 the	 captive	 chimpanzees	

harboured	microbiomes	that	were	more	similar	to	the	captive	OWMs	than	to	the	

free-living	chimpanzees	in	Issa	and	Gashaka,	as	demonstrated	in	figure	5.6,	where	

the	 captive	 chimpanzee	 samples	 cluster	 within	 the	 group	 of	 captive	 primate	

samples	 and	away	 from	 the	native	 chimpanzee	populations	 for	 all	 beta	diversity	

PCoA	plots.		Whilst	there	is	a	clear	separation	between	the	two	native	chimpanzee	

populations,	 the	 samples	 collected	 from	 the	 captive	 primates	 do	 not	 show	 clear	

clustering	 based	 on	 host	 species.	 	 The	 lack	 of	 clear	 clustering	 in	 figure	 5.6	 is	

noteworthy	as	studies	of	free-living	primate	species	have	demonstrated	that	host	

species	has	a	significant	impact	on	gut	microbiota	even	for	closely	related	primate	

species	(Ochman	et	al.,	2010;	Mccord	et	al.,	2014;	McKenney,	Rodrigo	and	Yoder,	

2015).		PCoA	plots	are	generated	from	distance	matrices	in	a	manner	that	attempts	

to	 capture	 all	 diversity	 in	 one	 plot	 at	 a	 scale	 that	 is	 informative;	 that	 is	 to	 say,	

resolution	between	more	similar	samples	 is	 lost	when	more	distinct	samples	are	

included.	 	 Accordingly,	 when	 considering	 the	 captive	 primates	 only	 (figures	 5.7	

and	 5.8	 and	 PERMANOVA	 based	 on	 host	 species,	 p=0.01),	 there	 are	 significant	

differences	between	the	different	host	species’	gut	communities.		In	particular,	the	

colobus	cluster	away	from	the	rest	of	the	samples,	which	is	likely	reflective	of	their	

distinct	diet	and	gut	morphology;	colobus	have	complex	digestive	systems	that	use	

fermentation	 to	 release	 energy,	 making	 them	 ruminant-like	 (Kay,	 Hoppe	 and	

Maloiy,	 1976;	 Dasilva,	 1992).	 	 The	 chimpanzee	 and	 gelada	 samples	 also	 cluster	

based	on	host	species,	however	for	remaining	four	primate	species	there	remains	
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no	clear	distinction	between	their	samples	 in	any	of	 the	PCoA	plots	 in	 figure	5.7,	

implying	 that	 homogenisation	 has	 occurred	 to	 a	 greater	 extent	 between	 these	

species,	something	that	again	will	be	addressed	in	the	next	chapter.		These	results	

indicate	 that	 rather	 than	 it	 simply	 being	 the	 case	 that	 there	 is	 one	 “captive	 gut	

microbiome”,	 instead	 there	 is	 evidence	 of	 partial	 homogenisation	 of	 species-

specific	 gut	microbiomes,	 to	 the	 point	where	 despite	 there	 still	 existing	 species-

specific	features,	there	is	a	greater	distance	between	wild	and	captive	chimpanzees	

than	 there	 is	 between	 two	 captive	 Catarrhine	 (OWM	 and	 apes)	 species.	 	 The	

important	 implication	 here	 is	 that	 whatever	 lifestyle	 changes	 occur	 in	 captivity,	

these	have	a	greater	influence	on	the	gut	microbiome	than	host	species	itself.	

	

As	mentioned,	life	in	captivity	has	been	reported	to	humanize	the	gut	microbiomes	

of	primates	 (Clayton	et	al.,	2016),	 indicating	 that	 transfer	of	gut	microbiota	 from	

one	 primate	 species	 to	 another	 occurs	 in	 captive	 settings.	 	 The	 transfer	 of	 taxa	

from	humans	to	non-human	primates	is	perhaps	unsurprising	when	remembering	

that	humans	enter	the	enclosures	regularly	to	clean,	provide	food	and	so	on.		Given	

that	 closely	 related	 primate	 species	 have	 been	 shown	 to	 exhibit	 species-specific	

and	 recognisable	 gut	microbiomes,	 I	 suggest	 here	 that	 the	 higher-than-expected	

relatedness	 of	 the	 captive	 primates’	 microbiomes	 studied	 here	 is	 due	 to	 the	

transfer	 and	 sharing	 of	 gut	 microbiota	 not	 only	 from	 humans	 to	 non-human	

primates	 as	 can	 occur	 in	 captive	 settings,	 but	 also	 between	 non-human	 primate	

species.	 Partial	 homogenisation	 of	 gut	 microbiota	 between	 primate	 species	 has	

previously	been	observed	in	primates	that	are	free-living	and	living	sympatrically	

with	 each	 other	without	 regular	 physical	 contact	 (Moeller,	 Peeters,	 et	al.,	 2013),	

indicating	 that	 simply	 sharing	 a	 large	 environment	 with	 others	 is	 enough	 to	

influence	 the	 gut	 microbiome.	 	 Captive	 primates	 however	 are	 kept	 in	 distinct	

enclosures	that	rarely	overlap;	thus,	with	regards	to	the	mechanism	of	transfer,	 I	

hypothesise	that	humans	act	as	the	vector	via	which	bacteria	are	shared	across	the	

zoo.	 In	nearly	all	UK	zoos,	keepers	 care	 for	multiple	 species	at	 the	zoo	daily	and	

regularly	 move	 between	 enclosures,	 and	 in	 some	 cases	 primates	 are	 housed	 in	

“walk-through”	 style	 enclosures	 into	 which	 visitors	 can	 enter.	 Transfer	 of	

microbiota	between	the	living	environments	of	captive	primates	is	likely	facilitated	
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by	the	movement	between	enclosures	of	humans	such	as	keepers,	vets	and	visitors	

to	the	zoo,	on	items	such	as	shoes,	cleaning	and	feeding	tools	and	so	on.			

	

Whilst	increasing	efforts	are	made	to	replicate	the	diets	of	free-living	counterparts	

as	closely	as	possible,	 the	diets	of	captive	primates	are	also	more	similar	 to	each	

other	compared	to	free-living	individuals,	due	to	unavailability	of	native	plants	and	

other	food	sources	to	the	zoos	as	discussed	above.		This	is	likely	to	further	facilitate	

homogenisation	 of	 gut	 microbiomes.	 	 Gut	 microbiota	 survive	 on	 the	 nutrients	

taken	 in	 by	 their	 host;	 accordingly,	 shifts	 in	 food	 types	 taken	 in	 lead	 to	 shifts	 in	

available	 nutrients	 for	 bacteria,	 depleting	 the	 numbers	 of	 some	 taxa	 whilst	

increasing	 the	 available	 food	 for	 others	 more	 suited	 to	 the	 new	 diet.	 Each	 zoo	

studied	here	housed	a	similar	selection	of	primate	species,	and	it	is	not	uncommon	

for	UK	zoos	to	exchange	individuals	between	zoos,	both	of	which	I	believe	account	

for	 the	 lack	 of	 correlation	 between	 gut	 microbiome	 relatedness	 and	 the	 zoo	 in	

which	an	individual	is	housed.				

	

Considering	 each	 of	 these	 factors,	 I	 propose	 the	 following	 hypothesis	 for	 the	

alteration	of	captive	primates’	gut	microbiomes.		It	is	likely	that,	given	the	changes	

to	diet	in	particular,	the	gut	microbiota	of	individuals	placed	into	captivity	from	the	

wild	undergo	a	period	of	instability	and	change,	whereby	those	bacteria	that	were	

specialised	to	survive	when	the	host	was	living	in	the	wild	are	not	necessarily	the	

most	suited	for	survival	(at	least	in	the	same	relative	proportions)	under	the	new	

host	lifestyle.	 	This	alters	the	gut	community,	decreasing	the	proportions	of	some	

taxa	 and	allowing	other	 taxa	 to	 thrive	 and	 increase	 in	numbers.	 	 	 This	period	of	

dramatic	 change	 is	 also	 a	 period	 in	 which	 novel	 gut	 microbiota	 have	 a	 better	

chance	of	invading	the	gut	environment	and	filling	previously	absent	niches,	given	

the	instability	of	the	current	microbiome.	 	Over	time	a	new	microbiome	develops	

and	 stabilises,	 determined	 by	 both	 the	 diet	 of	 an	 individual	 and	 the	 other	

individuals	 living	 in	 close	proximity.	 	Unpublished	work	 from	Shaw	et	al.	 (2017)	

models	 stability	 of	 microbiomes	 in	 response	 to	 antibiotic	 use	 (L.	 P.	 Shaw	 et	 al.,	

2017),	 whereby	 the	 stable	 microbial	 ecosystem	 is	 disrupted	 and	 settles	 at	 an	

altered	state;	 I	suggest	 that	a	dramatic	change	 in	diet	may	also	cause	a	period	of	

instability	 that	allows	 for	alteration	of	an	 individual’s	gut	microbiome,	as	seen	 in	
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the	captive	primates	in	this	study.		Given	the	partially	vertically	inherited	nature	of	

the	 gut	 microbiome	 (Inoue	 and	 Ushida,	 2003),	 these	 altered	 gut	 microbiomes	

would	then	pass	down	along	generations,	creating	the	gut	microbiomes	seen	in	the	

captive	primates	included	in	this	study,	which	have	been	born	in	captivity.	

	

I	make	no	comment	as	to	the	extent	of	homogenisation	that	could	occur	between	

differing	 primates	 species’	 gut	microbiomes	 given	 infinite	 time,	 as	 the	 data	 here	

does	 not	 allow	 measurement	 of	 the	 rate	 of	 change,	 except	 to	 say	 that	 it	 is	

important	 not	 to	 overlook	 the	 impact	 of	 host	 species	 on	 the	 gut	 microbiome.		

Regardless	 of	 the	 amount	 of	 time	 spent	 in	 proximity	 to	 individuals	 from	 other	

species,	 there	will	 almost	 certainly	be	 retention	of	host-species-specific	bacterial	

taxa	by	primates	in	captivity,	due	to	the	variation	in	metabolic	processes	and	gut	

morphologies	 between	 primate	 species,	 as	 well	 as	 the	 variance	 in	 diet	 through	

plans	devised	by	zoos	 for	different	species,	which	explains	 the	species-specificity	

observed	when	considering	captive	primates	only	(figure	5.7).	

	

5.4.2	 Retention	 of	 a	 captive-like	 gut	 microbiome	 in	 the	 Rubondo	

chimpanzees	

	

Given	the	observation	of	captive-like	gut	microbiomes	in	their	2013	descendants,	

it	 seems	 reasonable	 to	 assume	 the	 captive	 chimpanzees	 that	 formed	 the	 seed	

population	in	Rubondo	in	the	1960s	are	likely	to	have	had	gut	microbiomes	similar	

to	those	of	the	captive	chimpanzees’	samples	included	here.		Their	gut	microbiota	

had	significantly	more	in	common	with	the	captive	chimpanzees	than	either	of	the	

two	 native	 populations	 (figure	 5.13),	 and,	 looking	 at	 figures	 5.14	 and	 5.15,	 the	

Rubondo	chimpanzees	typically	displayed	proportions	of	bacterial	Orders	known	

to	 be	 differentially	 abundant	 that	 were	 somewhere	 in	 between	 the	 relative	

abundances	 of	 the	 captive	 and	 native	 chimpanzee	 groups.	 	 The	 alternative,	 that	

they	 did	 not	 have	 similar	 microbiomes	 and	 upon	 release,	 somehow	 acquired	 a	

more	captive-like	gut	microbiome,	seems	the	less	parsimonious	option.			
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While	 over	 time	 there	 may	 be	 variations	 in	 the	 gut	 microbiome	 due	 to	 slight	

dietary	 changes	 or	 chance	 acquisitions	 of	 novel	 taxa	 able	 to	 survive	 in	 the	

chimpanzee	gut,	 the	Rubondo	population	show	surprisingly	 little	 change	 in	 their	

microbiomes	 given	 the	 significant	 lifestyle	 change	 of	 the	 founders.	 	 It	 has	 been	

shown	 that	 changes	 in	 the	 gut	microbiome	 can	 take	place	within	 an	 individual’s	

lifetime	in	humans	(David	et	al.,	2014),	demonstrating	that	the	gut	microbiome	is	

not	 resistant	 to	 change	 over	 the	 course	 of	 50	 years.	 	 Furthermore,	 the	 captive	

primates	 included	 in	 this	 chapter	 demonstrate	 that	 shifts	 in	 gut	 communities	 in	

response	to	lifestyle	changes	occur	in	chimpanzees	and	other	primates	too.		One	of	

the	 reasons	 that	 Rubondo	 is	 thought	 of	 as	 a	 release	 success	 case	 is	 that	 the	

chimpanzees	are	a	self-sustaining	population,	meaning	there	is	no	supplementary	

feeding	provided	by	humans.		They	survive	solely	on	the	food	that	they	forage	for	

themselves	and	that	occurs	naturally	on	the	island,	a	diet	that	is	highly	different	to	

a	captive	diet,	(particularly	the	poor	captive	diets	of	the	1960s).		Despite	a	change	

of	 habitat,	 diet	 and	 even	 sociality	 (noting	 that	 some	 of	 the	 founder	 population	

spent	time	in	isolation	in	captivity),	these	were	insufficient	changes	to	establish	a	

“wild-type”	gut	microbiome	in	generations	of	Rubondo	chimpanzees	over	50	years.	

	

It	is	important	to	recall	at	this	point	that	prior	to	the	release	of	the	seed	population	

of	chimpanzees	onto	Rubondo,	there	was	no	native	population.		I	propose	that	the	

reason	 for	 the	 persistence	 of	 captive-like	 features	 in	 the	 2013	 Rubondo	

chimpanzees	is	due	to	a	lack	of	native	individuals	on	the	island	to	play	host	to	taxa	

typically	 found	 in	 free-living	 chimpanzees,	who	would	otherwise	 act	 as	bacterial	

reservoirs	 from	 which	 to	 acquire	 different	 bacterial	 taxa.	 	 As	 well	 as	 being	

vertically	inherited(Inoue	and	Ushida,	2003),	the	gut	microbiome	in	primates	can	

be	 horizontally	 transferred	 through	 interactions	 with	 other	 individuals;	 several	

studies	have	highlighted	the	importance	of	social	interactions	between	individuals	

in	shaping	 the	gut	microbiomes	of	chimpanzees	specifically	 (Degnan	et	al.,	2012;	

Moeller,	Foerster,	et	al.,	2016).	 	Gut	microbiota	are	typically	specialised	for	life	in	

the	 lower	 intestines	 (Moeller,	 Caro-Quintero,	 et	 al.,	 2016)	 and	 can	 provide	

protection	 against	 colonisation	 of	 the	 host	 by	 others	 (Kelly,	 King	 and	 Aminov,	

2007;	McKenna	et	al.,	2008;	Round	and	Mazmanian,	2009),	particularly	microbes	

not	specialised	for	life	in	the	gut.		Whilst	some	gut	bacteria	can	survive	outside	of	
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the	body	(Moeller,	Caro-Quintero,	et	al.,	2016),	 it	 is	unlikely	 that	 taxa	specialised	

for	 life	 in	 the	 chimpanzee	 gut	 would	 be	 found	 naturally	 occurring	 in	 an	

environment	 historically	 absent	 of	 chimpanzees.	 	 	 It	 follows	 then	 that	 for	 an	

individual	 to	 acquire	 novel	 taxa,	 more	 typical	 of	 a	 free-living	 chimpanzee,	 that	

individual	 would	 have	 to	 be	 around	 other	 chimpanzees	 harbouring	 such	 gut	

microbiota.	Whilst	 adult	 chimpanzees	may	 host	 stable	 gut	 communities	 that	 are	

resistant	 to	 change	 when	 migrating	 from	 one	 free-living	 community	 to	 another	

(Degnan	et	al.,	 2012)	 (where	diet	and	habitat	 remains	 largely	unchanged),	 social	

interactions	 are	 highly	 important	 in	 forming	 the	 gut	 communities	 of	 individuals	

from	birth	for	both	chimpanzees	(Degnan	et	al.,	2012;	Moeller,	Peeters,	et	al.,	2013;	

Moeller,	Foerster,	et	al.,	2016)	and	other	primates	also(Tung	et	al.,	2015;	Perofsky	

et	 al.,	 2017).	 	 I	 suggest	 that	 in	 the	 absence	 of	 a	 wider,	 more	 varied	 pool	 of	

chimpanzee	gut	microbiomes	to	act	as	reservoirs	of	novel	taxa,	each	generation	of	

chimpanzees	born	in	Rubondo	will	have	inherited	from	the	previous	generation	a	

gut	 microbiome	 that	 shares	 a	 greater	 than	 expected	 proportion	 of	 taxa	 with	

captive	individuals	from	both	chimpanzees	and	other	primates.	

	

These	findings	have	significant	 implications	 for	gut	microbiome	generation	times	

and	inheritance	timescales.		They	suggest	that	whilst	diet	can	and	does	play	a	role	

in	shaping	the	gut	microbiome,	 its	 influence	 is	 limited	to	determining	which	taxa	

can	 survive,	 which	 cannot,	 and	 in	 what	 relative	 proportions.	 	 A	 change	 in	 diet	

cannot	 directly	 initiate	 the	 acquisition	 of	 novel	 taxa;	 a	 change	 in	 diet	 simply	

creates	 the	opportunity	 for	novel	 taxa	 to	 survive	within	 the	gut	by	 creating	new	

potential	niches.		To	acquire	novel	taxa,	an	individual	must	be	around	others	who	

harbour	 such	 bacteria	 and	who	 act	 as	 a	 reservoir	 from	which	 novel	 taxa	 can	 be	

picked	up.		Therefore,	the	change	in	both	diet	and	habitat	is	unlikely	to	have	been	

sufficient	to	establish	a	more	typical	free-living	chimpanzee	gut	microbiome	in	the	

Rubondo	 animals	 in	 the	 absence	 of	 native	 chimpanzees	 harbouring	 “free-living	

chimpanzee”	microbiomes.			

	

Functional	analyses	of	the	gut	microbiomes	of	the	primates	studied	here	as	well	as	

studies	 of	 the	health	 of	 the	 animals	 themselves	 are	 clearly	 necessary	before	 any	

comment	 can	 be	 made	 on	 the	 health	 benefits	 and	 costs	 of	 harbouring	 such	
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microbiomes,	 or	 what	 the	 roles	 of	 these	 microbes	 may	 be	 in	 the	 gut.	 	 In	

understanding	 how	 the	 gut	 microbiome	 changes	 in	 response	 to	 these	 different	

living	conditions	however,	we	can	begin	to	further	understand	the	impact	of	such	

changes	 on	 the	 gut	 microbiome	 not	 only	 for	 chimpanzees,	 but	 also	 for	 other	

primates	 including	ourselves	as	humans.	 	This	has	the	potential	 to	work	towards	

improving	 not	 only	 the	 lives	 of	 captive	 individuals	 but	 also	 those	 of	 individuals	

released	from	captivity.			

	

5.5	Conclusions	

	

This	 chapter	 reaches	 several	 conclusions.	 	 Firstly,	 the	 results	 here	 suggest	 that	

captivity	impacts	the	gut	microbiomes	of	chimpanzees	and	Old	World	monkeys,	in	

such	 a	way	 as	 to	 cause	 partial	 homogenisation	 of	 gut	microbiomes	 between	 the	

primates	residing	in	a	zoo	or	similar	captive	location.		In	the	captive	chimpanzees	

studied	here,	the	gut	microbiome	was	altered	to	the	extent	that	it	shared	more	in	

common	with	other	captive	primates	than	with	the	free-living,	native	chimpanzee	

populations	at	 Issa	and	Gashaka.	 	Secondly,	 this	work	 indicates	that	release	 from	

captivity	 is	 not	 alone	 sufficient	 to	 reinstate	 a	 “free-living”	 gut	 microbiome	 in	

chimpanzees.		For	the	Rubondo	chimpanzees	studied	here,	this	is	likely	due	to	the	

population	 being	 isolated	 from	 free-living	 and	 native	 chimpanzees,	 from	 which	

acquisition	of	more	typical	chimpanzee	gut	microbiota	would	likely	be	possible.	

	

This	 chapter	 demonstrates	 the	 importance	 of	 physical	 proximity	 to	 others,	

whether	they	are	the	same	species	or	not,	in	shaping	the	gut	microbiome	in	both	a	

captive	setting	and	upon	release	into	the	wild.		Whilst	diet	clearly	plays	a	vital	role	

in	determining	the	set	of	taxa	that	are	able	to	survive	in	the	gut,	other	individuals	

harbouring	different	gut	microbiomes	serve	as	 reservoirs	 from	which	 to	actually	

acquire	the	novel	taxa.		This	is	suggested	by	both	in	the	partial-homogenisation	of	

the	 seven	 captive	 primate	 species	 studied	 here,	 as	 well	 as	 in	 the	 case	 of	 the	

Rubondo	chimpanzees	that,	in	the	absence	of	chimpanzees	harbouring	more	free-

living-like	 gut	microbiomes,	 still	 show	broad	 similarities	 to	 captive	 chimpanzees	

50	years	and	multiple	generations	after	release.	
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Chimpanzees,	as	well	as	being	genetically	highly	similar	 to	us,	are	also	similar	 in	

lifestyle.	 	 Both	 humans	 and	 chimpanzees	 eat	 a	 varied	 diet	 and	 live	 in	 large	 and	

complex	 social	 groups	 in	 which	 interactions	 between	 non-related	 individuals	

regularly	occur.	 	 It	 is	worth	noting	then	that	 factors	determining	chimpanzee	gut	

microbiome	composition	are	likely	also	factors	that	affect	humans.		Given	the	vast	

number	of	individuals	living	in	our	societies,	humans	are	constantly	surrounded	by	

gut	 microbiomes	 different	 to	 their	 own,	 meaning	 that	 what	 is	 observed	 in	 the	

Rubondo	 chimpanzees	 is	 unlikely	 to	 occur	 in	 most	 human	 populations.		

Nonetheless,	 this	 study	 demonstrates	 the	 importance	 of	 those	 around	 an	

individual	 in	 shaping	 the	 gut	 microbiome,	 adding	 to	 previous	 studies	 that	 have	

demonstrated	the	effects	of	cohabitation	on	homogenisation	of	the	gut	microbiome	

(Inoue	 and	 Ushida,	 2003;	 Koch	 and	 Schmid-Hempel,	 2011;	 Ellis	 et	 al.,	 2013;	

Moeller	and	Ochman,	2013;	Song	et	al.,	2013).	
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Chapter	6	–	Gut	microbiome	diversity	in	captive	primates	
	

6.1	Introduction	

	

6.1.1	The	importance	of	exploring	captive	microbiomes	

	

The	 previous	 chapter	 considered	 the	 ways	 in	 which	 captivity	 affects	 the	 gut	

microbiomes	of	chimpanzees	and	Old	World	monkeys	in	captivity	and,	for	captive	

chimpanzees,	after	release	into	the	wild.	 	The	conclusion,	that	captivity	alters	the	

gut	 microbiome	 by	 causing	 partial	 homogenisation	 between	 primate	 species,	

reflects	 an	 existing	 study,	 which	 found	 that	 captivity	 “humanizes”	 the	 gut	

microbiomes	 of	 three	 primate	 species	 (Clayton	 et	al.,	 2016)	 yet	 aside	 from	 this,	

little	 exploration	 has	 occurred	 into	 the	 guts	 of	 other	 primate	 species	 living	 in	

captivity.	

	

A	better	understanding	of	 the	effects	of	 captivity	 is	 important	 for	many	 reasons;	

perhaps	the	most	obvious	of	these	is	to	improve	captive	care.		A	decline	in	health	

and	well-being	 is	 sadly	 common	 for	 zoo	animals,	 including	primates	 (Novak	and	

Suomi,	1988;	Choo,	Todd	and	Li,	2011;	Stoinski,	Jaicks	and	Drayton,	2012;	Quadros	

et	 al.,	 2014),	 however	 most	 modern	 facilities	 now	 place	 great	 importance	 on	

improving	living	conditions	and	so	the	health	of	individuals	in	their	care.		Recently	

the	 concept	 of	 a	 healthy	 animal	 has	 expanded	 to	 include	 the	 health	 of	 the	 gut	

microbiome.	 	 Maintaining	 true	 gut	 microbiome	 diversity	 in	 captive	 primates	 is	

crucial	as	many	species	are	now	endangered	(Estrada	et	al.,	2017),	meaning	that	if	

captive	 individuals	 become	 the	 only	 surviving	members	 of	 the	 species,	 true	 gut	

microbiome	diversity	for	those	species	risks	being	lost.		Although	there	are	no	data	

on	 the	effects	on	health	of	 their	 altered	microbiomes,	 the	Rubondo	 chimpanzees	

serve	 as	 an	 example	 as	 to	why	 release	 alone	 is	 not	 enough	 to	 re-establish	 a	 gut	

microbiome	 once	 altered.	 	 	 Unfortunately,	 in	 part	 owing	 to	 the	 relatively	 new	

nature	of	the	field,	although	there	has	been	some	effort	to	study	the	topic	(Clayton	

et	al.,	 2016;	McKenzie	et	al.,	 2017),	we	 currently	 lack	 a	proper	understanding	of	



	 161	

how	 captivity	 affects	 the	 gut	 microbiome;	 without	 this	 information,	 we	 cannot	

work	 towards	 combatting	 them	 to	ensure	 captive	primates	 remain	as	healthy	as	

possible	under	altered	living	conditions.	

	

Comparing	 the	 guts	 of	 captive	 primates	 has	 benefits	 in	 that	 diet	 and	 social	

interactions	 can	 be	 closely	 monitored	 and	 accounted	 for.	 	 In	 addition,	 sample	

collection	 from	 free-living	 individuals	 can	 be	 costly	 both	 in	 terms	 of	 time	 and	

money,	 and	 for	 some	 difficult-to-reach	 species,	 logistically	 unfeasible.	 	 For	 these	

reasons	amongst	others,	some	studies	into	the	gut	microbiota	of	non-humans	have	

instead	 turned	 to	 captive	 individuals	 to	 represent	 their	 species	 in	multi-species	

comparisons	(Muegge	et	al.,	2011;	Zhu	et	al.,	2011).		Whilst	this	is	certainly	better	

than	not	considering	 the	microbiota	of	 these	species	at	all,	we	currently	have	no	

way	 to	 contextualise	 these	 samples	 with	 free-living	 individuals	 in	 which	 gut	

microbiomes	have	naturally	co-evolved	and	adapted	(Ochman	et	al.,	2010;	Amato,	

2013);	as	we	do	not	fully	understand	the	extent	to	which	captivity	affects	the	gut,	

we	do	not	know	how	“true”	a	representation	a	captive	individual	is	of	its	free-living	

species	counterparts.		A	better	understanding	of	the	effects	of	captivity	could	allow	

us	to	make	some	predictions	as	to	how	free-living	gut	microbiomes	are	composed	

for	 species	 from	 whom	 it	 is	 more	 difficult	 to	 collect	 samples,	 and	 determine	

whether	 captive	 animals	 should	 stand	 in	 for	 their	 wild	 counterparts	 in	 gut	

microbiome	characterisation	studies.	

	

6.1.2	The	effects	of	life	in	captivity	on	microbiomes	

	

Species	across	the	Mammalian	Class	have	been	shown	to	differ	in	their	responses	

to	captivity,	varying	both	 in	how	(if	at	all)	 their	gut	microbiomes	are	altered	and	

the	 extent	 to	 which	 they	 are	 changed.	 	 For	 example,	 even-toed	 ungulates	

(McKenzie	et	al.,	2017)	and	rodents	(Kohl	and	Dearing,	2014)	show	little	variation	

in	 response	 to	 captivity,	 whilst	 gut	 diversity	 showed	 a	 decline	 in	 captives	 for	

canids,	primates	and	equids	and	an	increase	in	captive	rhinoceros	(McKenzie	et	al.,	

2017).	 	Furthermore,	captive	animals	are	exposed	to	sets	of	microbes	not	usually	

found	 in	 their	 natural	 habitats,	 leading	 to	 homogenisation	 of	 microbiomes	 with	
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both	 their	 surrounding	 environments	 (Hyde	 et	al.,	 2016)	 and	 other	 host	 species	

living	in	close	proximity	(Clayton	et	al.,	2016).	

	

To	date	there	have	been	two	studies	which	focus	on	the	effects	of	captivity	on	the	

primate	 gut	 microbiome.	 	 The	 first,	 which	 considered	 three	 captive	 primate	

species,	 is	 discussed	 in	 the	 previous	 chapter,	 and	 concluded	 that	 captivity	

humanizes	the	gut	microbiome	of	primates,	demonstrating	transfer	of	microbiota	

from	one	(human)	primate	species	to	other	(non-human)	primates.		The	second	is	

an	in-depth	study	that	compared	wild	and	captive	counterparts	for	15	mammalian	

genera,	 six	 of	 which	 were	 primates	 (McKenzie	 et	 al.,	 2017).	 	 Here,	 individual	

microbiome	 diversity,	 i.e.	 alpha	 diversity	 showed	 a	 significant	 decrease	 in	

Cercopithecidae,	 Atelidae	 and	 Lemuridae	 primate	 families,	 yet	 the	 Hominidae	

primates	studied	showed	only	a	trend	towards	loss	of	diversity,	with	no	statistical	

significance.	 	 Interestingly,	 of	 the	 mammals	 studied,	 one	 (non-primate)	 family,	

Rhinocerotidae,	 showed	 a	 significant	 increase	 in	 alpha	 diversity,	 whilst	 four	

mammalian	Families,	containing	aardvarks,	anteaters,	giraffes	and	bovids,	showed	

no	significant	change.	 	Of	the	mammalian	groups	studied,	primates	showed	some	

of	 the	 most	 dramatic	 variances	 between	 wild	 and	 captive	 individuals.	 	 Despite	

significant	 shifts	 in	 microbiome	 composition	 between	 wild	 and	 captive	

counterparts	for	all	but	the	even-toed	ungulates,	host	taxonomy	was	still	the	more	

significant	 gut	 microbiome	 determinant,	 suggesting	 that	 species-specific	

microbiomes	 can	be	maintained	under	 captive	 conditions	 and	offering	hope	 that	

under	better	care,	free-living	gut	microbiomes	might	be	maintained.	

	

The	 variety	 of	 responses	 to	 captivity	 observed	 across	 host	 species	 highlight	 the	

need	for	a	more	in	depth	exploration	at	a	species-by-species	 level;	characterising	

the	captive	gut	of	one	primate	species	does	no	necessarily	stand	to	be	true	for	even	

closely	related	species.		Given	the	difficult	nature	of	sample	collection,	direct	free-

living	 vs.	 captive	 comparisons	 for	 all	 species	 would	 be	 unrealistic	 to	 expect;	

instead,	I	propose	to	use	an	alternative	way	of	exploring	the	question,	which	is	to	

compare	 multiple	 different	 species	 from	 multiple	 captive	 locations.	 	 Whilst	

zoological	 associations	 offer	 advice	 on	 captive	 care	 and	 legal	 regulations	 apply,	

within	 the	 range	 of	 best	 practices	 the	 specifics	 of	 how	 best	 to	 care	 for	 their	
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animals,	 including	 their	diet	 and	habitat,	 are	 largely	 left	 to	 the	 zoo	 to	determine	

and	implement;	because	of	this,	the	diets	and	general	lifestyles	of	captive	primates	

are	 likely	 to	 differ	 between	 captive	 locations.	 	 In	 this	 chapter,	 using	 samples	

collected	from	26	primate	species	across	four	of	the	five	primate	Superfamilies	and	

residing	in	9	captive	locations	in	the	UK	and	the	USA,	I	aim	to	consider	whether	the	

patterns	 of	 relatedness	 in	 these	 captive	 gut	 microbiomes	 mirror	 the	 broad	

evolutionary	relationships	between	 these	primates,	as	 is	known	 to	occur	 in	 free-

living	primates	(Ochman	et	al.,	2010;	Amato,	2013;	Moeller,	Caro-Quintero,	et	al.,	

2016),	 or	 whether	 the	 zoo	 in	 which	 the	 individuals	 are	 housed	 shows	 greater	

correlation	with	gut	microbiome	content.		Comparing	the	two	factors	across	a	wide	

range	of	primate	species	to	see	which	is	the	stronger	predictor	of	gut	microbiome	

composition	will	 allow	me	 to	determine	 the	extent	 to	which	 captivity	 affects	 the	

gut.		Furthermore,	in	comparing	the	effects	of	country	on	the	gut	microbiome,	I	aim	

to	 determine	 whether	 patterns	 occur	 in	 correlation	 with	 a	 broader	 geographic	

scale	than	between	individual	zoos	within	a	single	country.		

	

To	explore	this,	this	chapter	aims	to	answer	the	following	questions:	

1. Are	 there	 observable,	 host	 species-specific	 gut	 microbiomes	 in	 captive	

primates?	

2. Does	 any	 variation	 observed	mirror	 the	 evolutionary	 relationships	 of	 the	

captive	primates,	or	is	variation	observed	with	other	factors	such	as	captive	

location?	

	

	

6.2	Materials	and	Methods	

	

6.2.1	Sample	collection	

	

Despite	 some	 captive	 settings	 studied	 here	 not	 using	 the	 word	 themselves,	 the	

term	“zoo”	will	here	refer	to	any	zoo,	wildlife	park	or	similar	for	ease	of	reference.		

Each	sample	is	assumed	to	come	from	a	different	individual	for	all	primate	species	

in	 this	 chapter.	 	 Faecal	 collection	 within	 zoos	 is	 usually	 opportunistic	 in	 that	
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samples	 will	 be	 collected	 during	 the	 morning	 clean	 rather	 than	 through	 direct	

observation	 of	 the	 primates,	 so	 it	 is	 not	 possible	 to	 identify	 the	 individual	

producing	 the	 samples.	 	 By	 advice	 of	 the	 keepers,	 to	 minimise	 the	 chance	 that	

multiple	 samples	 were	 collected	 from	 the	 same	 individual,	 faeces	 that	 were	

deposited	furthest	apart	within	an	enclosure	were	chosen,	as	these	are	less	likely	

to	belong	to	the	same	animal.	 	All	samples	were	collected	with	the	permission	of	

the	respective	zoos.		Table	2.2	(methods	chapter	2)	shows	the	zoos	involved	in	this	

thesis,	whilst	 figure	6.1	 indicates	 the	primates	 that	 samples	were	 collected	 from	

for	each	of	the	zoos.	

	

Sample	storage	methods	vary	between	location.		Samples	from	captive	primates	in	

the	UK	were	stored	 in	99%	ethanol	whilst	 samples	 from	the	USA	were	stored	 in	

RNAlater.	 	The	reasons	are	discussed	in	chapter	2.	 	Also	discussed	in	chapter	2	is	

the	justification	for	comparing	samples	stored	using	different	collection	methods.		

During	 data	 analysis	 here,	 differing	 storage	 methods	 will	 be	 taken	 into	

consideration.		

	

6.2.2	UK	vs.	USA	captive	comparisons	

	

To	 consider	 whether	 the	 country	 a	 primate	 is	 housed	 in	 impacts	 its	 gut	

microbiome,	six	primate	species	from	the	total	set	of	samples	were	chosen	on	the	

basis	 that	 I	 had	 samples	 from	 both	 the	 UK	 and	 the	 USA.	 	 Figure	 6.1	 contains	

information	on	these	samples.	
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Figure	6.1	Samples	used	in	the	UK	vs.	USA	comparison,	where	count	indicates	the	number	

of	samples,	coloured	by	zoo	and	grouped	by	species		

	

6.2.3	Whole	Order	comparisons	

	

Faecal	 samples	 were	 collected	 from	 248	 individuals	 belonging	 to	 26	 species	

spanning	the	primate	Order	and	residing	in	9	zoos	in	the	UK	and	the	USA.	 	These	

numbers	include	the	primates	used	in	the	UK	vs.	USA	comparison	and	the	captive	

Old	World	monkeys	from	chapter	5.		Figure	6.2	and	table	6.1	show	information	on	

the	samples	collected,	whilst	figure	6.3	is	a	tree	showing	how	the	primate	Families	

compared	are	taxonomically	related	to	each	other.	 	Dietary	information	could	not	

be	 obtained	 from	most	 of	 the	 zoos	 contacted	 and	 diets	 were	 often	 altered	 over	

time	for	the	zoos	that	did	provide	 information,	so	here	 it	was	decided	to	exclude	

diet	 from	 the	comparisons,	 except	 to	acknowledge	 that	exact	diets	vary	between	

zoos	and	countries.	
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Figure	 6.2	 Samples	 used	 in	 the	 whole	 Order	 comparison,	 where	 count	 indicates	 the	

number	of	samples,	coloured	by	zoo	and	grouped	by	species		
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Table	 6.1	 Primate	 species	 included	 in	 this	 study	 and	 the	 families	 to	which	 they	

belong	

Species	 Family	 Scientific	name	

Mohol	bushbaby	 Galagidae	 Galago	moholi	

Ring	tailed	lemur	 Lemuridae	 Lemur	catta	

Black	and	white	

ruffed	lemur	
Lemuridae	 Varecia	variegata	

Crowned	lemur	 Lemuridae	 Eulemur	coronatus	

Red	bellied	lemur	 Lemuridae	
Eulemur	

rubriventer	

White	cheeked	

gibbon	
Hylobatidae	

Nomascus	

leucogenys	

Lar	gibbon	 Hylobatidae	 Hylobates	lar	

Silvery	gibbon	 Hylobatidae	 Hylobates	moloch	

Pileated	gibbon	 Hylobatidae	 Hylobates	pileatus	

Siamang	 Hylobatidae	
Symphalangus	

syndactylus	

Common	

chimpanzee	
Hominidae	 Pan	troglodytes	

Western	lowland	

gorilla	
Hominidae	

Gorilla	gorilla	

gorilla	

Bornean	orang	

utan	
Hominidae	

Pongo	pygmaeus	

pygmaeus_	

Black	and	white	

colobus	
Cercopithecidae	(Colobinae	subfamily)	 Colobus	guereza	

Gelada	

Cercopithecidae	Family	

(Cercopithecinae	subfamily,	Papionini	

tribe)	

Theropithecus	

gelada	

Sulawesi	crested	

macaque	

Cercopithecidae	Family	

(Cercopithecinae	subfamily,	Papionini	

tribe)	

Macaca	nigra	

White	naped	 Cercopithecidae	Family	 Cercocebus	atys	
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mangabey	 (Cercopithecinae	subfamily,	Papionini	

tribe)	

lunulatus	

De	Brazzas	

monkey	

Cercopithecidae	Family	

(Cercopithecinae	subfamily,	

Cercopithecini	tribe)	

Cercopithecus	

neglectus	

Diana	monkey	

Cercopithecidae	Family	

(Cercopithecinae	subfamily,	

Cercopithecini	tribe)	

Cercopithecus	diana	

Coppery	titi	 Pitheciidae	 Callicebus	cupreus	

Emperor	tamarin	 Callitrichidae	 Saguinus	imperator	

Golden	headed	lion	

tamarin	
Callitrichidae	

Leontopithecus	

chrysomelas	

Golden	lion	

tamarin	
Callitrichidae	

Leontopithecus	

rosalia	

Pied	tamarin	 Callitrichidae	 Saguinus	bicolor	

Black	handed	

spider	monkey	
Atelidae	 Ateles	geoffroyi	

Black	and	gold	

howler	monkey	
Atelidae	 Alouatta	caraya	
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Figure	6.3	Evolutionary	relationships	of	the	primate	Families.		This	is	illustrative	only,	so	

branch	 lengths	 do	 not	 indicate	 evolutionary	 time.	 	 Solid	 lines	 indicate	 samples	 from	 a	

species	 within	 this	 clade	 were	 collected,	 whilst	 dashed	 lines	 indicate	 no	 samples	 were	

available.	 	 Cercopithecidae,	 the	 only	 extant	 family	 within	 the	 Superfamily	

Cercopithecoidea,	 is	 broken	 down	 into	 its	 two	 subfamilies,	 Cercopithecinae,	 containing	

Papionini	and	Cercopithecini	tribes,	and	Colobinae,	as	these	are	referred	to	in	this	chapter.		

Informal	 Superfamily	 names	 are	 included	 for	 ease	 of	 reference.	 Generated	 using	 the	

Interactive	Tree	of	Life	online	tool(Letunic	and	Bork,	2016).	

6.2.4	Alpha	and	beta	diversity	analyses	

	

The	 following	 applies	 to	 both	 UK	 vs.	 USA	 comparisons	 and	 across-Order	

comparisons,	 and	are	described	 in	brief	here.	 	For	 full	 explanations	 see	methods	

chapter	 2.	 	 All	 alpha	 and	 beta	 diversity	 analyses	 were	 performed	 using	 the	 R	

package	phyloseq	unless	otherwise	specified.		For	all	samples,	alpha	diversity	was	

estimated	as	Chao1.	 	The	mean	alpha	diversity	of	each	 field	within	 the	metadata	

category	being	analysed	were	compared	using	a	non-parametric	two-sample	t-test	

for	significant	differences.			

	

Catarrhini 

Platyrrhini 

Lorises and galagos 

Lemurs 

Apes 

Old World monkeys 

New World monkeys 

Cercopithecinae 

Cercopithecidae 
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Beta	diversity	was	estimated	using	three	metrics;	Bray	Curtis,	unweighted	Unifrac	

and	 weighted	 Unifrac.	 	 PCoA	 plots	 were	 generated	 for	 each	 of	 these	 metrics.		

Distance	boxplots	were	generated	that	compared	either	field	vs.	field	distances	or	

all-within	fields	vs.	all-between	field	distances	using	QIIME	and	means	of	the	boxes	

were	 compared	 using	 a	 non-parametric	 two-sample	 t-test	 with	 Bonferroni	

correction	 for	multiple	 hypotheses	where	 applicable.	 	 PERMANOVA	was	 used	 to	

estimate	 the	 significance	 of	 metadata	 categories	 (either	 host	 species,	 zoo	 or	

country)	in	determining	microbiome	composition.	

	

This	 chapter’s	 aim	 is	 to	 consider	 how	 a	 large	 number	 (~250)	 of	 microbiomes	

relate	to	each	other	in	response	to	host	species	and	location,	rather	than	aiming	to	

characterise	 the	 bacterial	 taxa	 that	 reside	 in	 each	 species.	 	 In	 other	words,	 I	 am	

here	interested	as	to	whether	the	gut	microbiomes	of	captive	primates	across	the	

whole	 Order	 are	 affected	 by	 the	 host’s	 species	 and	 location,	 but	 not	 how	 these	

factors	 affect	 the	 gut	 microbiomes	 themselves.	 	 The	 great	 variety	 of	 gut	

microbiomes	 in	 this	 large-scale	 comparison	mean	 that	 analysis	 of	 bacterial	 taxa	

present	 would	 not	 be	meaningful	 given	 the	 limited	 amount	 of	 time	 available	 to	

analyse	 this	 data.	 	 If	 this	 chapter	 shows	 that	 the	 gut	microbiomes	 studied	 here	

show	 similarities	 based	 on	 host	 species	 or	 location,	 I	 then	 suggest	 that	 an	

interesting	 avenue	 for	 future	 work	 would	 be	 to	 investigate	 the	 taxa	 present	 in	

these	samples,	however	 there	 is	not	enough	time	to	do	so	here	as	such	a	project	

would	form	a	much	bigger	study	than	one	chapter	in	this	thesis	could	contain.		As	

such,	I	shall	not	be	including	any	bacterial	taxonomic	analyses	here.		Future	work	

characterising	these	microbiomes	is	likely	to	reveal	interesting	results,	however	it	

is	not	within	the	scope	of	this	chapter’s	aims,	and	nor	is	it	feasible	for	such	a	large	

number	of	microbiomes	within	one	chapter.	
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6.3	Results	

	

6.3.1	Significance	of	zoo	and	location	on	the	gut	of	captive	primates	

	

Alpha	diversity	was	calculated	as	Chao1	for	each	of	the	UK	vs.	USA	samples.	 	The	

results	 are	 plotted	 in	 figure	 6.4,	where	 samples	 are	 grouped	 by	 primate	 species	

and	 coloured	 by	 the	 country	 in	which	 the	 individuals	 reside.	 	 For	 each	 primate	

species,	a	non-parametric	two-sample	t-test	was	performed	comparing	the	means	

of	 the	 UK	 and	 USA	 samples.	 	 P	 values	 corresponding	 to	 these	 comparisons	 are	

shown	in	table	6.2.	 	 In	the	case	of	all	six	species,	samples	collected	from	the	USA	

showed	significantly	lower	alpha	diversity	than	samples	collected	from	the	UK	(p	<	

0.05	 in	 all	 cases).	 	 This	 indicates	 that	 there	 is	 a	 significant	 reduction	 in	 alpha	

diversity	 for	 samples	 collected	 from	 primates	 living	 in	 captivity	 in	 the	 USA	

compared	to	the	UK.	

	

	
Figure	 6.4	 Chao1	 alpha	diversity	 per	 primate	 species,	where	 samples	 are	 coloured	 and	

grouped	by	the	country	from	which	they	were	collected.			
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Table	6.2	Non-parametric	two-sample	t-test	comparing	the	mean	alpha	diversity	

of	UK	vs.	USA	captive	individuals	for	each	primate	species	

Species	 p-value	

Black	and	white	colobus	 0.001	

Black	and	white	ruffed	lemur	 0.023	

Golden	lion	tamarin	 0.006	

Ring	tailed	lemur	 0.011	

Siamang	 0.001	

Western	lowland	gorilla	 0.007	

	

Despite	 correlating	 to	 variation	 in	 alpha	 diversity,	 the	 country	 in	 which	 an	

individual	 resided	 did	 not	 outweigh	 the	 importance	 of	 host	 species.	 	 Figure	 6.5	

shows	beta	diversity	PCoA	plots	for	Bray	Curtis,	unweighted	Unifrac	and	weighted	

Unifrac	 measures.	 	 For	 each	 metric	 used,	 samples	 primarily	 clustered	 by	 host	

species	rather	than	by	zoo	or	country.		Bray	Curtis	and	unweighted	Unifrac	showed	

the	 clearest	 separation	 of	 samples	 by	 species.	 	Whilst	 weighted	 Unifrac	 showed	

clustering	 by	 species,	 the	 clusters	 did	 not	 separate	 out	 clearly	 from	 each	 other.		

Unweighted	Unifrac	showed	the	samples	clustering	at	 Infraorder	 level	 taxonomy,	

clustering	into	three	groups	made	up	of	the	Lemuriformes,	Catarrhines	(OWM	and	

apes)	and	Platyrrhines	 	 (NWM).	 	Within	 the	 three	broad	groupings	 there	 is	 then	

further	 clustering	 based	 on	 primate	 species.	 	 Within	 species	 clusters,	 samples	

further	grouped	based	on	zoo.	
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Figure	 6.5a	 PCoA	 plots	 for	 Bray	 Curtis	 measure	 of	 beta	 diversity,	 where	 samples	 are	

coloured	by	species	and	shaped	by	zoo	

	
Figure	6.5b	PCoA	plots	for	unweighted	Unifrac	measure	of	beta	diversity,	where	samples	

are	coloured	by	species	and	shaped	by	zoo	

a 

b 
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Figure	6.5c	PCoA	plots	for	weighted	Unifrac	measure	of	beta	diversity,	where	samples	are	

coloured	by	species	and	shaped	by	zoo	

	

To	 assess	 whether	 each	 primate	 species	 was	 affected	 by	 captive	 location,	 or	

whether	captivity	affected	each	species	differently,	PCoA	plots	were	generated	for	

each	 species	 of	 primate	 (figure	 6.6)	 using	 both	 a)	 unweighted	 and	 b)	 Unifrac	

distances.	 	 Samples	 clustered	 by	 zoo	 for	 some	 species,	 but	 not	 for	 others.	 	 For	

example,	 the	 golden	 lion	 tamarin	 samples	 clearly	 clustered	 into	 three	 groups	

corresponding	 to	 the	 zoo	 in	 which	 the	 animals	 are	 housed	 for	 both	 diversity	

measures,	 yet	 the	 gorilla	 samples	 formed	 clear	 groups	 when	 using	 weighted	

Unifrac	only.		Furthermore,	excluding	the	Siamangs,	samples	from	which	were	only	

collected	 from	 one	 zoo	 in	 the	 UK	 and	 one	 in	 the	 USA,	 no	 species	 showed	 clear	

clustering	based	on	the	country	in	which	the	individuals	reside	except	the	golden	

lion	tamarins	when	using	weighted	Unifrac	distances	only.		This	implies	that	whilst	

country	has	an	effect	on	alpha	diversity,	beta	diversity	is	less	significantly	affected	

at	such	a	broad	geographic	scale,	instead	being	correlated	to	a	more	local	scale	of	

which	zoo	an	individual	is	housed	in.	

	

	 	

c 
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PERMANOVA	using	both	unweighted	and	weighted	Unifrac	distances	was	used	to	

test	 whether	 the	 gut	 microbiome	 varied	 in	 relation	 to	 host	 species,	 zoo	 and	

country.	 Table	 6.3	 shows	 the	 results	 of	 each	 test,	 and	 indicates	 that	 all	 three	

metadata	categories	were	correlated	with	microbiome	diversity	for	both	diversity	

measures.		Using	both	weighted	and	unweighted	Unifrac	measures,	species	was	the	

most	significant	predictor	of	gut	microbiome	composition,	indicated	by	the	greater	

test	statistics,	followed	by	zoo	and	then	country.	

	

Table	 6.3	 PERMANOVA	 results	 for	 weighted	 and	 unweighted	 Unifrac	 distances	

between	six	primate	species	compared	

Metadata	category	

compared	

Unweighted	Unifrac	 Weighted	Unifrac	

P	values	 Test	statistic	 P	values	 Test	statistic	

Species	 0.001	 8.71	 0.001	 9.98	

Zoo	 0.001	 3.79	 0.001	 3.37	

Country	 0.001	 2.44	 0.001	 2.38	

	

In	 order	 to	 determine,	 for	 each	 of	 the	 six	 primate	 species,	 whether	 samples	

collected	 from	 captives	 in	 the	 same	 zoo	 were	 more	 similar	 to	 each	 other	 than	

samples	collected	from	captives	in	two	different	zoos,	weighted	Unifrac	distances	

were	collated	based	on	whether,	for	each	primate	species,	they	were	between	two	

individuals	 at	 the	 same	 zoo	 (i.e.	 “both	 within-field”),	 or	 two	 individuals	 from	

different	 zoos	 (i.e.	 “both	between-field”).	 	 The	means	of	 the	 two	 groupings	were	

compared	 to	 see	 if	 they	were	 significantly	different	using	a	non-parametric	 two-

sample	t-test.		The	same	was	repeated	using	the	country	the	individual	resided	in.		

Table	 6.4	 contains	 the	 p-values	 for	 each	 comparison.	 	 Where	 p-values	 are	

significant,	it	indicates	that	samples	collected	from	the	same	zoo	or	country	were	

more	similar	to	each	other	than	samples	collected	from	different	zoos	or	countries	

for	that	primate	species.	
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Table	 6.4	 Results	 of	 a	 non-parametric	 two-sample	 t-test	 comparing	mean	 “both	

within-field”	distances	to	mean	“both	between-field”	distances	

Species	
P	values	

Zoo	 Country	

Black	and	white	colobus	 0.001	 0.001	

Black	and	white	ruffed	lemur	 0.001	 0.762	

Golden	lion	tamarin	 0.001	 0.001	

Ring	tailed	lemur	 0.001	 0.001	

Siamang	 0.001	 0.001	

Western	lowland	gorilla	 0.001	 0.001	

	

These	results	indicate	that	for	all	but	the	black	and	white	ruffed	lemurs,	both	the	

zoo	 and	 country	 in	which	 they	 are	 housed	has	 an	 impact	 on	 their	 guts.	 	 For	 the	

black	and	white	ruffed	 lemur,	 the	country	 in	which	an	 individual	resided	did	not	

correlate	 with	 microbiome	 diversity,	 whereas	 the	 specific	 zoo	 did.	 	 As	 samples	

were	only	collected	from	one	UK	zoo	and	one	USA	zoo	for	the	siamangs,	variation	

based	on	country	cannot	be	detangled	from	variation	due	to	individual	zoo.	

	

It	 is	 thus	 demonstrated	 here	 that	 location	 and	 country	 both	 impact	 the	 gut	

microbiome	of	captive	primates,	but	that	host	taxonomy	is	the	strongest	predictor,	

outweighing	location.	

	

6.3.2	Comparison	of	all	primates	across	the	Order	

	

The	 results	 above	 indicate	 that	 host	 species	 was	 the	 greatest	 predictor	 of	 gut	

microbiome	content,	rather	than	the	zoo	or	country	in	which	the	primate	resides.		

This	allows	me	to	directly	compare	the	248	individuals	with	each	other	to	further	

explore	 whether	 the	 relatedness	 of	 the	 gut	 microbiomes	 of	 captive	 primates	

mirror	their	evolutionary	relationships,	despite	their	residing	in	different	zoos	and	

countries.	
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Figures	 6.7-6.9	 contain	 PCoA	 plots	 using	 Bray	 Curtis,	 unweighted	 Unifrac	 and	

weighted	Unifrac	distances	between	all	samples,	where	samples	are	coloured	by	a)	

Superfamily	and	b)	Family.	 	Using	Bray	Curtis	and	unweighted	Unifrac	measures,	

samples	 show	 clustering	 into	 four	 main	 groups,	 corresponding	 to	 the	 four	

Superfamilies	for	which	there	were	abundant	samples,	with	the	fifth	Superfamily,	

Lorisoidea,	 containing	 only	 4	 samples	 from	 the	 Mohol	 bushbaby	 and	 clustering	

between	 the	 Lemuroidea	 and	 Ceboidea	 sets	 of	 samples	 (figures	 6.7a	 and	 6.8a).		

Weighted	Unifrac	showed	grouping	based	on	Superfamily,	however	these	clusters	

did	 not	 separate	 out	 and	 were	 somewhat	 overlaid	 in	 the	 plot.	 Samples	 further	

clustered	by	Family,	as	indicated	in	figures	6.7b	and	6.8b,	although	again	this	was	

less	 clear	 when	 using	 weighted	 Unifrac.	 	 PERMANOVA	 using	 unweighted	 and	

weighted	 Unifrac	 distances	 indicated	 that	 host	 Superfamily,	 Family,	 and	 species	

were	 all	 significantly	 correlated	 with	 gut	 microbiome	 composition.	 	 Correlation	

with	 genus	was	 not	 tested	 for	 as	most	 of	 the	 26	 species	 compared	 belonged	 to	

different	genera.		Table	6.5	shows	the	p	values	for	these	analyses.	Samples	showed	

the	greatest	correlation	with	the	Superfamily	to	which	the	host	primate	belonged	

as	 indicated	 by	 the	 highest	 test	 statistic,	 followed	 by	 host	 Family	 and	 finally	

species.	

	
Figure	 6.7a	 PCoA	 plots	 using	Bray	 Curtis	 distances	 between	 samples,	 coloured	 by	 host	

Superfamily	and	shaped	by	zoo	

a 
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Figure	 6.7b	 PCoA	plots	 using	Bray	 Curtis	 distances	 between	 samples,	 coloured	 by	 host	

Family	and	shaped	by	zoo	

Figure	6.8a	PCoA	plots	using	unweighted	Unifrac	distances	between	samples,	coloured	by	

host	Superfamily	and	shaped	by	zoo	

b 

a 
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Figure	6.8b	PCoA	plots	using	unweighted	Unifrac	distances	between	samples,	coloured	by	

host	Family	and	shaped	by	zoo	

	
Figure	 6.9a	PCoA	plots	using	weighted	Unifrac	distances	between	samples,	 coloured	by	

host	Superfamily	and	shaped	by	zoo	

b 

a 
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Figure	 6.9b	PCoA	plots	using	weighted	Unifrac	distances	between	samples,	 coloured	by	

host	Family	and	shaped	by	zoo	

	

Table	 6.5	 Results	 of	 PERMANOVA	 using	 weighted	 and	 unweighted	 Unifrac	

distances	between	total	samples	

Metadata	category	

compared	

Unweighted	Unifrac	 Weighted	Unifrac	

P	values	 Test	statistic	 P	values	 Test	statistic	

Species	 0.001	 7.06	 0.001	 7.83	

Family	 0.001	 10.7	 0.001	 12.8	

Superfamily	 0.001	 13.8	 0.001	 18.1	

	

Analysing	large	datasets	is	useful	for	searching	for	broad-scale	patterns,	however	

to	 investigate	 how	 primate	 species	 vary,	 it	 is	 necessary	 to	 examine	 individual	

clades	 within	 the	 primate	 Order.	 	 Furthermore,	 it	 should	 not	 be	 assumed	 that	

factors	 affecting	 variation	 impact	 all	 primates	 in	 the	 same	way.	 	 Thus,	 variation	

within	each	of	the	four	Superfamilies	for	which	there	are	multiple	species’	samples	

b 
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will	be	considered.		For	conciseness,	Bray	Curtis	will	be	removed	from	the	methods	

of	beta	diversity	 considered	 from	this	point	onwards	as	 it	has	already	now	been	

established	 that	 there	 is	 broad	 congruence	 between	 the	 three	 measures.		

Comparing	unweighted	and	weighted	Unifrac	allows	me	to	make	a	comment	as	to	

the	importance	of	high	or	low	abundance	taxa.	

	

6.3.3	Within-Superfamily	analyses		

	

PERMANOVA	 using	 unweighted	 Unifrac	 distances	was	 performed	 to	 test	 for	 the	

significance	 of	 species	 and	 zoo	 for	 each	 of	 the	 four	 Superfamilies.	 	 Table	 6.6	

contains	 the	 results.	 	The	extent	 to	which	host	 species	and	zoo	 impacted	 the	gut	

varied	 for	 different	 Superfamilies.	 	 For	 the	 apes	 and	 OWMs,	 there	 was	 little	

difference	between	the	impact	of	species	and	zoo,	as	indicated	by	the	similar	test	

statistics.	 	The	 lemur	gut	microbiome	was	most	 strongly	predicted	by	 the	zoo	 in	

which	 they	were	 housed,	whilst	 the	 NWMs	 showed	 that	 species	was	 clearly	 the	

most	significant	determining	factor.		PCoA	plots	for	each	Superfamily	are	included	

and	discussed	below.	

	

Table	6.6	PERMANOVA	results	using	weighted	Unifrac	distances	

Superfamily	
Species	 Zoo	

p	value	 test	statistic	 p	value	 test	statistic	

Apes	 0.001	 4.77	 0.001	 4.40	

OWM	 0.001	 3.63	 0.001	 3.38	

NWM	 0.001	 7.27	 0.001	 4.05	

Lemurs	 0.001	 3.26	 0.001	 4.29	

Callitrichids	 0.001	 5.51	 0.001	 4.11	
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Apes	(Hominoidea)	

Figure	 6.10a	 PCoA	 plots	 for	 unweighted	 Unifrac	measure	 of	 diversity	 for	 Hominoidea,	

where	samples	are	coloured	by	species	and	shaped	by	zoo.	

Figure	 6.10b	 PCoA	 plots	 for	 weighted	 Unifrac	 measure	 of	 diversity	 for	 Hominoidea,	

where	samples	are	coloured	by	species	and	shaped	by	zoo.	

a 

b 
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Figure	6.10	shows	the	PCoA	plots	for	unweighted	and	weighted	Unifrac.		Weighted	

Unifrac	 showed	 the	 least	 clear	 separation	 of	 samples,	 suggesting	 that	 variation	

between	these	gut	microbiomes	lies	in	the	less	abundant	taxa.		Interestingly,	using	

unweighted	 Unifrac	 distances,	 samples	 clustered	 based	 on	 zoo	 rather	 than	

clustering	by	species	(figure	6.10a).		For	example,	the	three	ape	species	residing	in	

Milwaukee	 County	 zoo	 (the	 siamangs,	 gorillas	 and	 orang-utans)	 clustered	 more	

closely	together	than	any	did	with	other	members	of	their	species	residing	in	other	

zoos.		A	similar	pattern	is	seen	in	the	Twycross	apes	where	the	siamangs	clustered	

with	 the	 other	 Twycross	 gibbons,	 however	 the	 Twycross	 gorillas	 clustered	with	

the	Whipsnade	chimpanzees,	more	closely	than	the	Whipsnade	chimpanzees	did	to	

the	 Colchester	 chimpanzees,	 indicating	 that	 the	 relationship	 may	 be	 more	

complicated	 than	simply	clustering	on	a	zoo	basis.	 	PERMANOVA	using	weighted	

Unifrac	distances	 are	 shown	 in	 table	6.6	 above	 indicated	 that	host	 species	had	a	

slightly	larger	effect	on	gut	microbiome	composition	(test	statistic	4.77)	compared	

to	zoo	(test	statistic	4.40),	however	the	difference	in	their	significance	is	not	large.	

	

Old	World	Monkeys	(Cercopithecoidea)	

	

Figure	6.11	shows	PCoA	plots	for	unweighted	and	weighted	Unifrac	metrics	for	the	

captive	 OWMs.	 	 Again	 unweighted	 Unifrac	 is	 the	 measure	 that	 gave	 a	 clearer	

separation	 of	 samples.	 	 Unlike	 the	 apes,	 the	 Old	 World	 monkeys	 studied	 here	

showed	some	clustering	by	taxonomy.	 	For	example,	the	black	and	white	colobus	

samples	separated	away	from	the	rest	of	the	samples,	although	they	then	further	

separated	 based	 on	 zoo.	 	 The	 geladas,	 which	 belong	 to	 the	 Papionini	 tribe,	

separated	 from	 the	 rest	 of	 the	Cercopithecinae	primates,	 however	 the	macaques	

and	mangabeys,	also	belonging	to	Papionini,	did	not,	suggesting	that	the	separation	

is	 not	 related	 to	 tribe-level	 differences	 but	 rather	 to	 the	 geladas	 hosting	 a	more	

unique	gut	microbiome.			
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Figure	 6.11a	 PCoA	 plots	 for	 unweighted	 Unifrac	 measure	 of	 diversity	 for	

Cercopithecoidea,	where	samples	are	coloured	by	species	and	shaped	by	zoo.	

	

	
Figure	6.11b	PCoA	plots	for	weighted	Unifrac	measure	of	diversity	for	Cercopithecoidea,	

where	samples	are	coloured	by	species	and	shaped	by	zoo.	

	

	 	

a 

b 
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New	World	Monkeys	(Ceboidea)	

	

	
Figure	6.12a	PCoA	plots	for	unweighted	Unifrac	measure	of	diversity	for	Ceboidea,	where	

samples	are	coloured	by	species	and	shaped	by	zoo.	

	
Figure	 6.12b	PCoA	plots	 for	weighted	Unifrac	measure	of	diversity	 for	Ceboidea,	where	

samples	are	coloured	by	species	and	shaped	by	zoo.	

	

a 

b 
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Figure	 6.12	 shows	 PCoA	 plots	 using	 unweighted	 and	weighted	 Unifrac	 diversity	

metrics	for	the	captive	NWMs.		Almost	all	of	the	Callitrichids,	with	the	exception	of	

the	emperor	tamarins	in	Racine	Zoo,	clustered	together	and	away	from	the	rest	of	

the	samples.	 	The	primates	belonging	to	the	remaining	two	Families,	the	Atelidae	

(spider	 and	 howler	 monkeys)	 and	 the	 Pitheciidae	 (coppery	 titi	 monkey)	 then	

clustered	together.		Interestingly	here,	host	species	was	the	bigger	indicator	of	gut	

microbiome	 composition	 (table	 6.6,	 test	 statistic	 7.27)	 compared	 to	 zoo	 (test	

statistic	 4.05).	 	 Given	 that	within	 the	 Callitrichid	 clade,	 clustering	 by	 zoo	 rather	

than	 species	 seemed	 to	 occur,	 PERMANOVA	was	 repeated	 using	 the	 Callitrichid	

samples	 only	 and	 indicated	 that	 host	 species	 still	 had	 a	 greater	 impact	 on	

microbiome	composition	than	zoo	(table	6.6).		The	smaller	difference	between	the	

species	 vs.	 zoo	 test	 statistics	 (5.51	 and	 4.11	 respectively)	 imply	 that	 within	 the	

Callitrichid	 clade,	 captive	 location	 has	 a	 greater	 impact	 on	 gut	 microbiome	

composition	than	across	the	Ceboidea	Superfamily	as	a	whole.			

	

Lemurs	(Lemuroidea)	

	

Figure	 6.13	 shows	 the	 PCoA	 plots	 generated	 with	 unweighted	 and	 weighted	

Unifrac	distances.		For	most	lemurs,	samples	clustered	by	zoo	rather	than	species.		

The	black	and	white	ruffed	lemur	samples	clustered	together	regardless	of	captive	

location	using	unweighted	Unifrac	distances,	whilst	 the	 crowned	 and	 red	bellied	

lemurs	clustered	based	on	zoo,	with	those	living	at	Howlett’s	separating	well	away	

from	 those	 living	 at	 Twycross.	 	 The	 ring	 tailed	 lemurs	 separated	 out	 into	 four	

groupings	 based	 on	 zoo,	 but	 clustered	 together	 rather	 than	with	 the	 rest	 of	 the	

samples	 from	 each	 zoo.	 	 PERMANOVA	 revealed	 that	 zoo	 was	 the	 greatest	

determinant	of	gut	microbiome	composition	(table	6.6,	test	statistic	4.29)	and	that	

host	species	had	less	of	an	impact	(test	statistic	3.26).	
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Figure	 6.13a	 PCoA	 plots	 for	 unweighted	 Unifrac	 measure	 of	 diversity	 for	

Lemuroidea,	where	samples	are	coloured	by	species	and	shaped	by	zoo.	

	

	
Figure	 6.13b	 PCoA	 plots	 for	 weighted	 Unifrac	 measure	 of	 diversity	 for	

Lemuroidea,	where	samples	are	coloured	by	species	and	shaped	by	zoo.	

	

a 

b 
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6.4	Discussion	

	

6.4.1	Alpha	diversity	in	UK	compared	to	USA	captive	primates	

	

These	results	reveal	that	for	each	of	the	six	primate	species	used	in	the	UK	vs.	USA	

comparison,	 alpha	 diversity	 was	 always	 significantly	 lower	 in	 samples	 collected	

from	those	living	in	zoos	in	the	USA	compared	to	those	living	in	the	UK.		These	two	

sets	 of	 samples	 were	 stored	 using	 different	 storage	 methods,	 as	 discussed	

previously.		It	is	not	possible	to	rule	out	the	effects	of	sample	storage	on	the	alpha	

diversity	of	these	samples,	and	would	be	a	highly	informative	avenue	to	explore	in	

future	work.	 	As	discussed	 in	chapter	2,	 there	are	many	studies	which	show	that	

sample	 storage	 differences	 are	 not	 greater	 than	 diversity	 between	 samples	

(Nsubuga	et	al.,	2004;	Lauber	et	al.,	2010;	Wu	et	al.,	2010;	Dominianni	et	al.,	2014;	

Franzosa	et	al.,	2014;	Song	et	al.,	2016).	 	Based	on	this	knowledge,	the	discussion	

here	hypothesises	other	factors	that	could	be	responsible	for	the	variation	in	alpha	

diversity	seen,	however	without	further	testing	it	is	not	possible	to	conclude	any	of	

the	 hypotheses	 following	 here.	 	 Loss	 of	 alpha	 diversity	 has	 previously	 been	

observed	 in	 captive	 primates	 in	 the	 USA	 compared	 to	 free-living	 counterparts	

(Clayton	 et	 al.,	 2016),	 and	 was	 suggested	 to	 be	 a	 feature	 of	 captive	 primate	

microbiomes.		Chapter	5	here	however	suggests	this	is	not	the	case	for	all	captives	

as	the	captive	chimpanzees	showed	a	significant	gain	of	diversity	compared	to	the	

free-living	population	in	Issa.		Microbiomes	less	rich	in	bacterial	species	have	also	

been	 found	 in	 primates	 suffering	 from	 habitat	 degradation	 (Amato	 et	al.,	 2013),	

with	the	implication	being	that	a	loss	of	habitat	leads	to	a	reduction	in	the	variety	

of	 food	 types	 available.	 	 Previous	 studies	 in	 humans	 have	 shown	 lower	 alpha	

diversity	to	be	correlated	with	a	less	varied	diet	also	(De	Filippo	et	al.,	2010;	David	

et	al.,	2014).	 	Without	additional	data	on	these	captive	primates,	it	is	not	possible	

to	 state	why	 the	 differences	 in	 alpha	 diversity	 exist,	 or	why	 they	 correlate	with	

country.	 	Anecdotally	I	have	learnt	that	the	dietary	guidelines	for	some	species	of	

primates	living	in	captivity	in	the	USA	are	different	to	those	set	in	the	UK;	it	may	be	

the	case	 then	 that	 these	regulations	downplay	 the	 importance	of	a	varied	diet	 in	

the	USA,	 however	 further	data	 collection	would	be	necessary	 to	make	 any	 claim	
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here.	 	 Captive	 primate	 diets	 often	 contain	 pellet-style	 food	 manufactured	 for	

captive	animals.		Producers	are	likely	to	differ	between	the	two	countries,	although	

it	 seems	 unlikely	 that	 this	 would	 be	 enough	 to	 account	 for	 such	 a	 significant	

difference,	 and,	 in	 addition	 to	 pelleted	 food,	 captive	 primates	 are	 usually	 fed	 a	

significant	 proportion	 of	 fresh	 produce	 also.	 Dietary	 information	would	 indicate	

whether	 the	 results	 are	 in	 fact	 correlated	 with	 dietary	 differences,	 and	 a	

comparison	between	 the	general	 care	plans	of	 the	 six	primate	 species	 compared	

might	 offer	 information	 as	 to	 how	 changes	 in	 care	 may	 sustain	 higher	 alpha	

diversity	in	captive	populations,	both	of	which	would	be	good	avenues	to	explore	

further	in	the	future.	

6.4.2	The	importance	of	host	taxonomy	vs.	captive	location	in	determining	

the	gut	microbiome	

	

Comparisons	 of	 these	 six	 primate	 species	 indicated	 that	 host	 taxonomy	 has	 the	

greater	 effect	 on	 gut	 microbiome	 composition	 than	 captive	 location,	 but	 that	

within	 a	 given	 species	 out	 of	 these	 six,	 individuals	 who	 reside	 in	 the	 same	 zoo	

share	more	 gut	 taxa	with	 each	 other	 than	with	 others	 of	 the	 same	 species	 from	

different	 zoos.	 	 It	 seems	 then	 that	 whilst	 differences	 are	 seen	 based	 on	 captive	

location,	 there	 is	 retention	 of	 some	 species-specific	 gut	 microbiome	 traits.		

Samples	 clustered	 by	 host	 species	 for	 all	 three	 distance	 methods	 used,	 and	

PERMANOVA	 indicated	 that	 host	 species	 was	 the	 most	 significant	 determining	

factor	of	gut	microbiome	composition.		As	demonstrated	both	in	the	PCoA	plots	in	

figures	 6.5	 and	6.6,	 and	 in	 the	mean	 comparison	 results	 in	 table	 6.4,	 individuals	

within	 each	 species	 showed	greater	 similarities	 to	members	of	 the	 same	 species	

with	which	 they	shared	a	zoo	 to	members	of	 the	same	species	 living	 in	different	

zoos.		In	the	golden	lion	tamarins	for	example,	variation	based	on	zoo	is	clear,	with	

the	three	captive	locations	showing	three	very	distinct	groups.		For	other	species,	

such	 as	 the	 ring-tailed	 lemur	 and	 lowland	 gorilla,	 samples	 can	 form	 less	 clear	

separations	 and	where	 they	 do	 cluster,	 can	 tend	 to	 overlay	 each	 other.	 	 For	 the	

black	 and	 white	 ruffed	 lemur,	 individuals	 showed	 gut	 microbiome	 variation	

between	zoos	but	not	between	countries;	another	way	to	state	 this	 is	 to	say	 that	

individuals	from	two	zoos	in	the	UK	were	no	more	similar	to	each	other	than	they	
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were	to	individuals	in	zoos	in	the	USA.		Overall,	PERMANOVA	showed	that	captive	

location	was	 significant	 in	 predicting	 gut	microbiome	 composition,	 but	was	 less	

important	than	host	species.		

	

The	clearer	separation	between	samples	when	using	unweighted	Unifrac	suggests	

that	diversity	lies	in	the	low	abundance	taxa	for	these	captive	primates.		Weighted	

Unifrac	 is	 generally	 understood	 to	 give	 less	 clear	 separation	 patterns	 in	

microbiome	 studies	 that	 consider	 one	 type	 of	 microbiome;	 in	 general,	 gut	

microbiomes	tend	to	be	comprised	predominantly	of	the	same	high-abundance	set	

of	 taxa	 (Ley,	 Lozupone,	 et	 al.,	 2008;	 Lozupone	 et	 al.,	 2012).	 As	 previously	

mentioned,	 weighted	 Unifrac	 places	 greater	 importance	 on	 the	 high-abundance	

taxa	 due	 the	 measure	 taking	 into	 account	 relative	 abundances	 of	 unique	

sequences.	 	 This	 can	 mean	 that	 variation	 in	 the	 low	 abundance	 taxa	 can	 be	

overlooked	or	understated,	a	pitfall	that	can	be	resolved	by	including	unweighted	

Unifrac	 analyses	 into	 the	 comparison.	 	 The	 lack	 of	 any	 clear	 separation	 with	

weighted	 Unifrac	 however	 suggests	 that	 the	 core	 microbiome	 is	 even	 more	

homogenous	 than	 usual	 in	 captive	 primates,	 recalling	 that	 there	 were	 clear	

separations	between	the	three	free-living	Catarrhine	species	studied	in	chapter	4.	

As	the	PCoA	plots	for	unweighted	Unifrac	show	clearest	separation	between	the	six	

primate	species,	these	are	the	plots	that	will	be	discussed	here,	remembering	that	

PERMANOVA	 indicated	 that	host	 species,	 location	and	country	were	significantly	

correlated	with	 gut	microbiome	 composition	 for	 both	weighted	 and	 unweighted	

Unifrac	measures.	

	

Separation	 between	 species	 follows	 the	 evolutionary	 relationship	 of	 the	 six	

primates	 used	 in	 the	 UK	 vs.	 USA	 comparison	 in	 section	 6.3.1.	 	 For	 example,	 the	

three	 Catarrhines	 (the	 colobus,	 gorillas	 and	 gibbons)	 formed	 a	 distinct	 group	 of	

samples	away	from	the	Strepsirrhines	(lemurs)	and	Platyrrhine	(tamarin).		Within	

this	cluster,	there	is	clearer	separation	of	the	colobus	from	the	other	two	species,	

which	mirrors	 the	evolutionary	relationship	between	Cercopithecoidea	 (colobus)	

and	 Hominoidea	 (gorillas	 and	 gibbons)	 primates.	 	 Previous	 studies	 have	

demonstrated	 that	 the	 gut	microbiome	mirrors	 the	 evolutionary	 relationships	 of	

mammals	 including	 primates	 (Ley,	 Hamady,	 et	 al.,	 2008;	 Ochman	 et	 al.,	 2010;	
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Nishida	and	Ochman,	2018)	,	and	it	is	reassuring	to	observe	partial	conservation	of	

these	 patterns	 in	 captive	 primates,	 given	 their	 dramatically	 different	 lifestyles	

compared	 to	 their	 free-living	 counterparts.	 	 It	might	be	 tempting	 to	 assume	 that	

these	 results	 demonstrate	 the	 existence	 of	 species-specific	 microbiomes	 in	 a	

captive	 setting,	 however,	 with	 the	 exception	 of	 the	 two	 lemur	 species,	 the	 six	

species	 studied	 here	 belong	 to	 five	 different	 taxonomic	 Families	 and	 four	

Superfamilies	across	the	primate	Order.		This	then	suggests	two	things;	firstly,	that	

the	 gut	 microbiome	 varies	 in	 correlation	 with	 the	 evolutionary	 relationships	 of	

these	primates	at	least	down	to	host	Family	level,	and	secondly	that	this	pattern	is	

conserved	 in	 captive	 individuals,	 a	 fact	 that	 is	 reassuring	 to	 observe	 given	 the	

dramatic	lifestyle	changes	that	occur	in	captivity.	

	

The	gut	microbiome	 is	known	to	vary	 in	direct	correlation	with	 the	evolutionary	

relationships	of	closely	related	free-living	primates	(Ochman	et	al.,	2010;	Moeller,	

Caro-Quintero,	et	al.,	2016).		Given	that	variation	at	a	species-level	exists,	variation	

at	higher	 taxonomic	 levels	must	 also	 exist,	 and	has	been	 shown	 in	many	 studies	

(Ley,	Hamady,	et	al.,	2008;	Ley,	Lozupone,	et	al.,	2008;	Nishida	and	Ochman,	2018).		

Although	diet	drives	 convergence	 in	 gut	microbiota	 across	Mammals	 (Muegge	et	

al.,	 2011),	 this	 has	 been	 shown	 for	 broad	 dietary	 types	 such	 as	 carnivores,	

insectivores	 and	 so	 on.	 In	 contrast,	 almost	 all	 of	 the	 primates	 studied	 here	 are	

primarily	herbivorous	and	at	most	include	only	a	small	percentage	of	meat	in	their	

diet,	making	their	natural	diets	 less	varied	than	across	the	Mammalian	Class	as	a	

whole.		The	colobus	monkeys	are	the	obvious	oddity;	they	are	hindgut	fermenters	

with	 a	 digestive	 system	 similar	 to	 those	 of	 ruminants	 (Owaki	 et	 al.,	 1974;	 Kay,	

Hoppe	and	Maloiy,	1976).	 	 Indeed,	 convergence	between	 the	gut	microbiomes	of	

colobus	species	and	ruminants	has	previously	been	demonstrated	 (Ley,	Hamady,	

et	al.,	2008;	Ley,	Lozupone,	et	al.,	2008),	however	the	analyses	here	did	not	include	

other	ruminants,	 so	placing	 these	captive	colobus	 in	 the	context	of	others	with	a	

similar	diet	is	here	not	possible.	 	There	are	other	primates	whose	diets	fill	niches	

unlike	 others;	 for	 example	 tarsiers	 are	 the	 only	 entirely	 carnivorous	 primate,	

surviving	 solely	 on	 small	 birds,	 lizards	 and	 insects(	 Jablonski	 and	 Crompton,	

1994),	may	host	a	“carnivore-like”	gut	microbiome,	as	has	been	shown	to	occur	in	

other	 carnivorous	mammals	 (Ley,	Hamady,	et	al.,	 2008).	 	 Lorises	 are	gum-eaters	
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(Nekaris	et	al.,	 2010;	Starr	and	Nekaris,	2013)	and	show	 interesting	microbiome	

variation	as	a	result	(Bo	et	al.,	2010;	Xu	et	al.,	2013),	and	the	gut	microbiomes	of	

bamboo	 lemurs,	 which	 almost	 exclusively	 consume	 bamboo,	 show	 convergence	

with	 those	 of	 giant	 pandas	 (Erin	A.	McKenney	et	al.,	 2017).	 	 It	would	have	been	

interesting	to	see	how	the	guts	of	these	species	compare	not	only	to	the	rest	of	the	

primate	 Order	 but	 to	 other	 mammals	 with	 similar	 diets,	 however	 obtaining	

samples	 from	 these	 primates	 is	 very	 difficult.	 	 In	 these	 species	 gut	 microbiome	

relatedness	 has	 been	 observed	 to	 deviate	 from	 the	 host’s	 evolutionary	

relationships,	however	I	suggest	that	the	dietary	differences	between	the	primate	

clades	compared	here	were	not	great	enough	to	cause	broad-scale	deviations	from	

the	 evolutionary	 relationships	 of	 the	 primates,	 and	 that	 this	 is	 why	 clear	

correlation	with	host	taxonomy	is	seen	in	this	study.	

	

6.4.3	 The	 effects	 of	 host	 species	 vs.	 captive	 location	 within	 Primate	

Superfamilies	

	

The	inclusion	of	the	other	20	primate	species	for	which	there	were	captive	samples	

demonstrated	 that	 the	 importance	 of	 host	 species	 vs.	 captive	 location	 as	 factors	

predicting	 gut	 microbiome	 composition	 varies	 between	 primate	 Superfamilies.			

For	 some,	 the	 species	 to	 which	 an	 individual	 belongs	 had	 the	 greatest	 impact	

whilst	 for	 others,	 captive	 location	 was	 more	 important.	 	 Exploration	 of	 clades	

within	the	Primate	Order	is	clearly	necessary	then	to	understand	how	these	factors	

affect	the	gut.	

	

Lemurs	and	apes	

	

The	 fact	 that,	 in	 the	 UK	 vs.	 USA	 six-species	 comparison,	 the	 two	 lemur	 species	

group	together	but	as	two	distinct,	non-overlapping	clusters	initially	suggests	that	

the	correlation	between	host	taxonomy	and	gut	microbiome	composition	extends	

down	 to	 host	 species-level.	 	 When	 considering	 all	 four	 lemur	 species	 however	

(figure	6.13),	many	of	the	lemurs	clustered	primarily	based	on	zoo	rather	than	host	

species.	 	 Careful	 consideration	 of	 this	 PCoA	 plot	 in	 figure	 6.13a	 shows	 that	 the	



	 195	

black	and	white	ruffed	lemurs	and	the	ring-tailed	lemurs	do	not	overlap	with	each	

other	nor	 cluster	with	each	other	based	on	 zoo	 location	when	using	unweighted	

Unifrac	 distances,	 mirroring	 the	 pattern	 seen	 in	 figures	 6.5a-b;	 the	 other	 two	

species,	the	crowned	lemurs	and	red-bellied	lemurs	show	clear	clustering	based	on	

zoo	 location,	 and	 cluster	 with	 the	 black	 and	 white	 ruffed	 or	 ring-tailed	 lemurs	

which	whom	they	 share	a	 zoo.	 	Clustering	patterns	 similarly	varied	 for	 the	eight	

ape	species.	Apes	in	Milwaukee	clustered	more	closely	together	regardless	of	host	

species	than	any	did	to	members	of	their	same	species	living	in	other	zoos,	whilst	

the	 orang-utans	 at	Henry	Vilas	 zoo	 clustered	 far	 closer	 to	 the	 other	 orang-utans	

than	to	the	Lar	gibbons	at	Henry	Vilas	(figure	6.10).		These	results	suggest	that	the	

extent	to	which	captive	location	and	perhaps	by	extension	habitat	generally	affects	

the	 gut	 can	 vary	 even	 between	 closely	 related	 species	 such	 as	 the	 lemurs,	 all	 of	

which	belong	to	the	Lemuridae	family	within	the	 lemur	clade,	and	the	apes.	 	The	

impact	of	 captive	 location	may	also	vary	between	zoos,	with	some	zoos	affecting	

gut	 microbiome	 composition	 more	 significantly	 than	 others,	 perhaps	 based	 on	

their	individual	care	plans	and	how	tailored	they	are	to	each	primate	species.	

	

New	World	Monkeys	

	

The	New	World	monkeys	show	an	interesting	pattern	of	separation	in	comparison	

to	 the	 other	 Superfamilies	 (figure	 6.12).	 	 Almost	 all	 of	 the	 spider,	 howler	 and	

coppery	 titi	 monkeys	 cluster	 together	 and	 separate	 from	 the	 Callitrichids	

(tamarins),	with	the	exception	of	the	coppery	titi	monkeys	at	London	Zoo,	a	point	

to	be	discussed	shortly.		The	Callitrichids	then	group	together	with	the	exception	of	

the	 emperor	 tamarins	 from	 Racine	 zoo	 in	 the	 USA.	 	Within	 the	 tamarin	 cluster,	

samples	 group	 both	 by	 species	 and	 by	 location,	 however	 this	 clustering-by-zoo	

does	not	extend	to	outside	of	the	Callitrichid	clade;	for	example	the	Twycross	and	

Colchester	 golden	 headed	 lion	 tamarins	 and	 cluster	 with	 each	 other	 within	 the	

Callitrichid	 clade	 rather	 than	with	 the	 spider	monkeys	and	coppery	 titi	monkeys	

from	their	respective	zoos.	 	Similarly,	the	spider	monkey	from	Milwaukee	County	

zoo	 grouped	 with	 the	 spider	 monkeys	 from	 Colchester	 rather	 than	 with	 the	

Milwaukee	golden	lion	tamarins,	which	plotted	with	the	other	golden	lion	tamarins	

from	Henry	Vilas	zoo.	 	 Interestingly,	whilst	 the	howler	and	spider	monkeys	both	
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belong	to	 the	Atelidae	 family,	 the	coppery	 titi	monkey,	which	also	clustered	with	

these	 two	monkeys,	belongs	 to	 the	Pitheciidae	 family.	 	 It	 seems	 then	 that	 for	 the	

NWMs	 studied,	 there	 exist	 family-specific	microbiome	 traits	 for	 the	 Callitrichids	

which	are	conserved	 in	captivity	and	remain	distinct	 from	the	rest	of	 the	NWMs,	

and	 that	 it	 is	 only	when	 considering	 variation	within	 this	 Family	 that	 the	 zoo	 in	

which	 they	 reside	 has	 an	 impact;	 in	 other	 words,	 for	 the	 New	World	 monkeys,	

taxonomic	Family	has	a	greater	impact	than	zoo	location,	whereas	zoo	location	has	

a	greater	impact	than	host	species.	

	

The	diet	of	the	Callitrichids	and	in	some	cases	the	type	of	enclosure	in	which	they	

are	 kept	 may	 explain	 the	 zoo-specific	 gut	 microbiomes	 observed	 here.	 	 I	 have	

learnt	 that	many	 zoos	 devise	 and	 implement	 their	 own	 “Callitrichid	 diet”	 for	 all	

Callitrichid	 species	 that	 they	 care	 for,	 which	 may	 be	 driving	 gut	 microbiome	

convergence	 by	 zoo.	 	 In	 London	 Zoo,	multiple	 species	 of	 tamarins	 are	 kept	 in	 a	

mixed,	walk-through	style	enclosure	with	other	mammalian	 species	 to	 represent	

to	 visitors	 a	 rainforest	 environment.	 	 This	 is	 not	 an	 uncommon	 style	 of	 keeping	

closely	related	and	tolerant	species	in	zoos,	and	has	two	effects	on	the	lifestyles	of	

these	animals.		Firstly,	in	a	mixed	species	enclosure,	interactions	between	different	

species	can	occur,	both	directly	through	physical	contact	and	indirectly	through	a	

shared	 environment	 and	 so	 shared	 contact	 with	 the	 same	 structures	 within	 an	

enclosure.		Given	that	sympatric	primates	are	known	to	share	more	gut	taxa	with	

each	 other	 (Moeller,	 Peeters,	 et	 al.,	 2013),	 it	 makes	 sense	 then	 that	 these	

Callitrichid	 guts	 would	 be	 shaped	 in	 the	 same	 way.	 	 Secondly,	 in	 a	 shared	

enclosure,	 the	keepers	at	London	Zoo	have	shared	that	 it	becomes	difficult	 if	not	

impossible	to	control	the	diets	of	the	animals	such	that	each	species	has	access	to	

their	 species-specific	 diet	 only,	 as	 the	 alternative,	 hand-feeding,	 is	 too	 time-

intensive	 and	 problematic.	 	 In	 London	 Zoo	 in	 particular	 the	 tamarins	 therefore	

have	access	not	only	to	a	generic	“Callitrichid”	style	diet	that	is	homogenous	for	all	

species,	but	also	to	the	diets	provided	for	the	other	species	in	the	enclosure,	which	

include	 tortoises	 and	 sloths.	 In	 addition	 to	 the	 zoo-specific	 diet	 regime,	 cases	 in	

which	 there	 is	 a	 shared	enclosure	 then	might	be	 responsible	 for	 the	 zoo-specific	

gut	microbiome	patterns	observed	in	this	Family	of	primates.	
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Returning	to	the	coppery	titi	monkeys	at	London	Zoo,	these	individuals	also	reside	

in	the	mixed-species	rainforest	enclosure.		This	means	not	only	that	they	share	the	

same	environment	with	the	Callitrichids,	allowing	for	an	increase	in	cross-species	

contact,	but	also	 that,	despite	a	 “coppery-titi”-specific	diet	being	provided	within	

the	 enclosure,	 they	 have	 access	 to	 the	 same	 diets	 available	 to	 the	 other	 species	

within	 that	 enclosure.	 	 I	 suggest	 that	 these	 two	 points	 explain	 why	 the	 London	

coppery	 titi	monkeys	 clustered	with	 the	London	Callitrichids	 and	away	 from	 the	

rest	 of	 the	 coppery	 titi	 monkeys	 from	 Twycross	 and	 Colchester	 zoos,	 and	

furthermore	 that	 the	 similarities	 seen	 between	 the	 gut	 microbiota	 of	 the	

Callitrichids	with	the	Coppery	titi	 in	London	Zoo	are	evidence	that	 identical	diets	

and	shared	enclosures	lead	to	homogenisation	of	gut	microbiomes.		

	

6.4.4	 The	 stability	 of	 the	 gut	 microbiome	 in	 response	 to	 change	 between	

primate	taxonomic	clades	

	

It	would	seem	then	that	 the	extent	 to	which	captivity	affects	 the	gut	microbiome	

over	host	taxonomy	varies	between	even	closely	related	species	such	as	in	the	case	

of	the	lemurs,	suggesting	that	for	some	species,	their	gut	microbiomes	may	prove	

to	 be	 more	 stable	 than	 others.	 	 This	 highlights	 the	 hazards	 in	 making	 broad,	

sweeping	statements	based	on	small	studies	and	the	crucial	need	to	investigate	gut	

microbiome	 patterns	 on	 a	 species	 by	 species	 basis,	 both	 free-living	 and	 captive.		

There	are	many	possible	factors	which	are	likely	not	mutually	exclusive	which	may	

account	for	the	differential	responses	to	life	in	captivity.		I	will	discuss	those	that	I	

think	likely	here,	with	the	view	of	providing	novel	research	questions	that	could	be	

explored	in	the	future.	

	

Microbiome	instability	is	commonly	discussed	in	a	manner	that	suggests	that	it	is	a	

negative	 trait.	 	 For	 example,	 chimpanzees	 with	 Simian	 Immunodeficiency	 Virus	

(SIV)	undergo	a	period	of	dramatic	instability	in	their	gut	microbiomes	during	the	

end-of-life	 stage	 of	 the	 illness	 (Moeller,	 Shilts,	 et	al.,	 2013;	 Barbian	 et	al.,	 2015).		

Whilst	instability	may	be	a	negative	feature	for	some	species,	others	may	use	it	to	

their	 adaptive	 advantage.	 	 As	 previously	 discussed,	 gut	 microbiome	 instability	
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seems	to	be	a	defining	 feature	 for	healthy,	 free-living	yellow	baboons	(Ren	et	al.,	

2015),	 and	 may	 even	 confer	 an	 evolutionary	 advantage,	 allowing	 for	 rapid	

responses	to	changes	in	environmental	conditions	and	food	availability.		Under	the	

same	 pressures,	 gut	 communities	 may	 react	 differently	 in	 different	 primates.		

Returning	 to	 the	 SIV	 example,	 whilst	 instability	 is	 a	 feature	 of	 chimpanzee	

infection,	 gorillas	 have	 been	 found	 to	 maintain	 gut	 stability	 during	 infection	

(Moeller	 et	 al.,	 2015),	 demonstrating	 that	 patterns	 in	 stability	 are	 not	 uniform	

across	 species.	 For	 some	 primate	 species,	 their	 gut	 microbiomes	 may	 be	 more	

likely	 to	vary	 in	 response	 to	 captivity;	 this	 can	mean	 that	 their	 guts	homogenise	

with	other	species	as	suggested	in	chapter	5	or	alter	in	response	to	a	different	diet.		

Others	might	remain	more	stable,	resisting	change	and	maintaining	a	recognisable,	

species-specific	 composition.	 	 It	 is	 important	 to	 remember	 that	 an	 altered	 gut	

microbiome	does	not	necessarily	mean	an	unhealthy	one.		I	suggest	that	an	ability	

for	 the	gut	microbiome	 to	alter	 in	 response	 to	altered	 living	conditions	might	be	

advantageous	 in	 the	 case	 of	 captive	 primates,	 where	 diet,	 habitat	 and	 social	

structures	are	all	likely	altered,	in	that	it	may	allow	for	an	advantageous	shift	to	a	

microbiome	 state	more	 able	 to	 digest	 the	 available	 diet	 or	withstand	 the	 native	

invasive	or	pathogenic	bacterial	species.	

	

A	second	explanation	for	the	patterns	seen	between	different	primate	species	may	

be	 related	 to	 how	 regularly	 the	 individuals	 are	 exchanged	 between	 zoos.	 	 It	 is	

common	practice	that	animals	are	often	exchanged	between	zoological	societies	or	

transferred	from	one	location	or	enclosure	to	another	for	reasons	relating	to	their	

well-being.		For	example,	the	black	and	white	ruffed	lemur	from	which	the	London	

Zoo	sample	was	collected	was	relocated	shortly	after	to	a	different	zoo	as	its	mate	

had	passed	away,	and	the	white-cheeked	gibbons	at	London	Zoo	have	only	recently	

moved	 to	 London	 from	Whipsnade.	 	 Other	 primates	 may	 take	 part	 in	 breeding	

programmes,	 or	 simply	 become	 too	 numerous	 in	 population	 to	 be	 comfortably	

housed	within	a	given	zoo	any	longer.		Conversely,	some	species	are	likely	never	to	

move	zoos,	due	to	their	highly	specific	care	requirements	or	their	rarity	within	the	

country;	a	zoo	is	unlikely	to	transfer	care	of	their	Aye-ayes,	for	example,	due	both	

to	their	popularity	and	rarity	in	the	UK.	 	Recalling	that	a	shared	environment	can	

lead	to	sharing	of	gut	taxa	(Moeller,	Peeters,	et	al.,	2013;	Song	et	al.,	2013),	those	
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species	 that	 transfer	 regularly	 between	 zoos	 may	 be	 more	 likely	 to	 exhibit	 gut	

microbiomes	less	affected	by	the	zoo	in	which	they	reside,	whilst	those	that	reside	

in	 one	 location	 long	 term	may	 show	 greater	 variation	 in	 correlation	 to	 location.		

This	is	certainly	the	case	in	some	social	animals	such	as	chimpanzees,	where	time	

spent	as	a	member	of	a	group	correlated	with	how	similar	their	gut	microbiomes	

were	to	the	rest	of	that	group	(Degnan	et	al.,	2012).		
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6.5	Conclusions	

	

This	chapter	demonstrates	the	complexity	of	maintaining	gut	microbiomes.	 	High	

host-taxonomic	 levels	 such	 as	 Superfamily	 proved	 to	 be	 the	 greater	 predictor	 of	

gut	 microbiome	 composition,	 outweighing	 the	 effects	 of	 both	 country	 and	 zoo.		

Within	Superfamilies,	the	response	to	captive	location	vs.	host	species	varies	even	

between	closely	related	species	such	as	the	four	 lemur	species	studied	here.	 	For	

some	primate	taxa,	such	as	the	Callitrichids	and	crowned	and	red-bellied	 lemurs,	

captive	 location	 was	 the	 greater	 determinant	 of	 gut	 microbiome	 composition,	

whilst	 for	 others,	 such	 as	 the	 ring-tailed	 and	 black	 and	white	 ruffed	 lemur,	 host	

species	had	 the	 greater	 effect.	 	 These	 results	 stand	both	 as	 evidence	 that	broad-

scale	comparisons	across	the	Primate	Order	reveal	 information	that	comparisons	

between	closely	 related	 species	 cannot,	 and	conversely	as	proof	 that	exploration	

on	 a	 species-by-species	 basis	 is	 also	 crucial	 for	 us	 to	 understand	 the	 complex	

nature	of	the	gut	microbiome	of	a	primate.	 	
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Chapter	7	–	Discussion	
	

7.1	Key	findings	

	

Each	of	 the	 four	results	chapters	 in	 this	 thesis	discusses	a	different	set	of	 factors	

that	 might	 affect	 gut	 microbiome	 variation.	 	 Chapter	 3	 concludes	 that	 variation	

exists	 between	 different	 subspecies	 of	 chimpanzees,	 whilst	 chapter	 4	

demonstrates	 that	 in	 Issa	 Valley,	 variation	 between	 three	 primate	 species	 was	

greater	than	the	impact	of	a	shared	habitat.		Chapter	5	looks	at	the	variation	firstly	

between	free-living	and	captive	chimpanzees,	and	then	how	the	gut	microbiomes	

of	the	descendants	of	released	Rubondo	chimpanzees	compare	both	to	the	native	

and	free-living	chimpanzees	of	Issa	and	Gashaka	as	well	as	to	captive	chimpanzees	

living	in	the	UK.		This	chapter	concludes	that	captivity	dramatically	affects	the	guts	

of	chimpanzees,	and	that	release	alone	is	not	enough	to	establish	a	return	to	a	free-

living	microbiome	in	the	absence	of	other	free-living	chimpanzees.		Finally,	chapter	

6	is	a	cross-species	study	of	captive	primates	that	concludes	that	the	significance	of	

host	species	vs.	captive	location	varies	both	between	species	and	between	captive	

locations,	but	 that	broad	patterns	 that	mirror	 the	 relationships	between	primate	

Superfamilies	still	exist.		The	conclusions	of	each	individual	study	are	discussed	in	

their	respective	chapters,	so	rather	than	reiterating	these	here,	 this	chapter	shall	

focus	 on	 what	 these	 studies	 collectively	 say	 about	 the	 nature	 of	 the	 gut	

microbiome,	as	well	as	future	work	that	could	be	performed	using	the	outcomes	of	

this	work.	

	

7.2	The	interplay	of	factors	determining	a	gut	microbiome	

	

7.2.1	Factors	affecting	the	gut	community	also	affect	the	host	

	

This	thesis	investigated	the	factors	that	shape	gut	microbiomes,	but	it	is	crucial	to	

remember	 that	 these	 factors	 do	 not	 only	 affect	 the	 gut	 communities	 within	 an	

individual.	 	For	the	free-living	primates	discussed	in	chapters	3	and	4,	the	factors	
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impacting	gut	microbiome	composition	are	also	factors	that	 impact	the	evolution	

of	the	hosts	themselves.		The	chimpanzees	in	chapter	3	for	example	show	variation	

between	the	two	subspecies	studied,	yet	the	determining	effects	of	subspecies	on	

the	 gut	 communities	 cannot	 be	 detangled	 from	 the	 chimpanzee	 subspecies’	

respective	diets	or	habitats,	as	both	factors	have	contributed	to	the	divergence	of	

the	 subspecies’	 themselves.	 	 Similarly,	 defining	 the	 gut	 microbiome	 of	 one	 host	

species	 in	 comparison	 to	 other	 species,	 as	 chapter	 4	 attempts	 to	 do,	 should	 be	

thought	of	not	as	simply	stating	“the	effect	of	host	species	on	the	gut	is	such”,	but	

rather	remembering	that	each	species	has	a	characteristic	gut	community	which	is	

shaped	by	 its	 diet,	 preferred	habitat,	 and	 social	 behaviours.	 	 In	 turn,	 harbouring	

certain	gut	communities	influences	the	host	itself,	which	has	the	potential	to	cause	

evolutionary	 changes	 over	 long	 time	 periods	 (Diaz	 Heijtz	 et	 al.,	 2011).	 	 Co-

evolution	 between	 host	 and	 gut	microbiome	 is	 a	 concept	 becoming	 increasingly	

recognised	(Amato,	2013;	Moeller,	Caro-Quintero,	et	al.,	2016)	and	there	has	been	

a	recent	drive	to	acknowledge	the	interplay	between	a	host	and	their	microbiome	

when	studying	the	host’s	biology,	arguing	that	the	term	“hologenome”	 is	 the	unit	

upon	 which	 evolution	 acts,	 rather	 than	 the	 host	 and	 their	 microbes	 evolving	

alongside	 each	 other	 separately	 (Bordenstein	 and	 Theis,	 2015;	 Shapira,	 2016;	

Theis	et	al.,	2016).	 	Owing	to	unavailable	data	on	the	hosts,	it	was	not	possible	to	

do	so	here,	however	future	work	using	this	microbiome	data	would	ideally	go	on	to	

collect	 and	 then	 encompass	 more	 information	 about	 the	 hosts	 themselves,	 and	

begin	to	explore	how	host	and	microbiome	operate	as	a	single	unit.	

	

7.2.2	Factors	rarely	operate	in	isolation	and	their	combination	is	important	

	

The	 above	 is	 one	 example	 of	 how	 one	 determinant	 of	 a	 gut	 microbiome	

community,	here	the	host’s	species	and	resultant	biology,	acts	on	not	only	the	gut	

but	 also	 other	 drivers	 of	 gut	 variation	 such	 as	 diet.	 	 Rather	 than	 a	 single	 factor	

impacting	the	gut	in	a	predicable	manner,	gut	microbiome	variation	is	driven	by	an	

aggregation	 of	 multiple	 factors	 that	 work	 in	 conjunction	 to	 shape	 the	microbial	

environment.		This	means	that	even	in	cases	where	multiple	factors	are	seemingly	

the	 same,	 the	 outcomes	 can	 be	 dramatically	 different	 as	 a	 result	 of	 the	 total	
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aggregation	of	 effects.	 	 The	 released	Rubondo	 chimpanzees	 in	 chapter	 five	 are	 a	

prime	 example	 of	 this.	 	 The	 descendants	 studied	 in	 chapter	 five	 are	 free-living	

chimpanzees,	 sharing	 more	 determining	 factors	 in	 common	 with	 the	 other	 two	

free-living	chimpanzee	populations	of	 Issa	and	Gashaka,	yet	 their	guts	reflect	not	

their	 current	 free-living	 lifestyle	 but	 their	 ancestors’	 time	 spent	 in	 captivity.	 	 In	

these	individuals’	cases,	the	effects	of	inherited	microbiomes	and	absence	of	novel	

gut	bacteria	outweigh	 the	 effects	 of	 diet	 and	habitat,	 and	 is	 likely	 a	 result	 of	 the	

effects	of	inheritance	mixed	with	gut	microbiome	stability.		In	contrast,	for	many	of	

the	captive	primates	in	chapter	6,	the	effects	of	an	altered	diet	and	habitat	as	well	

as	physical	proximity	to	other	primates	override	the	effects	of	inheritance,	yet	for	

some	 clades,	 such	 as	 within	 the	 New	 World	 monkeys,	 the	 biggest	 determining	

factor	was	still	 their	 species.	 	These	results	have	demonstrated	 the	need	 to	 treat	

each	 microbiome	 scenario	 as	 an	 individual	 study	 case,	 rather	 than	 making	

generalized	 assumptions	 based	 on	 a	 handful	 of	 previous	 studies,	 as	 the	

agglomeration	of	factors	is	rarely	the	same.	

	

7.3	Captive	primates	offer	a	unique	insight	into	the	gut	

	

As	previously	mentioned,	considering	the	effects	of	captivity	on	the	guts	of	captive	

primates	 provides	 information	 that	 could	 aid	 in	 conservation	 and	 animal	 care	

efforts	(Estrada	et	al.,	2017).	 	Studying	captive	primates	is	also	an	opportunity	to	

look	 at	 microbiomes	 under	 abnormal	 conditions,	 offering	 a	 unique	 perspective	

otherwise	 unlikely	 to	 be	 observed	 in	 the	 wild.	 	 The	 Rubondo	 chimpanzees	 in	

chapter	 five	demonstrated	 that	 release	back	 into	 the	wild	alone	 is	not	enough	 to	

alter	a	captive-like	gut	microbiome	 in	 these	chimpanzees,	providing	perspectives	

on	gut	microbiome	stability	and	the	importance	of	social	interactions,	which	under	

more	 typical,	 free-living	 conditions	 would	 not	 be	 so	 clearly	 observable.	 	 The	

captive	 primates	 in	 chapter	 six	 offered	 an	 opportunity	 to	 consider	 how	

homogenisation	of	lifestyles	generally,	including	diet	and	close	proximity	to	other	

primate	 species,	 affects	 the	 gut.	 	 Whilst	 they	 should	 not	 necessarily	 be	 used	 to	

represent	 their	primate	species	 ,	 captive	primates	offer	unique	cases	 in	which	 to	

study	aspects	of	the	gut	microbiome,	which	should	not	be	ignored.	
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One	 example	 of	 such	 has	 been	 touched	 upon	 briefly	 in	 chapter	 six;	 namely,	 the	

ideas	of	microbiome	diversity	and	stability.		Throughout	this	thesis,	diversity,	both	

within	and	between	individuals,	has	been	discussed.		Elsewhere,	it	is	a	term	often	

used	 in	 synonymy	 with	 the	 idea	 of	 health;	 increased	 alpha	 diversity	 equals	

increased	 numbers	 of	 bacterial	 taxa	 present,	 which	 is	 conflated	 with	 increased	

health	 in	 humans	 (Lloyd-Price,	 Abu-Ali	 and	 Huttenhower,	 2016).	 	 Similarly,	 gut	

microbiome	 instability	 in	humans	 is	often	a	sign	of	 illness	(Sommer	et	al.,	2017),	

yet	 for	some	primate	species	such	as	baboons,	 instability	appears	to	be	a	normal	

characteristic	(Ren	et	al.,	2015),	and	I	hypothesise	from	the	results	of	chapter	six	

that	the	ability	of	a	gut	community	to	adapt	under	altered	circumstances	may	even	

be	 advantageous	 under	 conditions	 such	 as	 captivity.	 	 This	 thesis	 has	 made	 no	

comment	as	to	the	health	of	the	animals	studied,	yet	these	individuals,	particularly	

those	with	ancestral	or	current	experiences	with	captivity,	offer	an	opportunity	to	

investigate	 the	 true	 importance	 of	 community	 diversity,	 adaptability	 and	

instability	 with	 regards	 to	 host	 health	 for	 non-human	 species.	 	 Future	 work	

comparing	the	results	of	chapters	5	and	6	with	data	on	the	health	of	these	primates	

would	be	a	prosperous	avenue	to	explore,	offering	information	as	to	whether	our	

current	notions	of	 instability	 and	diversity	 are	 justifiably	 extended	 to	 include	 all	

primates,	or	whether	they	should	be	limited	to	humans	only.	

	

7.4	Future	work	

	

7.4.1	Future	avenues	to	explore	

	

The	number	of	microbiomes	compared	here,	the	lack	of	dietary	and	social	data	and	

the	 focus	 on	 diversity	 between	 individuals	 rather	 than	 characterisation	 of	 their	

guts	all	made	employing	more	in	depth	exploratory	techniques	both	unfeasible	and	

not	useful	in	answering	the	question	posed	in	this	thesis.	 	The	characterisation	of	

the	 gut	 communities	 of	 each	 of	 the	 groups	 of	 primates	 studied	 here	 offer	 the	

potential	 for	 a	 thesis-sized	 study	 in	 their	 own	 rights,	 and	 would	 add	 valuable	

information	as	to	the	roles	of	 these	gut	communities	as	well	as	whether	they	are	
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beneficial	or	detrimental	to	their	hosts.		This	in	turn	could	offer	information	to	aid	

conservation	 and	 animal	welfare	 and	 husbandry	 efforts.	 	 Characterisation	 of	 the	

Rubondo	chimpanzees	for	example,	coupled	with	a	study	of	each	individual’s	diets	

and	social	interactivity	within	the	group,	might	inform	us	as	to	both	how	and	why	

the	 captive	 gut	 community	 has	 resisted	 change,	 whilst	 characterisation	 of	 the	

bacteria	within	captive	primates’	guts	as	well	as	the	functions	they	perform	could	

offer	 information	 as	 to	 which	 bacterial	 taxa	 adapt	 well	 to	 life	 within	 captive	

primates,	what	 their	 roles	within	 the	gut	might	be,	and	what	 that	says	about	 the	

health	of	the	animals	themselves.	

	

7.4.2	How	to	further	characterise	gut	communities	

	

Whilst	targeted	sequencing	of	16S	rRNA	yields	information	as	to	what	resides	in	a	

microbiome,	 it	 tells	 us	 little	 as	 to	 the	 functions	 and	 interplay	 between	 those	

bacteria.	 	 Even	within	 a	 single	 species,	 strain-level	diversity	 and	horizontal	 gene	

transfer	mean	 that	 individual	 bacterial	 cells	 are	 capable	 of	 performing	 different	

functions	and	so	 filling	different	niches	within	 the	gut	 (Heinemann	and	Bungard,	

2006;	Brown	et	al.,	2012).			

	

Characterisation	of	the	functions	performed	within	the	gut	can	be	done	in	several	

ways.		Proteomics,	the	study	of	proteins	(e.g.	enzymes)	in	a	sample	(Van	Belkum	et	

al.,	2018),	metabolomics,	the	study	of	small	metabolites	(Van	Belkum	et	al.,	2018),	

and	transcriptomics,	the	study	of	mRNA	molecules	(Sorek	and	Cossart,	2010),	are	

each	 useful	 for	 determining	 which	 functions	 are	 being	 performed	 within	 a	 gut	

microbiome,	but	come	with	 their	own	caveats.	 	All	 three	methods	capture	only	a	

snapshot	 in	 time,	 analysing	 only	 the	 proteins,	 metabolites	 or	 RNA	 molecules	

present	at	that	point	in	time	and	as	a	result	are	highly	dependent	both	on	current	

events	occurring	within	the	gut	and	on	the	half-lives	of	the	molecules	themselves.		

Furthermore,	even	in	conjunction	with	16S	data	on	which	taxa	are	present,	these	

methods	do	not	yield	much	information	as	to	which	bacteria	are	synthesising	the	

proteins,	metabolites	or	mRNA.		Nonetheless,	studies	employing	these	techniques	

would	 offer	 interesting	 information	 if	 one	wished	 to	 characterise	 the	 interactive	
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nature	 of	 a	 gut	 community	 in	 response	 to,	 for	 example,	 the	 different	 diet	 of	 a	

captive	primate.	

	

Full	metagenome	sequencing,	in	which	all	DNA	present	in	a	sample	is	sequenced,	is	

becoming	 increasingly	viable	 for	microbiome	studies,	due	to	 the	 lowering	cost	of	

sequencing	 (Segre	 and	 Pollard,	 2017)	 and	 the	 increasing	 power	 of	 genome	

assembly	 tools	 to	 reassemble	 individual	 bacterial	 genomes	 and	 mobile	 genetic	

elements	within	a	microbiome	sample	(Nielsen	et	al.,	2014).		By	reassembling	the	

genomes,	 a	 picture	 is	 created	 as	 to	 what	 functions	 the	 bacteria	 present	 in	 the	

samples	are	capable	of	performing.		This	method	does	not	offer	information	as	to	

which	genes	are	actively	transcribed,	but	builds	a	clearer	picture	of	the	community	

as	a	whole,	with	which	some	bacterial	relationships	can	be	predicted.		To	explore	

more	fully	the	nature	of	the	gut	microbiome	of	primates,	I	suggest	that	future	work	

should	 include	 some	 of	 the	 methods	 mentioned	 above,	 and	 would	 provide	

invaluable	functional	information	on	the	guts	of	these	primates.	

	

7.5	Final	statement	

	

This	thesis	reaches	several	conclusions,	but	the	most	important	message	to	emerge	

is	 one	 that	 at	 first	 may	 appear	 obvious	 but	 is	 often	 overlooked.	 	 The	 gut	

microbiome	of	 an	 individual	 is	 a	highly	 complex	 ecosystem	 that	 is	 shaped	by	 an	

aggregation	 of	 factors,	which	 rarely	work	 in	 isolation	 and	 have	 effects	 that	 vary	

even	between	similarly	disposed	 individuals.	Broad	and	general	statements	as	 to	

which	factors	impact	the	gut	have	their	place,	in	that	they	form	a	base	from	which	

further	 exploration	 can	be	 launched,	 but	 to	make	definitive	 statements	 as	 to	 the	

effect	of	certain	diets,	habitats	and	lifestyles	and	such	for	all	primates	is	to	ignore	

the	 complexity	of	 the	gut	 communities	and	 the	 factors	 that	 shape	 them.	 	Factors	

that	 shape	a	gut	 community	 rarely	operate	 in	 isolation,	 and	each	combination	of	

factors	 will	 affect	 an	 individual	 or	 species	 differently,	 as	 the	 host	 as	 well	 as	 its	

background	are	both	determining	factors	themselves.		This	thesis	presents	robust	

data	exemplifying	why	it	is	problematic	to	make	generalised	statements	about	the	



	 207	

primate	gut	microbiome,	and	thus	why	exploration	of	all	primate	gut	microbiomes	

is	both	valuable	and	important.	
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