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Abstract
To	respond	to	changing	environmental	conditions,	a	population	may	either	shift	toward	
better-	adapted	genotypes	or	adapt	on	an	individual	level.	The	present	work	aimed	to	
quantify	the	relevance	of	these	two	processes	by	comparing	the	responses	of	defined	
Drosophila melanogaster	populations	to	different	stressors.	To	do	this,	we	infected	two	
homogeneous	populations	(isofemale	lines),	which	differ	significantly	in	fitness,	and	
a	synthetic	heterogeneous	population	with	a	specific	pathogen	and/or	exposed	them	
to	food	restriction.	Pectobacterium carotovorum	was	used	to	infect	Drosophila	larvae	
either	 fed	 standard	 or	 protein-	restricted	 diet.	 In	 particular,	 the	 two	 homogeneous	
groups,	which	diverged	in	their	fitness,	showed	considerable	differences	in	all	param-
eters	assessed	(survivorship,	protein	and	lipid	contents,	phenol-	oxidase	(PO)	activity,	
and	antibacterial	rate).	Under	fully	nutritious	conditions,	larvae	of	the	homogeneous	
population	with	 low	fitness	exhibited	 lower	survivorship	and	protein	 levels,	as	well	
as	higher	PO	activity	and	antibacterial	 rate	compared	with	 the	 fitter	population.	A	
protein-	restricted	diet	 and	bacterial	 infection	provoked	a	decrease	 in	 survivorship,	
and	antibacterial	rate	in	most	populations.	Bacterial	infection	elicited	an	opposite	re-
sponse	in	protein	and	lipid	content	 in	both	isofemale	 lines	tested.	 Interestingly,	the	
heterogeneous	population	showed	a	complex	response	pattern.	The	response	of	the	
heterogeneous	population	followed	the	fit	genotype	in	terms	of	survival	and	antibac-
terial	activity	but	followed	the	unfit	genotype	in	terms	of	PO	activity.	In	conclusion,	
our	results	show	that	defined	genotypes	exhibit	highly	divergent	responses	to	varying	
stressors	that	are	difficult	to	predict.	Furthermore,	the	responses	of	heterogeneous	
populations	do	not	follow	a	fixed	pattern	showing	a	very	high	degree	of	plasticity	and	
differences	between	different	genotypes.
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1  |  INTRODUC TION

One	 important	 mechanism	 by	 which	 animals	 can	 respond	 to	 ad-
verse	 conditions,	 like	 scarce	 nutrition,	 exposure	 to	 pathogens	 or	
parasites,	or	global	warming,	is	the	phenotypic	plasticity	of	a	given	
genotype	 (Flatt,	2020).	 Phenotypic	 plasticity	 can	manifest	 as	 dif-
ferences	 in	 life	 history,	 behavior,	 or	 physiology	 when	 individuals	
are	 exposed	 to	 different	 environmental	 conditions	 (Schlichting	&	
Pigliucci,	1998).	 This	 plasticity	 is	 essential	 for	 enhancing	 the	 sur-
vival	of	genotypes	or	populations	exposed	to	environmental	stress	
(Whitman	&	Agrawal,	2009).	Knowledge	of	the	plasticity	of	animal	
and	plant	response	patterns	is	of	considerable	importance	for	pre-
dicting	 their	 responses	 to	 environmental	 change	 and	 community	
dynamics	(Oms	et	al.,	2017;	Valladares	et	al.,	2006).	On	the	other	
hand,	 canalization	 is	 a	 process	 whereby	 individuals	 may	 express	
phenotypic	 consistency	 in	 face	 of	 environmental	 and/or	 genetic	
perturbation	(Debat	&	Le	Rouzic,	2019).

Differences	 in	 population	 responses	 could	 be	 due	 to	 intrinsic	
factors,	such	as	genetic	differences	among	the	genotypes	that	make	
up	that	population	or	correspond	to	differential	response	patterns	
of	 specific	 genotypes	 within	 a	 population.	 A	 very	 good	 example	
of	 this	 type	of	 reaction	 is	provided	by	host–	parasite	 interactions,	
where	parasites	usually	tend	to	increase	their	virulence	in	succes-
sive	generations,	while	hosts	increase	their	resistance	(Vrijenhoek,	
1986).	Here,	 the	host	diversity	 (homogeneous	vs.	heterogeneous)	
may	decrease	or	 increase	the	disease	risk	within	and	among	pop-
ulations	 (Zargar	 et	 al.,	2015).	 In	 addition	 to	 genetic	 variation,	 ex-
trinsic	factors	such	as	nutrition	greatly	influence	the	resistance	of	
hosts	to	pathogens	(Boeing,	2013).	Most	relevant	among	these	ex-
trinsic	factors	are	nutritional	factors	such	as	malnutrition	for	which	
increased	susceptibility	to	infectious	diseases	was	documented,	as	
nutrient	 deficiency	 impairs	 the	 host's	 immune	 response	 (Ponton	
et	 al.,	 2020).	 Consequently,	 immune	 defense	 against	 infection	 is	
thought	to	be	an	important	component	of	fitness	in	most	organisms	
and	can	be	strongly	impacted	by	environmental	conditions	(Hawley	
&	Altizer,	2011).

Drosophila melanogaster	 is	 considered	 a	 prime	model	 to	 study	
the	differential	 effects	of	phenotypic	 variation	 in	 response	 to	en-
vironmental	changes	(Elkayal	et	al.,	2016;	Meshrif	&	Elkholy,	2015; 
Schneider,	2000).	 It	was	 shown	 that	 the	 nutritional	 quality	 of	 the	
diet	during	development	influences	the	ability	of	Drosophila to either 
resist	or	tolerate	pathogens	(Cotter	et	al.,	2019;	Howick	&	Lazzaro,	
2014).	The	diet	of	Drosophila	mainly	consists	of	sugar	and	yeast	as	
a	source	of	proteins	and	amino	acids.	Several	studies	elucidated	the	
effect	of	a	diet	dilution	or	imbalanced	diets	on	the	flies’	longevity,	fe-
cundity,	mortality,	and	immune	reactions	(Ellers	et	al.,	2011;	Howick	
&	Lazzaro,	2014;	Min	et	al.,	2007).	It	appears	that	yeast	takes	an	im-
portant	role	in	nutritional	content	ensuring	proper	development	and	
survival	(Elkayal	et	al.,	2016).	Surprisingly,	our	knowledge	about	the	
effect	of	multiple	environmental	stressors	like	the	combination	of	in-
fection	and	different	nutritional	stressors	in	the	context	of	different	
genotypes	is	to	be	assessed	as	being	very	low.	To	resist	environmen-
tal	stressors	like	diet	restriction	or	bacterial	infection,	the	organism	

uses	the	energy	available	 (Rion	&	Kawecki,	2007).	Thus,	allocating	
energy	 is	vital	 to	mounting	an	effective	 immune	reaction	which	 is	
costly	and	might	interfere	with	other	relevant	traits	such	as	the	met-
abolic	reserves	(Ellers	et	al.,	2011).	Body	carbohydrates,	lipids,	and	
proteins	may	be	essential	as	a	source	of	energy	for	immune	reactions	
and	help	to	extend	longevity	and	stress	resistance	(Djawdan	et	al.,	
1998;	Mullen	&	Goldsworthy,	2003;	Thompson,	2003).

In	the	current	study,	we	utilized	a	straightforward	design	to	elu-
cidate	the	differential	contribution	of	genotypes	in	response	to	diet	
restriction	or	bacterial	infection	and	their	combinations.	Therefore,	
we	used	two	different	homogeneous	(full-	sib	mating)	lines	that	dif-
fer	substantially	in	a	major	life-	history	trait	and	compared	them	with	
a	heterogeneous	(synthetic)	population	that	reflects	the	genetic	di-
versity	in	the	original	population.	These	different	populations	were	
subjected	to	immune	and	nutritional	stressors	and	the	combination	
of	both	and	 their	 reactions	 toward	 these	 stressors	was	quantified	
using	comprehensive	phenotyping.	Pectobacterium carotovorum	(for-
merly	Erwinia carotovora),	the	bacterial	pathogen	is	a	phytopathogen	
(Agrios,	1997;	Basset	et	al.,	2000),	is	proven	to	infect	D. melanogaster 
during	feeding	and	cause	chronic	infection	in	the	gut	(Vieira,	2014).	
Due	to	its	persistence	in	the	gut,	it	can	trigger	a	local	and	systemic	
immune	response	(Basset	et	al.,	2000;	Lemaitre	&	Hoffmann,	2007).

2  |  MATERIAL S AND METHODS

2.1  |  Fly strains and fly husbandry

Eight	 (inbred)	 isofemale	 lines	 of	 African	 D. melanogaster	 (origin:	
Zimbabwe)	were	used	as	different	genotypes	and	represented	ho-
mogeneous	populations	(Figure 1).	These	populations	were	full-	sib	
matting	for	17	generations	to	reach	homozygosity	97%	(Ashburner,	
1989).	These	stock	lines	were	maintained	for	a	minimum	of	20	gen-
erations	 in	 vials	 containing	50	 individuals	of	mixed	 sex.	A	 total	 of	
200	 individuals	 (mixed	 sex)	of	each	 line	were	diffused	 together	 in	

F I G U R E  1 Photomicrograph	of	adult	male	and	female	of	
wildtype	Drosophila melanogaster	originated	in	Zimbabwe
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a	plastic	cage	(28	× 20 ×	14	cm)	to	prevent	genetic	drift.	Flies	were	
reared	 on	 a	 standard	medium	 consisting	 of	 63	 g/L	 each	 of	 corn-
meal,	sucrose,	and	yeast	in	addition	to	12.5	g/L	of	agar	(Meshrif	&	
Elkholy,	2015).	Stock	lines	were	maintained	at	25	±	2°C,	60%–	80%	
RH,	under	a	12	h	light:12	h	dark	cycle	and	aseptic	conditions.	Two	
isofemale	lines	were	selected	for	use	in	the	present	study	based	on	
emergence	 percentage	 (survivorship)	 and	 referred	 to	 as	 A	 and	 B.	
Line	No	186	was	denoted	as	population	A	that	produced	the	lowest	
egg	to	adult	survival	rate	while	Line	No	229	was	denoted	as	popula-
tion	B	 that	produced	 the	highest	egg	 to	 the	adult	 survival	 rate	of	
the	eight	isofemale	lines	tested	as	reported	in	Elkayal	et	al.	(2016).	
In	 this	 previous	 study,	 we	 observed	 significant	 differences	 in	 the	
percentage	of	survivors	and	development	time	between	both	lines	
when	reared	on	a	standard	medium.	The	heterogeneous	population	
(experimental)	was	created	by	mixing	the	eight	isofemale	lines	alto-
gether	as	described	in	The	Drosophila	Synthetic	Population	Resource	
(DSPR,	2021).	In	brief,	crossing	between	the	newly	emerged	males	
of	four	isofemale	lines	and	the	females	of	the	other	four	isofemale	
lines	were	performed.	 In	parallel,	another	crossing	was	performed	
using	the	females	of	the	first	four	lines	and	the	males	of	the	second	
four	 lines.	 The	 offspring	 of	 both	 crossings	were	 thereafter	mixed	
and	made	the	experimental	population	(Exp).	Exp	was	also	reared	in	
cages	of	200	individuals	of	mixed	sex	under	aseptic	conditions.	All	
homogenous	and	heterogeneous	populations	were	at	least	reared	in	
3–	5	replicates	to	prevent	pseudo-	replication.	For	sample	collection,	
one	or	two	vials	containing	hard	agar	(double	amount	of	agar)	were	
used	to	collect	eggs	from	each	cage/population	for	the	experimenta-
tion	(Figure 2).

2.2  |  The bacterial pathogen

The	bacterial	pathogen	P. carotovorum	 (CFBP	2141)	was	used	as	a	
pathogen	of	D. melanogaster	larvae	(Vodovar	et	al.,	2004).	To	culture	
the	bacterium,	P. carotovorum	stock	was	inoculated	into	LB	broth	and	
incubated	 in	 a	 rotatory	 incubator	 (Daihan	 Scientific,	 South	Korea)	
at	30	±	2°C	and	200	rpm	overnight.	The	resulting	culture	was	har-
vested	using	a	sterile	vial	containing	Ringer's	solution.	The	concen-
tration	of	the	bacterial	suspension	was	determined	by	measuring	the	
optical	density	(OD)	with	a	spectrophotometer	(Janeway,	USA)	at	a	
wavelength	of	600	nm	(Elkayal	et	al.,	2016).

2.3  |  Experimental design

To	assess	the	effects	of	protein-	restricted	diet	and/or	infection	by	P. 
carotovorum	on	the	response	of	the	populations	A	and	B	(genotypes)	
and	the	heterogeneous	population	(Exp),	first	 instar	Drosophila	 lar-
vae	were	allowed	to	develop	under	four	environmental	conditions.	
These	 conditions	were	 as	 follows:	 (i)	 standard	medium	 in	 the	 ab-
sence	of	P. carotovorum	(uninfected	standard),	(ii)	restricted	dietary	
medium	in	the	absence	of	P. carotovorum	(uninfected	restricted),	(iii)	
P. carotovorum +	 standard	medium	 (infected	 standard),	 and	 (iv)	P. 

carotovorum +	 restricted	dietary	medium	(infected	restricted).	The	
restricted	diet	was	identical	to	the	standard	diet	but	with	a	reduced	
concentration	 of	 yeast	 (10	 g/L)	 (Elkayal	 et	 al.,	2016).	 An	 infection	
condition	was	created	by	inoculating	the	media	vials	(10	ml	size	con-
tains	3	ml	medium)	with	100	µl	of	P. carotovorum	suspension,	at	an	
OD600	of	100.	Control	media	were	inoculated	with	the	same	volume	
of	Ringer's	solution.	The	media	vials	were	incubated	for	24	h	at	30	
±	2°C	 to	confirm	the	growth	of	 the	bacterium	before	 the	start	of	
the	experiments.	The	experimental	design	is	summarized	in	Figure 2.

2.4  |  Adult emergence assay

Adult	emergence	is	a	major	life-	history	trait	in	insects	and	is	closely	
related	to	fitness	(Kristensen	et	al.,	2016).	To	assess	the	effects	of	
diet	 restriction	 and	 infection	 with	 P. carotovorum	 on	 adult	 emer-
gence,	 the	A	and	B	populations	 (homogeneous)	and	 the	heteroge-
neous	population	were	allowed	to	develop	from	the	1st	instar	until	
adult	 emergence	 in	 the	 four	 environmental	 conditions	 previously	
mentioned	(10	larvae	from	each	vial	per	population/condition).	The	
emergence	percentage	was	calculated	as	the	number	of	adults	that	
emerged	out	of	10	tested	larvae	in	each	replicate	(a	total	of	70	lar-
vae).	The	emergence	was	observed	daily	for	15	successive	days	after	
treatment.	Five	cages	for	every	population	were	sampled	twice.	 If	
an	infestation	or	infection	appeared,	the	cages/vials	were	discarded.	
This	procedure	was	repeated	seven	times	per	population/condition.

2.5  |  Preparation of larval D. melanogaster whole- 
body homogenate

To	 detect	 the	 effect	 of	 dietary	 restriction	 and	 bacterial	 infection	
on	 the	 fat	 and	 protein	 content	 as	well	 as	 on	 the	 pathogen	 resist-
ance	of	Drosophila	 larvae,	20–	30	late	3rd-	instar	 larvae	(5	days	old)	
weighed	 (~50	mg)	 from	 each	 population	 and	 each	 treatment	 was	
homogenized	 in	500	µl	of	PBS	 (0.01	M,	pH	7.4)	on	 ice	and	centri-
fuged	(Centurion	Scientific,	UK)	for	10	min	at	2000	× g. The super-
natant	was	transferred	 into	a	new	Eppendorf	and	stored	at	−20°C	
for	later	use.	All	the	subsequent	tests	were	repeated	five	times	per	
population/condition.

2.6  |  Estimation of metabolic reserves in D. 
melanogaster populations in response to dietary 
restriction and bacterial infection

Whole-	body	 protein	 and	 lipid	 concentrations	 from	 homogeneous	
populations	A	 and	B	 as	well	 as	 the	 heterogeneous	 population	 ex-
posed	 to	 the	 four	 environmental	 conditions	 (uninfected	 standard,	
uninfected	 restricted,	 infected	 standard,	 and	 infected	 restricted)	
were	determined	spectrophotometrically.	The	protein	content	of	the	
supernatants	was	determined	using	the	Biuret	method	of	Koller	and	
Kaplan	(1984)	against	standard	protein	albumin	at	540	nm	according	
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to	the	 instructions	of	the	kit	manufacturer	 (Bio	diagnostics®,	Giza,	
Egypt).	The	lipid	content	was	also	determined	using	the	method	of	
Zöllner	and	Kirsch	(1962)	at	520	nm	against	olive	oil	as	a	standard	ac-
cording	to	the	instructions	of	the	kit	manufacturer	(Bio	diagnostics®,	
Giza,	Egypt).

2.7  |  Measurement of immunity in D. melanogaster 
populations in response to dietary restriction and 
bacterial infection

To	evaluate	 the	 level	 of	 immunity	of	D. melanogaster	 larvae	 to	di-
etary	 restriction	 and	 bacterial	 infection,	 phenol-	oxidase	 (PO)	

and	 antibacterial	 activities	 were	 measured	 in	 the	 whole-	body	
homogenate.

PO	 activity	 was	 determined	 spectrophotometrically	 by	 mea-
suring	 the	 formation	 of	 dopachrome	 according	 to	 the	 method	 of	
Ashida	and	Soederhaell	 (1984)	with	a	 slight	modification.	Aliquots	
(50	μl)	of	whole-	body	homogenate	 (10	 late	3rd	 instar	 larvae)	were	
added	to	350	µl	of	ice-	cold	PBS	and	400	µl	of	20	mM	l-	DOPA	(Sigma,	
Germany),	subsequently	incubated	for	20	min	at	25	±	2°C	and	mea-
sured	at	490	nm	against	a	blank	(buffer	+	l-	DOPA).	PO	activity	is	ex-
pressed	as	units	of	PO/ml	larval	homogenate,	where	one	unit	is	the	
amount	of	enzyme	required	to	increase	the	absorbance	at	490	nm	by	
0.001	min−1.	Specific	activity	was	calculated	by	dividing	the	enzyme	
activity	of	a	specific	volume	by	the	protein	content	(mg)	determined.

F I G U R E  2 Diagram	summarized	the	experimental	design	in	the	study.	8	Drosophila melanogaster	isofemale	lines	were	reared	on	sugar-	
cornfloor-	yeast	media	in	standard	vials	for	20	generations	to	have	homogenous	populations.	Thereafter	one	experimental	population	was	
created	from	these	8	lines	by	making	two	crossings:	one	between	the	males	of	4	lines	and	the	females	of	the	other	4	lines	and	another	
crossing	between	the	female	of	the	first	4	lines	and	the	males	of	the	other	4	lines.	The	offspring	of	both	crossings	were	mixed	to	have	all	
traits	in	these	lines	(heterogeneous	population).	In	addition	to	the	heterogeneous	population,	two	extreme	lines	regarding	survivorship	
denoted	A	and	B	were	used	to	measure	the	variation	of	their	response	under	different	environmental	conditions.	A3–	5	cages	of	all	the	3	
populations	were	created;	every	cage	contained	200	individuals	mixed-	sex.	After	egg	collection	from	these	cages	using	hard-	agar	medium,	
the	1st	instar	larvae	of	these	populations	were	let	to	develop	in	the	different	environments	regarding	aseptic	condition	and	diet:	aseptic	
condition	with	a	standard	diet,	aseptic	condition	with	a	restricted	diet,	infected	condition	with	a	standard	diet,	and	infected	condition	with	a	
restricted diet
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The	antibacterial	rate	was	measured	using	the	whole-	body	ho-
mogenate	 of	 D. melanogaster	 larvae	 according	 to	 the	 method	 of	
Haine	et	al.	(2008)	with	slight	modifications.	Briefly,	P. carotovorum 
suspension	was	prepared,	adjusted	to	a	concentration	of	200	colony	
forming	 unit	 (CFU/ml),	 50	 µl	 of	 the	whole-	body	 homogenate	was	
added	to	950	µl	of	the	bacterial	suspension,	and	the	resulting	solu-
tion	was	incubated	in	a	rotary	incubator	at	30	±	2°C	and	200	rpm	
for	2	h.	The	final	solution	was	diluted	with	9	ml	of	Ringer's	solution,	
and	the	OD	was	measured	spectrophotometrically	at	600	nm.	The	
control	contained	50	µl	of	Ringer's	solution	instead	of	whole-	body	
homogenate.	 The	 antibacterial	 rate	 was	 expressed	 as	 a	 rate,	 the	
number	 of	CFU	 after	 2	 h	 of	 exposure	 to	 the	whole-	body	 homog-
enate	of	Drosophila	larvae	in	relation	to	the	control	measurement.

2.8  |  Statistical analyses

Data	were	expressed	as	mean	±	standard	deviation	and	checked	for	
normality	using	 the	Shapiro–	Wilk	 test.	Adult	 emergence	and	anti-
bacterial	 rate	 data	were	 arcsine	 square-	root	 transformed.	 The	 ef-
fect	 of	 population,	 environmental	 changes	 (diet	 and	 infection)	 on	
adult	emergence,	metabolism	(protein	and	lipid	contents),	and	resist-
ance	(PO	and	antibacterial	activities)	of	D. melanogaster were tested 
using	a	mixed-	effects	model,	where	replicate	(subject)	was	consid-
ered	a	random	effect.	Post	hoc	analyses	were	performed	using	the	
Bonferroni	 test	 for	 multiple	 comparisons	 to	 elucidate	 the	 effect	
of	 genotype	 and	 environmental	 change	 in	 GraphPad	 Prism	 ver-
sion	8.0.2	for	Windows,	GraphPad	Software,	San	Diego,	California	
USA,	 http://www.graph	pad.com.	 To	 quantify	 the	 extent	 of	 plas-
ticity	 among	 isofemale	 lines	 (genotypes)	 and	 the	 heterogeneous	
population,	relative	distance	plasticity	 index	 (RDPI),	 the	difference	
between	the	trait	values	of	the	same	genotype	in	different	environ-
ments	divided	by	their	sum	was	calculated	(Valladares	et	al.,	2006).	

To	 compare	 the	 plasticity	 indices	 among	 the	 genotypes	 and	 the	
heterogeneous	population,	the	GENMOD	procedure	was	adopted.	
Normal	distribution	and	 identity	 link-	function	were	used	 in	SAS	v.	
9.1	(SAS	Institute,	Inc.,	Cary,	NC,	USA).

3  |  RESULTS

3.1  |  Drosophila adult emergence in response to 
environmental changes

To	 investigate	 the	 effect	 of	 protein-	restricted	 diet	 and/or	 expo-
sure	 to	 the	 bacterium	 P. carotovorum	 on	 the	 survivorship	 of	 D. 
melanogaster,	1st	 instar	 larvae	were	allowed	to	develop	until	adult	
emergence	in	four	environmental	conditions:	(uninfected	standard),	
(uninfected	restricted),	(infected	standard),	and	(infected	restricted).	
Statistical	analysis	showed	that	the	adult	emergence	(%)	of	D. mela-
nogaster	shows	significant	differences	among	populations	(F	(2,	72)	
=	 32.23,	 p <	 .0001),	 environments	 (F	 (3,	 72)	=41.02,	 p <	 .0001),	
and	their	 interaction	 (F	 (6,	72)	=	3.26,	p =	 .007)	 (Table	S1).	On	ei-
ther	 standard	or	 restricted	diet,	 the	percentage	emergence	of	 the	
isofemale	B	and	the	experimental	population	(Exp)	was	significantly	
(p <	.025)	higher	than	that	in	population	A.	On	the	infected	diet,	only	
the	 Exp	 population	 displayed	 a	 higher	 (p <	 .025)	 emergence	 than	
that	of	the	population	A.	However,	all	populations	exhibited	similar	
occlusion	rates	on	the	combined	effect	of	diet	restriction	and	bacte-
rial	infection	(Figure 3a).	Otherwise,	population	A	of	D. melanogaster 
did	not	show	significant	changes	in	the	survivorship	on	infection	or	
diet	restriction.	It	showed	a	significant	(p <	.017)	decrease	in	adult	
emergence	 only	when	 raised	 under	 a	 combined	 effect	 of	 diet	 re-
striction	and	bacterial	infection	compared	with	that	in	the	standard	
diet	(Figure 3b).	However,	population	B	and	Exp	population	showed	
significantly	(p <	.017)	lower	adult	emergence	on	the	infection	and	

F I G U R E  3 Adult	emergence	(mean	±	SEM)	of	homogeneous	(A	and	B)	and	heterogeneous	(Exp)	populations	of	Drosophila melanogaster 
raised	under	four	different	conditions:	standard	(stand)	and	restricted	(rest)	diets,	bacteria-	infected	(infec)	and	restricted	+	infected	
conditions.	Data	were	analyzed	using	mixed-	effects	model.	There	are	significant	differences	among	populations,	environments	and	their	
interactions	when	p <	.05.	The	population	means	with	the	same	small	letter	are	not	significantly	different	in	the	same	environment	when	
p	≥	.025	(a).	Charts	(b),	(c),	and	(d)	show	the	response	of	populations	A,	B,	and	experimental	alone	among	all	environments.	ns,	*,	**	and	***	
refer	to	non-	significant,	and	significant	differences	among	environments	when	p	≥	.017,	p <	.017,	 .01,	and	.001	(multiple	comparisons).	n = 
seven	replicates

http://www.graphpad.com
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combined	effect	(Figure 3c,	d).	Exp	population	demonstrated	a	wider	
variability	 in	 adult	 emergence	 as	 it	 showed	 significant	 differences	
when	those	exposed	to	the	single	effect	with	that	facing	the	com-
bination	of	infection	and	diet	restriction	(Figures 3c	and	8).	Overall,	
these	results	indicated	that	the	survivorship	of	different	populations	
may	evoke	different	effects	based	on	genotype.	However,	most	of	
the	populations	may	be	 affected	by	extreme	changes	 in	 the	envi-
ronment	such	as	infection	or	more	complex	situations	where	multi-	
change	is	involved.

3.2  |  Drosophila protein and lipid contents exhibit 
variation toward most environmental changes tested

To	understand	the	effect	of	protein-	restricted	diet	and/or	infection	
with P. carotovorum	on	the	energy	reserves	of	D. melanogaster,	larvae	
of	A,	B,	and	Exp	populations	were	raised	under	4	different	environ-
mental	 conditions.	The	 total	body	protein	and	 lipid	contents	were	
determined	in	the	late	3rd	instar	larvae.

3.2.1  |  Protein	content

Our	results	showed	that	 the	 total	body	protein	content	of	D. mela-
nogaster	 larvae	 depends	 on	 the	 genotype	 (F	 (2,	 12)	 =	 7.395,	 p 
=	 .0081)	and	the	interaction	with	the	environment	(F	(6,	36)	=	22.67,	
p <	.0001),	as	it	differs	significantly	due	to	the	effect	of	the	popula-
tion,	whereas	some	populations	display	environmental	changes	in	the	
protein	content	(Table	S1).	Multiple	comparisons	test	in	Figure 4a	indi-
cated	that	the	protein	content	of	the	population	B	was	significantly	(p 
<	.025)	higher	than	those	in	A	or	Exp	on	the	standard	diet.	On	the	re-
stricted	diet,	B	and	Exp	populations	exhibited	a	significantly	(p <	.025)	
higher	protein	content	than	that	 in	population	A.	Otherwise,	B	and	

Exp	 populations	 demonstrated	 significantly	 (p <	 .025)	 lower	 pro-
tein	contents	than	that	 in	population	A	when	raised	on	an	 infected	
diet	or	combined	stress	of	diet	restriction	and	infection	(Figure 4a).	
Population	A	exhibited	significantly	(p <	.017)	higher	protein	content	
upon	exposure	to	infection	with	P. carotovorum	or	a	combined	effect	
of	infection	and	diet	restriction	(Figure 4b).	On	the	contrary,	popula-
tion	B	showed	significantly	(p <	.017)	lower	protein	content	in	those	
larvae	 raised	 in	 the	 infection	or	 infection	plus	 restriction	diet	com-
pared	to	that	raised	on	the	standard	diet	(Figure 4c).	In	the	heteroge-
neous	population,	only	the	 larvae	raised	on	diet	restriction	showed	
significantly	 (p <	 .017)	higher	protein	content	compared	with	those	
raised	on	a	standard	diet	 (Figure 4d).	The	heat	map	matrix	 for	pro-
tein	content	of	D. melanogaster	larvae	indicates	phenotypic	variation	
(plasticity)	between	A	and	B	genotypes	 in	 the	environments	 tested	
(Figure 8).	The	Exp	population	exhibited	variability	in	protein	content	
upon	diet	restriction	(Figure 8).	Based	on	the	observed	significant	dif-
ferences	in	the	interaction	between	populations	and	environments	for	
the Drosophila	trait	and	the	crossing	reaction	norms	for	the	genotypes	
A	and	B	(Figures 4b,	c	and	8),	the	protein	contents	of	D. melanogaster 
reared	in	a	standard	diet	exhibited	a	genotype-	by-	environment	inter-
action	upon	exposure	to	the	bacterium,	P. carotovorum.

3.2.2  |  Lipid	content

The	 lipid	 content	 of	 D. melanogaster	 larvae	 was	 affected	 by	 the	
population	 (F	 (2,	12)	=	24.74,	p <	 .0001),	environment	 (F	 (3,	36)	= 
12.75,	p <	.0001),	and	their	interaction	(F	(6,	36)	=	13.77,	p <	.0001)	
(Figure 5).	 Notably,	 the	 responses	 of	 populations	 tested	 were	 di-
verse	based	on	the	type	of	environment	(Table	S1).	On	either	stand-
ard	 or	 infected	 diet,	 population	 B	 showed	 significantly	 (p <	 .025)	
lower	lipid	content	than	that	in	the	Exp	population.	On	the	restricted	
diet,	the	lipid	contents	of	populations	B	and	Exp	were	significantly	

F I G U R E  4 Whole-	body	protein	content	(mean	±	SEM)	of	homogeneous	(A	and	B)	and	heterogeneous	(Exp)	populations	of	Drosophila 
melanogaster	larvae	raised	under	four	different	conditions:	standard	(stand)	and	restricted	(Rest)	diets,	bacteria-	infected	(Infec)	and	
restricted +	infected	conditions.	Data	were	analyzed	using	the	mixed	effects	model.	There	are	significant	differences	among	populations	and	
the	interaction	between	population	and	the	environment	when	p <	.05.	The	population	means	with	the	same	small	letter	are	not	significantly	
different	in	the	same	environment	when	p	≥	.025	(a).	Charts	(b),	(c),	and	(d)	show	the	response	of	populations	A,	B,	and	experimental	alone	
among	all	environments.	ns,	*	and	***	refer	to	non-	significant,	and	significant	differences	among	environments	when	p	≥	.017,	p <	.017	and	
.001	(multiple	comparisons).	n =	five	replicates
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(p <	.025)	higher	than	those	of	population	A	(multiple	comparisons	in	
Figure 5a).	On	double	challenges	with	diet	restriction	and	infection,	
the	Exp	population	showed	significantly	(p <	.025)	higher	lipids	than	
those	in	populations	A	and	B	(Figure 5a).	Comparison	among	envi-
ronments	 demonstrated	 that	 changes	 could	 not	 induce	 a	 marked	
change	in	the	lipid	content	in	population	A	(Figure 5b).	Population	B	
showed	significantly	higher	(p <	.017)	lipid	content	when	raised	on	
a	restricted	diet	compared	with	all	environments	tested	(Figure 5c).	
Similarly,	the	Exp	population	responded	to	the	combined	effect	of	
diet	restriction	and	infection	by	a	marked	(p <	.017)	increase	in	the	
lipid	 contents	 of	 larvae	 (Figure 5d).	 The	 heat	 map	 matrix	 of	 lipid	
contents	shows	 that	D. melanogaster	genotypes	A	and	B	 reared	 in	

different	 environments	 exhibited	 a	 restricted	 variation	 (plasticity)	
mainly	 owing	 to	 the	 observed	 changes	 in	 the	B	 isofemale	 lines	 in	
response	to	diet	restriction	(Figure 8).

3.3  |  Drosophila immunity exhibits variation in all 
environmental changes tested

To	determine	the	effects	of	diet	restriction	and/or	infection	with	P. 
carotovorum	 on	 the	 host	 immunity,	 PO	 and	 antibacterial	 activities	
were	measured	 in	the	whole-	body	homogenate	of	D. melanogaster 
larvae.

F I G U R E  5 Whole-	body	lipid	content	(mean	±	SEM)	of	homogeneous	(A	and	B)	and	heterogeneous	(Exp)	populations	of	Drosophila 
melanogaster	larvae	raised	under	four	different	conditions:	standard	(stand)	and	restricted	(Rest)	diets,	bacteria-	infected	(Infec)	and	
restricted +	infected	conditions.	Data	were	analyzed	using	the	mixed-	effects	model.	There	are	significant	differences	among	populations,	
environments,	and	their	interactions	when	p <	.05.	The	population	means	with	the	same	small	letter	are	not	significantly	different	in	the	
same	environment	when	p	≥	.025	(a).	Charts	(b),	(c),	and	(d)	show	the	response	of	populations	A,	B,	and	experimental	alone	among	all	
environments.	ns,	**	and	***	refer	to	non-	significant,	and	significant	differences	among	environments	when	p	≥	.017,	.01,	and	.001	(multiple	
comparisons).	n =	five	replicates

F I G U R E  6 Phenol-	oxidase	specific	activity	(mean	±	SEM)	of	homogeneous	(A	and	B)	and	heterogeneous	(Exp)	populations	of	Drosophila 
melanogaster	larvae	raised	under	four	different	conditions:	standard	(stand)	and	restricted	(Rest)	diets,	bacteria-	infected	(Infec)	and	
restricted +	infected	conditions.	Data	were	analyzed	using	the	mixed	effects	model.	There	are	significant	differences	among	environments	
and	the	interaction	between	the	environment	and	population	when	p <	.05.	The	population	means	with	the	same	small	letter	are	not	
significantly	different	in	the	same	environment	when	p	≥	.025	(a).	Charts	(b),	(c),	and	(d)	show	the	response	of	populations	A,	B,	and	
experimental	alone	among	all	environments.	ns,	**	and	***	refer	to	non-	significant,	and	significant	differences	among	environments	when	p	≥	
.017,	.01,	and	.001	(multiple	comparisons).	n =	five	replicates
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3.3.1  |  PO	activity

Figure 6	shows	PO	activities	of	all	D. melanogaster	populations	tested	
under	 environmental	 changes	 in	 diet	 and	 treatment.	 Statistical	
analysis	indicated	that	PO	of	Drosophila	larvae	is	influenced	by	the	
environment	(F	 (3,	36)	=	29.58,	p <	 .0001)	and	the	interaction	be-
tween	environment	and	population	(F	(6,	36)	=	11.14,	p <	.0001).	On	
a	standard	diet,	population	B	had	the	lowest	(p <	.025)	PO	activity	
among	the	populations	tested.	However,	on	the	combined	effect	of	
diet	restriction	and	bacterial	infection,	it	had	the	highest	(p <	.025)	
PO	activity	 among	populations	 (Figure 6a).	Otherwise,	 all	 popula-
tions	 exhibited	 similar	 PO	 activities	 on	 diet	 restriction.	 However,	
the	population	Exp	exhibited	a	significantly	(p <	.025)	higher	PO	re-
sponse	on	the	infection,	while	it	had	a	lower	(p <	.025)	response	on	
the	combined	challenge	of	diet	restriction	and	infection	(Figure 6a).	
Populations	 A	 and	 Exp	 showed	 significant	 (p <	 .017)	 differences	
among	 the	 environments	 tested	 (Figure 6b,	 d).	 However,	 popula-
tion	B	did	not	show	any	significant	changes	in	PO	on	environmental	
changes	 (Figure 6c).	 In	general,	 the	heat	map	matrix	 indicates	that	
PO	activity	in	Drosophila	larvae	exhibited	variation	in	most	environ-
ments	tested	(Figure 8).

3.3.2  |  Antibacterial	rate

Larvae	of	D. melanogaster	 exhibited	significantly	different	 levels	
of	 antibacterial	 activities	 depending	 on	 population	 (F	 (2,	 12)	= 
672.7,	p <	 .0001)	and	environment	(F	 (3,	36)	=	551.4,	p <	 .0001)	
and	their	interaction	(F	(6,	36)	=	13.67,	p <	.0001)	(Table	S1).	On	
the	standard	diet,	population	A	showed	a	significantly	(p <	.025)	
higher	antibacterial	rate	compared	to	population	B	or	Exp.	On	the	
restricted	or	infected	diets	as	well	as	the	combined	challenge,	all	

populations	showed	significant	(p <	.025)	differences	in	the	anti-
bacterial	rate	to	each	other	in	the	following	order	(A	>	Exp	>	B)	
(Figure 7a).	All	 populations	 tested	exhibited	different	 (p <	 .017)	
antibacterial	rates	with	the	environmental	changes	(Figure 7b–	d).	
The	 highest	 antibacterial	 rate	 in	 all	 populations	 tested	was	 ob-
served	on	the	standard	diet.	The	populations	showed	antibacterial	
rates	that	change	between	diets	as	follows	 (standard	>	 infected	
> restricted >	infected	plus	restricted)	(Figures 7	and	8).	The	heat	
map	matrix	for	the	antibacterial	rate	of	Drosophila	genotypes	ap-
peared	to	be	variable	in	response	to	changes	in	diet	and	treatment	
conditions	(Figure 8).

3.4  |  Quantification of the plasticity level 
among Drosophila homogenous and heterogeneous 
populations tested

Table 1	 shows	 the	 values	 of	 RDPI	 calculated	 in	 the	 homogenous	
populations	(A	and	B)	and	heterogeneous	population	(Exp)	as	well	
as	the	results	of	GENMOD	analysis	among	them.	Surprisingly,	there	
is	no	significant	difference	in	the	plasticity	of	the	tested	populations	
regarding	survivorship	or	antimicrobial	rate.	However,	the	order	of	
plasticity	in	survivorship	(A	˃	B	˃	Exp)	was	inversed	in	the	antimi-
crobial	rate	for	the	genotypes.	For	the	protein	and	lipid	contents	as	
well	as	PO	activity,	it	was	clear	that	plasticity	(p <	.05)	differs	among	
the	populations.	Multiple	comparisons	demonstrated	that	a	geno-
type	A	has	 significantly	 (p <	 .025)	higher	plasticity	 in	 the	protein	
reserves	than	the	heterogeneous	population	Exp.	The	genotype	B	
had	higher	(p <	.025)	plasticity	in	lipid	reserves	than	those	in	both	
genotype	A	and	the	heterogeneous	population	Exp.	The	PO	activity	
of	genotype	A	and	population	Exp	had	higher	(p <	.025)	plasticities	
than	that	of	genotype	B.

F I G U R E  7 Antibacterial	rate	(mean	±	SEM)	of	homogeneous	(A	and	B)	and	heterogeneous	(Exp)	populations	of	Drosophila melanogaster 
larvae	raised	under	four	different	conditions:	standard	(stand)	and	restricted	(Rest)	diets,	bacteria-	infected	(Infec),	and	restricted	+	infected	
conditions.	Data	were	analyzed	using	the	mixed	effects	model.	There	are	significant	differences	among	the	populations,	environments,	and	
their	interaction	when	p <	.05.	The	population	means	with	the	same	small	letter	are	not	significantly	different	in	the	same	environment	
when	p	≥	.025	(a).	Charts	(b),	(c),	and	(d)	show	the	response	of	populations	A,	B,	and	experimental	alone	among	all	environments.	ns,	*,	**	and	
***	refer	to	non-	significant,	and	significant	differences	among	environments	when	p	≥	.017,	p <	.017,	.01,	and	 .001	(multiple	comparisons).	
n =	five	replicates
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4  |  DISCUSSION

The	 present	 study	 aimed	 to	 explore	 the	 contribution	 of	 different	
genotypes	present	in	a	given	population	for	the	reaction	to	bacte-
rial	infection	under	two	different	dietary	regimens,	namely	a	control,	
fully	nutritious	diet,	and	dietary	restriction	characterized	by	reduced	
protein	 content.	 Protein	 restriction	 is	 common	 and	 considered	 a	
major	 risk	 factor	 for	death	and	disease	 (Dalvi	et	al.,	2018;	Victora	
et	al.,	2008).	Hence,	another	question	is	how	the	protein	restriction	
may	affect	a	population	and	subpopulation?	To	answer	these	ques-
tions,	we	used	an	artificial,	heterogeneous	population	(Exp)	created	
from	eight	different	 isofemale	 lines	and	thus	mostly	reflecting	the	
original	population	derived	from	Zimbabwe.	We	compared	this	het-
erogeneous	population	with	two	of	these	eight	founding	isofemale	

lines,	each	of	which	showed	an	extreme	response	to	an	 important	
life-	history	trait,	adult	emergence	under	normal	conditions.

Concerning	 emergence,	 we	 observed	 that	 the	 heterogeneous	
population	 reflects	 almost	 completely	 the	 situation	 that	 we	 also	
observed	 for	 the	 fit	genotype	 (population	B).	 It	was	 interesting	 to	
observe	that	 the	different	populations	showed	partly	opposite	 re-
sponses	to	different	environmental	influences	(infection	and	protein	
restriction),	which	again	emphasizes	the	central	 importance	of	 the	
genotype.	For	example,	 the	unfit	genotype	 (population	A)	showed	
a	 significant	 decline	 in	 adult	 emergence	 compared	with	 both,	 the	
fit	 genotype	 (population	B)	 and	 the	 heterogeneous	 population	 on	
standard	and	restricted	diets.	However,	the	specific	genotypes	(pop-
ulations	A	and	B)	showed	similar	emergence	in	the	stressed	environ-
ments	(infected	or	restricted	+	infected).	The	variability	within	the	

F I G U R E  8 Heat	map	matrix	for	the	response	of	the	homogenous	populations	(A	and	B)	compared	with	the	heterogeneous	population	
(Exp)	across	all	the	environments	tested.	The	X-	axis	displays	the	populations,	while	the	environments:	(1)	standard	diet	at	aseptic	condition,	
(2)	restricted	diet	with	aseptic	condition,	(3)	standard	diet	with	infection,	and	(4)	restricted	diet	with	infection.	The	legend	shows	the	low	
response	in	green,	high	in	red	and	intermediate	in	the	mixture

TA B L E  1 Plasticity	indices	of	the	traits	investigated	in	the	homogenous	(A	and	B)	and	heterogeneous	(Exp)	populations	due	to	
environmental	changes	(diet	restriction	and	bacterial	infection)

Trait

Plasticity index (RDPI) (mean ± SD)
p- value of 
GENMODA B Exp

Survivorship 0.344 ±	0.217a 0.315 ± 0.219a 0.281 ± 0.192a .5298

Protein	content 0.221 ±	0.147a 0.162 ± 0.115ab 0.118 ± 0.086b .0298

Lipid	content 0.159 ±	0.097b 0.374	± 0.201a 0.178	± 0.134b <.0001

PO	specific	activity 0.374	± 0.121b 0.166 ± 0.128a 0.326 ±	0.174b <.0001

Antibacterial	rate 0.096 ± 0.050a 0.147	± 0.113a 0.121 ±	0.079a .1733

Note: Significant	difference	among	the	means	of	populations	when	p <	.05.	The	population	means	with	the	same	small	letter	are	not	significantly	
different	when	p	≥	.025	(Bonferroni	correction	for	multiple	comparisons).
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heterogeneous	population	was	presumably	able	to	rescue	the	sur-
vival	in	the	infected	diet.	With	changing	environments,	population	A	
mostly	showed	almost	similar	emergence.	However,	the	fit	genotype	
population	(B)	showed	a	decline	when	exposed	to	an	infection	or	the	
combination	of	both	 stressors.	The	difference	 in	 adult	 emergence	
between	populations	A	and	B	could	be	attributed	 to	 the	 fact	 that	
genotypes	 respond	 differentially	 to	 nutrients.	 This	 fact	 received	
support	from	the	nutrient-	gene	interactions	that	determine	the	ben-
efits	and	risks	of	diet,	 that	 is,	 the	 interaction	between	a	particular	
allele	and	a	specific	dietary	exposure	may	lead	to	benefits	for	certain	
conditions	or	diseases	(Hesketh	et	al.,	2006).

To	dissect	the	factors	that	may	contribute	to	survivorship	(adult	
emergence),	we	evaluated	the	 immune	competence	of	the	popula-
tions	in	terms	of	PO	activity	and	the	antibacterial	rate	in	the	same	
environments.	PO	has	a	 role	 in	non-	self	 recognition	within	 the	 in-
sect	body	and	evokes	both	cellular	and	humoral	 immune	reactions	
(Söderhäll	&	Aspán,	1993;	Takehana	et	al.,	2002).	Antimicrobial	pep-
tides	(AMPs)	are	expressed	in	the	hemolymph	by	the	fat	bodies	 in	
systemic	reaction	or	other	tissues	like	gut-	lining	cells	and	epidermis	
upon	 sensing	bacteria	 in	 a	 local	 reaction.	The	 transduction	of	 the	
signal	is	mediated	via	the	Toll or Imd	pathways	(Khush	et	al.,	2001; 
Lemaitre	&	Hoffmann,	2007).	This	can	be	measured	as	an	antibacte-
rial	activity	or	rate	in	Drosophila	body	homogenate.

In	the	current	study,	the	antibacterial	rate	appeared	to	be	influ-
enced	by	population	and	environment.	The	unfit	genotype	 (A)	ex-
hibited	a	higher	rate	against	P. carotovorum	than	the	fit	genotype	(B)	
and	the	heterogeneous	population,	possibly	owing	to	epigenetic	and	
transcriptional	differences	and	the	subsequent	different	expression	
levels	of	antimicrobial	peptides	or	reactive	oxygen	species	(ROS)	pro-
duction	that	drive	phenotypic	diversity	(Ecker	et	al.,	2018;	Lemaitre	
&	Hoffmann,	2007).	Another	explanation	could	be	that	population	
A	has	less	amidase	peptidoglycan	recognition	proteins	(PGRPs)	such	
as	 PGRP-	LB	 and	PGRP-	SC	 that	 can	 convert	Gram-	negative	 pepti-
doglycan	(PGN)	into	non-	immuno-	stimulatory	fragments.	This	ami-
dase	PGN	helps	 to	economize	 the	host	 resources	during	 infection	
or	under	stress	 (Bischoff	et	al.,	2006;	Zaidman-	Rémy	et	al.,	2006).	
When	the	environment	changes	in	terms	of	diet	or	treatment	con-
ditions,	 Drosophila	 larvae	 change	 appropriately.	 The	 antibacterial	
rates	 of	 the	different	 genotypes	 showed	 a	 particularly	 interesting	
interdependence	 on	 infection	 or	 the	 protein	 content	 in	 the	 food.	
The	 response	of	 the	heterogeneous	population	almost	completely	
followed	the	fit	genotype.	In	the	stressed	environments	tested,	the	
unfit	 genotype	 exhibited	 higher	 antimicrobial	 activity	 than	 that	 in	
the	 fit	 genotype.	So	 that	 in	 a	 few	aspects,	 the	 two	homogeneous	
populations	(A	and	B)	took	extreme	positions,	for	example	in	survi-
vorship	and	antibacterial	rate.

Surprisingly,	 the	 association	 between	 response	 types	 was	 dif-
ferent	for	another	 independent	aspect	of	 insect	 immunity,	 the	PO	
activity.	 Here,	 the	 heterogeneous	 population	 showed	 changes	 in	
response	to	infection	and	protein	restriction	rather	similarly	to	the	
unfit	genotype	than	the	fit	one.	In	the	present	study,	PO	activity	in	
Drosophila	larvae	exhibited	a	significant	decrease	in	response	to	diet	
restriction	and	the	presence	of	a	bacterial	pathogen.

The	response	of	the	heterogeneous	population	reflects	the	re-
sponse	of	one	homogenous	subpopulation	for	one	immune-	related	
trait,	whereas	 it	 is	 close	 to	 the	 response	 type	 of	 the	 second	 ho-
mogenous	subpopulation	for	the	second	immune-	related	trait.	This	
could	 be	 a	 reflection	 of	 the	 trade-	off	 between	 individual	 traits	
to	 economise	 the	 internal	 energy	 available	 (Rigby	 et	 al.,	 2002).	
The	 trade-	off	 is	widely	known	between	survival	 and	 fecundity	 in	
Drosophila	 (Chippindale	 et	 al.,	 2004).	 In	 bumblebees,	 Moret	 and	
Schmid-	Hempel	 (2000)	 detected	 a	 negative	 correlation	 between	
antibacterial	 and	 PO	 activities	 in	 response	 to	 lipopolysaccharide	
(LPS)	treatment.	We	observed	a	reduced	antibacterial	rate	and	pro-
tein	content	in	response	to	an	infection	in	most	populations	tested.	
However,	 population	 A	 showed	 increased	 protein	with	 infection.	
For	protein-	restricted	diet,	or	even	malnutrition,	this	was	expected	
(Joost	 et	 al.,	 2007).	As	 in	previous	 studies,	 the	protein-	restricted	
diet	was	unable	to	fulfill	the	need	of	diseased	insects	to	combat	in-
fections	or	build	up	the	protein	content	(Lee	et	al.,	2006;	Thompson	
&	Redak,	2000).	 It	has	been	shown	that	nutritional	deficiency	af-
fects	 the	 resistance	of	 individuals	 to	disease	 in	general	 (Calder	&	
Jackson,	2000).	The	differences	observed	in	the	responses	of	dif-
ferent	 subpopulations	 show	 that	 general	 fitness	 differences	 are	
present	within	a	population	(Elkayal	et	al.,	2016;	Meshrif	&	Elkholy,	
2015)	 based	 on	 the	 nutrient–	gene	 interactions	 in	 the	 subpopula-
tions	in	health	and	disease	(Hesketh	et	al.,	2006).	Host	immunity	is	
also	a	complex	trait.	Several	intrinsic	and	extrinsic	factors	interact	
with	each	other	to	modulate	the	 immune	response	 (Ponton	et	al.,	
2011).	In	an	intrinsic	view,	the	metabolic	reserves	and	host's	micro-
biota	had	a	major	effect	on	mounting	a	suitable	immune	reaction	to	
the	pathogen	(Wen	et	al.,	2008).	Therefore,	this	necessitates	mea-
suring	the	energy	reserves	like	lipids	as	well	as	proteins.	Both	are	
the	major	substrate	for	producing	immunological	components	such	
as	PO	and	antimicrobial	peptides	and	could	affect	the	immune	re-
sponse	and	in	turn	survival	(Djawdan	et	al.,	1998;	Lee	et	al.,	2006; 
Mullen	&	Goldsworthy,	2003).

The	differential	 reaction	of	 the	major	energy	stores,	protein,	
and	lipids,	with	respect	to	the	genotype,	is	not	as	obvious	as	ob-
served	 for	 the	 two	 immune-	related	 traits.	 For	 the	 protein	 and	
lipid	contents,	the	heterogeneous	population	sometimes	showed	
similar	contents	to	one	of	the	genotypes	based	on	environmental	
exposure.	In	a	few	of	these	responses,	the	reaction	of	the	hetero-
geneous	population	 is	strictly	 intermediate	 if	compared	with	the	
two	genotypes	A	and	B	(homogenous	populations),	a	behavior	that	
might	 be	 expected	 because	 the	 heterogeneous	 population	 usu-
ally	 consists	 of	 different	 genotypes	 with	 diverse	 performances.	
Principally,	 the	quantification	of	metabolic	reserves	such	as	pro-
tein	and	lipid	contents	may	provide	information	about	the	physio-
logical	status	of	animals	under	experimental	conditions	(restricted	
diet	 and/or	 bacterial	 infection)	 (Ellers	 et	 al.,	2011;	Wilder	 et	 al.,	
2016)	 and	may	 also	 be	 an	 indicator	 of	 how	 they	might	 respond	
to	 major	 environmental	 changes.	 For	 example,	 the	 whole-	body	
proteins	 of	 the	 unfit	 and	 fit	 genotypes	 showed	 an	 opposite	 re-
sponse	to	infection	or	double	effect	of	infection	and	diet	restric-
tion.	So	that	it	was	easy	to	observe	that	a	protein-	restricted	diet	
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can	exacerbate	the	 incidence	of	 infection	as	previously	reported	
among	humans	(Calder	&	Jackson,	2000).	Protein	content	demon-
strated	lower	levels	in	the	fit	genotype	(B)	in	response	to	infection	
or	diet	restriction	plus	 infection,	whereas	the	unfit	genotype	 (A)	
exhibited	 a	 higher	 level	 if	 confronted	with	 the	 same	 challenges.	
Based	on	this	result,	we	infer	that	bacterial	infection	and	the	com-
bined	effect	with	a	protein-	restricted	diet	contribute	to	metabolic	
phenotypes	 in	D. melanogaster	 and	 that	 this	 relationship	may	be	
genotype-	dependent	 (Hesketh	et	al.,	2006;	Reed	et	al.,	2010).	A	
recent	 study	 reported	 that	 mortality	 in	Drosophila	 could	 be	 at-
tributed	 to	 the	 effect	 of	 macronutrient	 balance	 on	 the	 immune	
response	(Ponton	et	al.,	2020).	It	is	accepted	that	the	plasticity	of	a	
given	trait	could	also	change	in	response	to	environmental	fluctu-
ations	to	increase	the	survival	of	the	genotype.	Canalization	may	
explain	the	variances	among	genotypes	on	an	evolutionary	scale	
(Hallgrimsson	et	al.,	2019).	 In	 the	present	 study,	D. melanogaster 
exhibited	a	genotype-	by-	environment	interaction	for	protein	con-
tent	in	response	to	infection	when	reared	on	a	standard	diet.	This	
result	 may	 explain	 why	 distinct	 genotypes	 vary	 in	 their	 pheno-
types	when	exposed	 to	specific	environmental	changes	 (Lazzaro	
et	al.,	2008).

In	the	present	study,	 the	whole-	body	 lipid	content	varied	 in	D. 
melanogaster	as	a	function	of	genotype,	indicating	that	lipid	reserves	
are	 very	 sensitive	 to	 the	 genetic	makeup	 of	 individuals,	 in	 agree-
ment	with	Reed	et	 al.	 (2010).	 The	 fit	 genotype	exhibited	 a	 higher	
level	of	lipid	content	only	when	exposed	to	a	restricted	diet,	while	
the	heterogeneous	population	had	a	higher	 response	on	exposure	
to	a	combined	effect	of	diet	restriction	and	bacterial	infection.	This	
may	 imply	 that	 the	 heterogeneous	 population	was	more	 resistant	
to	the	environmental	changes	than	the	homogenous	fit	population	
(B).	However,	the	 increase	 in	 lipid	content	of	the	fit	genotype	of	a	
population	may	 be	 the	 result	 of	 an	 acceleration	 of	 lipogenesis	 on	
sensing	of	danger	or	stresses	reported	previously	(Gholizadeh	et	al.,	
2019;	Priyadarsini	et	al.,	2020),	as	lipids	represent	a	pool	of	energy	
reserves	 that	 can	 be	 used	 in	 such	 conditions	 after	 carbohydrates	
(Thompson,	2003).

RDPI	 quantified	 in	 this	 study	 indicated	 phenotypic	 variation	
(plasticity)	 in	 the	 homogenous	 populations	 (A	 and	B)	 corresponds	
to	the	variability	detected	in	the	heterogeneous	population	due	to	
already	genetic	diversity	among	individuals.	The	observed	reduction	
in	variance	in	the	heterogeneous	population	could	be	explained	by	
individual	 (genotype)	 variation,	 which	may,	 in	 turn,	 buffer	 the	 re-
sponse	against	environmental	perturbations	(Debat	&	David,	2001).	
This	suggests	that	even	the	homogenous	populations	have	a	chance	
to	 resist	 environmental	 stress	 even	 if	 their	 traits	 are	 not	 optimal	
(Chambel	et	al.,	2005;	Whitman	&	Agrawal,	2009).

In	 conclusion,	 trait	 plasticity	 may	 help	 homogeneous	 popula-
tions	 (genotypes)	 with	 less	 than	 optimal	 phenotypes	 to	 tolerate	
harsh	environmental	conditions	before	exhibiting	a	genetic	change	
upon	adaptation.	A	kind	of	trade-	off	was	observed	between	PO	and	
antibacterial	 rate.	 In	 the	 future	study,	we	would	 like	 to	assess	 the	
evolution	by	artificial	 selection	of	 such	populations	and	 the	major	
adaptation	for	survival.
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