
Methods	S1.	Linear	discriminant	analysis	

Materials	and	methods	

Using	the	OTUs	as	features	for	the	classification,	the	single,	two	or	three	feature	LDA	

classifiers	were	constructed	and	ranked	based	on	their	error	estimates	and	the	top	

performing	ones	were	identified	to	discriminate	between	healthy	dogs	and	dogs	

with	gastrointestinal	disease	(independent	of	diarrhea	type).	Different	phenotypes	

were	assessed	at	the	levels	of	various	operational	taxonomic	units/features	(OTU’s)	

with	the	following	respective	levels:	phylum,	class,	order,	family,	genus,	and	species.	

To	estimate	the	improvements	of	the	classification	performance,	we	used	the	

following	error‐related	quantities:	εbolstered	and	Δεbolstered	[1].		εbolstered	denotes	the	

bolstered	re‐substitution	error	for	the	LDA	classifier	for	the	respective	feature	set	of	

size	n		n	(n	=	1,2,3),	and	Δεbolstered	denotes	the	decrease	in	error	with	respect	to	the	

highest	ranked	of	its	subsets	of	features	(in	the	list	of	features	of	size	n‐1,	with	n	=	2,	

3).	The	feature	sets	were	ranked	based	on	the	value	of	εbolstered.	

	

Results	

The	best	single,	two‐	and	three	–	feature	LDA	classifiers	that	discriminate	between	

healthy	dogs	and	dogs	with	diarrhea	were	identified.		

It	is	believed	that	multivariate	feature	sets	are	better	discriminators	when	the	

phenotype	is	complex	[2].	The	classification	methodology	shares	some	similarities	

with	PCA‐based	analyses	of	data.	However,	the	important	distinction	lays	in	the	

ability	of	the	classification	approach	to	provide	means	to	quantify	the	degree	of	

separation	between	the	phenotypes	in	question.	The	relatively	high	error	estimates	



for	the	LDA	classifications	analyses	reflect	the	apparent	heterogeneity	of	the	data	

set,	and	point	out	to	the	need	for	more	focused	experimental	design.			

In	order	to	illustrate	the	performance	of	the	LDA	classification,	we	consider	an	

example	where	the	goal	is	to	discriminate	the	samples	from	the	group	of	healthy	

animals	from	the	rest	of	the	samples	at	the	genus	level	(table	1).		At	that	level	of	

bacterial	OTUs,	our	results	show	that	Peptococcus	is	the	top	performing	one‐feature	

classifier	with	an	estimated	error	(ε	bolstered)	of	~19%.	However,	all	of	the	top	single	

feature	classifiers	with	the	exception	of	Blautia,	were	based	on	OTUs	that	were	

present	in	very	few	of	the	samples	in	this	study.	Thus,	the	error	estimates	for	the	

single	feature	LDA	classifiers	are	not	reliable.		It	is	interesting	to	observe	that	

Turicibacter	does	not	appear	in	the	top	five	one‐feature	classifiers;	however,	when	

combined	with	Blautia	they	form	the	best	two‐feature	classifier	with	an	estimated	

error	of	~22%.	For	the	majority	of	three‐feature	classifiers,	Blautia	and	Turicibacter	

combination	is	present	with	only	the	third	feature	being	variable	across	the	top	five	

cases.		Improvement	in	the	classification	accuracy		by	using	Blautia,	Turicibacter,	

and	Faecalibacterium	as	a	triplet	classifier		was	around	2%	(Δε	bolstered)	relative	to	its	

highest	ranked	subset	of	features	(Blautia	and	Turicibacter).	The	separation	of	the	

healthy	group	from	the	rest	of	the	dogs	at	genus	level	by	the	respective	plane	based	

on	that	triplet	classifier	is	presented	in	Figure	1.	The	apparent	heterogeneity	in	the	

group	of	healthy	animals	can	be	clearly	seen,	and	that	contributes	to	the	relatively	

high	estimated	error	rates.	

Table	1.	Linear	Discriminant	Analysis	(LDA)	of	healthy	dogs	versus	the	other	
disease	groups	at	genus	level.	The	top	single,	pair‐wise,	and	triplet‐wise	classifiers	
are	shown.	ε	bolstered	denotes	bolstered	re‐substitution	error	for	the	respective	
classifiers;	the	classifiers	are	ranked	according	to	that	error	measurement.	Δε	bolstered	



denotes	the	decrease	in	the	error	for	each	feature	set	relative	to	its	highest	ranked	
subset	of	features.		
	

1 feature 2 feature 3 feature ε bolstered Δ ε bolstered 

Peptococcus     0.1982   
Pasteurellaceae 
(genus)     0.2508   
Alcaligenaceae 
(genus)     0.2584   

Porphyromonas     0.2664   

Blautia     0.2697   

Peptostreptococcus     0.2718   

Blautia Turicibacter   0.2177 0.052 

Blautia 
Clostridiales 
(genus)   0.2306 0.0391 

Sutterella Olsenella   0.2319 0.0504 

Sutterella Actinobacillus   0.2326 0.0497 

Sutterella 
Moraxellaceae 
(genus)   0.233 0.0493 

Blautia 
Clostridiales 
(genus) Turicibacter 0.1913 0.0264 

Blautia Eubacterium Turicibacter 0.1978 0.0199 

Blautia Faecalibacterium Turicibacter 0.1987 0.019 

Blautia Coprobacillus Turicibacter 0.205 0.0127 

Blautia 
Clostridiales 
(genus) Coprobacillus 0.2099 0.0207 

In	bold:	these	groups	were	present	only	in	individual	dogs		

	
	



	
Figure	1.	Linear	Discriminant	Analysis	(LDA)	classification	for	the	case	
healthy,	X	versus	all	dog	groups	with	diarrhea,	Y	at	the	genus	level.			
Blautia,	Turicibacter,	and	Faecalibacterium	provided	one	of	the	top	five	performing	
feature	sets	of	size	3.	The	three	LDA	plane	discriminates	between	X	(circles)	and	Y	
(triangles).	Axes	represent	population	abundance	(%)	of	the	respective	OTUs.		
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