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Abstract
Reproductive systems play an important role in the ecological function of species, 
but little is known about how climate change, such as global warming, may affect the 
reproductive	systems	of	microbes.	In	this	study,	116	Phytophthora infestans isolates 
sampled from five different altitudes along a mountain were evaluated under five 
temperature regimes to determine the effects of historical and experimental tem-
perature on the reproductive system of the pathogen. Both altitude, a proxy for his-
torical pathogen adaptation to temperature, and temperature used in the experiment 
affected the sexual reproduction of the pathogen, with experimental temperature, 
that is, contemporary temperature, playing a role several times more important than 
historical temperature. Furthermore, the potential of sexual reproduction, measured 
by	the	number	of	oospores	quantified,	increased	with	the	temperature	breadth	(i.e.,	
difference between the highest and lowest temperature at which sexual reproduction 
takes place) of the pathogen and reached the maximum at the experimental tempera-
ture	of	21°C,	which	is	higher	than	the	annual	average	temperature	in	many	potato-	
producing areas. The results suggest that rising air temperature associated with global 
warming may increase the potential of sexual reproduction in P. infestans. Given the 
importance of sexuality in pathogenicity and ecological adaptation of pathogens, 
these results suggest that global warming may increase the threat of P. infestans to ag-
ricultural production and other ecological services and highlight that new epidemio-
logical strategies may need to be implemented for future food security and ecological 
resilience.
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1  |  INTRODUC TION

The	global	climate	 is	undergoing	unprecedented	changes.	Air	tem-
perature is projected to increase by several degrees by the end 
of	 the	 century	 if	 the	 current	 rate	 of	 change	 continues	 (Raftery	
et al., 2017). UV radiation has also increased continuously in re-
cent	 decades	 (Neale	 et	 al.,	2021). There is a widespread concern 
that these changes, together with their associated secondary and 
tertiary climatic and environmental events such as increasing fre-
quency	 and	 duration	 of	 droughts	 or	 floods,	 rising	 sea	 levels	 and	
elevated soil salinity, etc., can have devastating effects on social 
and natural sustainability including food production, human health, 
economic development and landscape aesthetics by affecting the 
structure,	function,	biodiversity	and	resilience	of	ecosystems	(Ortiz	
et al., 2021).

The extent of the impacts of climate change on social and envi-
ronmental sustainability is mainly determined by the genetic varia-
tion	in	the	species	that	make	up	the	ecosystem.	Adaptation	requires	
species to be able to rapidly adjust phenotypic traits to meet en-
vironmental changes. Fisher's fundamental theorem of natural se-
lection for adaptation states that the ability and rate of adaptation 
to stress induced by changing environments depend on genetic 
variations in ecological and biological properties relevant to species 
fitness	(Fisher,	1930). Higher population variation in such traits in-
creases the presence of phenotypes favoured by different environ-
ments and therefore facilitates adaptation. This genetic variation can 
be generated through changes in genome composition and expres-
sion. Change in genome composition, usually measured by herita-
bility, can result in permanent adaptation to a specific environment 
(Lalejini	et	al.,	2021), while change in gene expression, reflected by 
phenotypic plasticity, is a phenomenon in which a genotype can gen-
erate a series of phenotypes in responding to transient environmen-
tal fluctuations. The relative importance of the two genetic events in 
species	adaptation	is	trait	and	phase	dependent	(Alster	et	al.,	2021). 
Phenotypic	plasticity	is	particularly	important	in	(i)	species	adapta-
tion to rapid environmental change such as air temperature and UV 
radiation	 (Wu	et	al.,	2019;	Yang	et	al.,	2016) due to its immediate 
response	and	(ii)	the	early	phase	of	evolutionary	adaptation,	which	
would	be	reinforced	later	by	genomic	changes	(Ho	&	Zhang,	2018).

As	a	driver	of	evolution,	the	reproductive	system	plays	an	import-
ant	role	in	the	adaptation	of	species	to	climate	change.	It	achieves	
this by regulating genetic variation and generating stress tolerance 
propagules.	Asexually	 reproducing	 species	 generally	 have	 less	 ge-
netic variation than their sexual counterparts. Sexual reproduction 
increases the genotypic variation of species by generating new gen-
otypes	through	intergenic	recombination	(Hall	et	al.,	2010) or even 
new	alleles	through	intragenic	recombination	(Shen	et	al.,	2021).	 It	
also prevents the loss of genetic variation caused by hitchhiker se-
lection	(Kim	&	Stephan,	2002)	and	the	Muller-	Ratchet	effect,	that	is,	
the accumulation of deleterious mutations that could lead to popu-
lation	collapse	(Higgins	&	Lynch,	2001). The theory of evolution as-
sumes that sexual reproduction is derived from asexual reproduction 
and that almost all multicellular organisms and various unicellular 

organisms employ sexual reproduction as a sole or complemen-
tary	reproductive	strategy	despite	its	fitness	cost	(Judelson,	2009). 
In	many	plant	and	eukaryotic	microbes,	sexual	propagules	such	as	
seeds and oospores are more stress tolerant compared to vegetative 
propagules. They can remain viable in soils or other environments for 
many	years	(Barwell	et	al.,	2021) and disperse over long distances, 
for instance, by trade and air circulation, to colonize new territories.

Reproductive	strategy	is	a	key	life-	history	trait	with	a	rich	genetic	
and	ecological	context.	In	genetics,	reproductive	strategy	involves	a	
cascade of biochemical signalling pathways that mediate hormone 
production, energy homeostatic and the development of certain 
reproductive	 structures	 (Niu	 et	 al.,	2018; Tomura et al., 2017).	At	
the ecological level, reproductive strategy is regulated by demogra-
phy,	nutritional	availability	and	climatic	factors	(Corredor-	Moreno	&	
Saunders, 2020).	 In	species	capable	of	both	sexual	and	asexual	re-
production, the interaction between the genetic and environmental 
factors determines the relative abundance of the two reproductive 
strategies and may vary temporally and spatially among populations 
(Newman	&	Derbyshire,	2020).

Research in reproductive strategy has mainly focused on bio-
chemical and molecular aspects such as hormones and genes in-
volved	 (Niu	 et	 al.,	2018; Tomura et al., 2017). Knowledge of how 
environmental factors such as air temperature affect the reproduc-
tive strategy is generally limited but important to project the impact 
of climate changes such as global warming on social and ecological 
sustainability.	 It	has	been	documented	that	temperature	can	exert	
a	vital	 influence	on	the	reproductive	strategy	of	species	 (Maynard	
et al., 2019;	Zhan	&	McDonald,	2011).	Interaction	between	tempera-
ture and reproductive strategy was also found in many other species 
(Shaffer	et	al.,	2020).

Eukaryotic microbes provide excellent models to study repro-
ductive strategies regulated by climate change and its social and eco-
logical impacts. Many eukaryotic microbes evolve a mixed mode of 
reproduction, in which sexual reproduction produces new adaptive 
variants,	and	co-	adapted	traits	are	retained	through	asexual	repro-
duction. This allows microbes to replicate rapidly and generate very 
large population sizes that can be instantly exposed to defined se-
lective	conditions,	fulfilling	the	key	requirements	for	experimentally	
assessing the role of climate change in the evolution of biological 
and	ecological	traits.	Infectious	agricultural	pathogens	represent	an	
additional advance for the study as they are biologically and genet-
ically well characterized and have a mature molecular and genomic 
toolbox that allows precise biological and ecological analysis.

In	this	study,	we	used	Phytophthora infestans, one of the most 
destructive	plant	pathogens	worldwide	(Fry,	2008), to investigate 
the	influence	of	historical	and	contemporary	(experimental)	tem-
perature on oospore production and infer the impact of global 
warming on social and ecological sustainability. This pathogen 
caused	the	great	Irish	famine	during	the	1840s	and	is	still	respon-
sible	 for	billions	of	US	dollars	 in	economic	 loss	each	year	 (Dong	
&	Zhou,	2022). Phytophthora infestans is a heterothallic oomycete 
with facultative reproduction in which sexually formed oospores 
are produced by the fusion of two opposite mating types designated 
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as	A1	and	A2.	Self-	fertile	individuals	in	which	sexual	reproduction	
can be completed without the involvement of a mating partner 
have also been documented in the pathogen and dominate in some 
parts	of	the	world	such	as	in	Yunnan,	China	(Zhu	et	al.,	2016). For 
some oomycete species such as P. capsica	 (Hurtado-	Gonzales	&	
Lamour, 2009), sexual spores may be produced from apomixis, al-
though this phenomenon has not yet been documented in P. infes-
tans.	In	addition	to	generating	new	genotypes	and	alleles,	oospores	
are stress tolerant and can remain viable in soil or plant debris 
for	 several	 years	 (Turkensteen	 et	 al.,	2000) to serve as primary 
inoculum	(Grunwald	&	Flier,	2005).	Previous	research	shows	that	
β-	glucanases,	NF-	Y	 transcription	 factor,	 histone	 and	many	other	
genes are involved in α-	hormones	 biosynthesis,	 cell	 wall	 degra-
dation and other processes during oospore production and ger-
mination	(Niu	et	al.,	2018; Tomura et al., 2017). Temperature and 
other environmental factors are also associated with oospore pro-
duction	of	the	pathogen	(Barwell	et	al.,	2021; Cohen et al., 1997; 
Turkensteen et al., 2000).

The	specific	objectives	of	our	study	were	to:	 (1)	determine	the	
altitudinal distribution of oospore production in P. infestans;	(2)	eval-
uate the contribution of contemporary and historical temperature to 
P. infestans	oospore	production;	(3)	construct	the	thermal	profile	of	
oospore production in P. infestans;	and	(4)	infer	the	influence	of	global	
warming on future reproductive strategy of P. infestans. Results from 
this study can provide insights into the impacts of climate change on 
ecosystem and species adaptation mechanisms. This knowledge is 
important to support the development of climate mitigation strate-
gies to support societal and ecological sustainability such as future 
food security and biodiversity.

2  |  MATERIAL S AND METHODS

2.1  |  Phytophthora infestans collection

Potato	 leaves	 infected	by	P. infestans were sampled from five alti-
tudes	 along	 the	Dongshan	Mountain	 located	 in	Xuanwei,	 Yunnan,	
during	 the	 mid-	2016	 late	 blight	 epidemic	 season.	 The	 five	 loca-
tions,	ranging	from	1976	to	2591 m	in	altitude,	were	designated	as	
A	to	E	from	lower	to	higher	altitudes	respectively	(Table 1). For all 

collections, infected leaves were sampled randomly from potato 
plants	at	a	distance	of	1–2 m	and	transferred	to	the	laboratory	within	
24 h	for	pathogen	isolation.	To	isolate	the	pathogen,	infected	leaves	
were	first	washed	under	running	water	for	60 s,	then	with	sterilized	
distilled	water	 for	 30 s	 and	 placed	 abaxial	 side	 up	 on	 1.0%	water	
agar	 for	 20–30 h.	 A	 single	 piece	 of	 mycelium	 was	 aseptically	 re-
moved from a sporulating lesion using a seed needle, transferred to 
rye	B	agar	supplemented	with	ampicillin	(100 μg/mL) and rifampicin 
(50 μg/mL)	 and	 incubated	 at	 19°C	 for	 7 days	 in	 dark	 to	 develop	 a	
colony.	Each	isolation	was	purified	by	sequential	transfers	of	a	sin-
gle sporangium to a fresh rye B plate supplemented with ampicillin 
(100 μg/mL)	and	rifampicin	(50 μg/mL).	A	total	of	354	isolates	were	
secured from the collection, with 59 to 87 isolates originating from 
each	of	the	five	locations.	Detailed	information	on	sample	collection,	
pathogen isolation and purification can be found in previous publica-
tion	(Yang	et	al.,	2016).

2.2  |  Molecular genotyping and mating type 
assays of Phytophthora infestans

A	100 mg	weight	of	mycelia	was	collected	from	15 days	of	cultur-
ing the pathogen on rye B agar plates at 19°C under the darkness 
and	shifted	into	2 mL	sterile	centrifuge	tubes	and	lyophilized	with	
a	 vacuum	 freeze	 dryer	 (Alpha1-	2,	 Christ).	 A	mixer	mill	 (MM400,	
Retsch)	was	used	to	ground	the	 lyophilized	mycelia.	Plant	gDNA	
Miniprep	Kit	 (GD	2611,	Biomiga,	China)	was	used	 to	extract	 the	
DNA	according	to	the	company's	instructions.	The	genomic	DNA	
was	preserved	in	200 μL	pure	water	and	kept	at	−20°C	for	future	
experimental	 processes.	 Eight	 pairs	 of	 SSR	 primers	 (Markers)	
(Pi02,	Pi04,	Pi4B,	PiG11,	Pi16,	Pi33,	Pi56	and	Pi89)	were	used	to	
amplify	 the	 genomic	DNA	 of	 each	 isolate	 as	 reported	 (Knapova	
&	Gisi,	2002),	 and	DNA	amplifications	 for	 SSR	 genotyping	were	
performed by following the protocols of our previous publication 
(Qin	et	al.,	2016).

The mating type was determined by growing each isolate sep-
arately	and	with	reference	isolates	of	A1	and	A2	mating	types	on	
rye	 agar	 plates	 at	 19°C	 under	 dark	 conditions.	 After	 2 weeks	 of	
inoculation, the mycelium was picked either from the junctions 
of two colonies between the test and reference isolates or from 

TA B L E  1 Least	significant	difference	test	for	differences	in	oospore	production	on	the	15th	day	after	inoculation	and	estimated	
maximum	numbers	of	oospore	(MNO)	production	of	the	Phytophthora infestans	sampled	from	five	altitudes	along	the	Dongshan	Mountain	in	
Xuanwei,	Yunnan.

Sites Sample size Altitude (m) 13°C 16°C 19°C 22°C 25°C MNO

A 25 1975 0.44B 15.84A 44.16A 172.03B 0.32A 86.83B

B 27 2124 0.88A 13.35A 32.69A 268.35A 0.22A 119.78A

C 25 2471 0.84A 6.03B 42.07A 158.04B 0.08A 80.52B

D 17 2591 0.29B 4.88BC 39.08A 166.29B 0.29A 82.16B

E 22 2677 0.29B 2.47C 42.29A 278.64A 0.23A 124.97A

Average 23.3 2368 0.55 8.51 40.06 208.67 0.23 98.85

Note: Values followed by different letters in a column are significantly different from each other at p = 0.05.
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the edges of the colonies for isolates grown alone to observe the 
oospore	 generations.	 Isolates	 are	 assigned	 to	 the	 opposite	mat-
ing type from the one they form oospores with, that is, unknown 
isolates	of	mating	type	A1	form	oospores	with	A2	reference	iso-
late,	but	not	with	A1	reference	isolate,	and	vice	versa	for	unknown	
isolates	of	mating	type	A2	(Cooke	et	al.,	2003).	 Isolates	are	con-
sidered	self-	fertile	when	they	can	produce	oospores	without	the	
involvement of a mating partner.

2.3  |  Measuring oospore production in 
Phytophthora infestans

All	isolates	from	these	Yunnan	collections	were	tested	to	be	self-	
fertile	 although	A1	 and	A2	mating	 types	 have	 been	 detected	 in	
other	parts	of	China	(Zhu	et	al.,	2016).	Among	them,	116	isolates	
with different genotypes were selected for the oospore produc-
tion assay, with 17–27 isolates from each of the five populations 
(Table 1).	These	self-	fertile	P. infestans isolates were revived from 
long-	term	storage	on	rye	B	agar	at	19°C	for	10 days.	Mycelia	plugs	
(0.3 cm	 in	diameter)	were	taken	from	the	margin	of	each	revived	
colony	and	inoculated	onto	new	rye	B	plates	in	a	9	cm	Petri	dish.	
The inoculated plates were exposed to one of five experimental 
temperatures	 (13,	15,	19,	22	and	25°C)	 in	growth	chambers	and	
were laid out in a completely randomized design using three repli-
cates	as	recommended	by	previous	studies	(Yang	et	al.,	2016;	Zhan	
&	McDonald,	2011).	After	15 days	of	culture,	a	plug	of	mycelium	
with	a	diameter	of	0.6 cm	was	taken	from	the	edge	of	the	colony.	
Mycelia were carefully removed from the plug with a sterile tooth-
pick, transferred to glass slide containing a drop of sterilized dis-
tilled water and then covered with coverslip. Three microscopic 
slides were prepared from each isolate and the number of oo-
spores in each slide was counted manually using a light microscope 
(NIKON	Ni-	U)	at	10×	magnification.	Overall,	1740	(116	isolates × 3	
replicates × 5	 temperatures)	experimental	units	were	 included	 to	
estimate the number of oospore production. To minimize errors, 
each experimental step within a particular temperature scheme, 
such as inoculation and spore counting of the isolates, was per-
formed by the same person on the same day.

2.4  |  Data analysis

The thermal reaction norm of oospore production in each isolate 
was	fitted	to	a	second-	order	polynomial	distribution	using	the	val-
ues generated in the five experimental temperatures. The result-
ing	 norms	were	 used	 to	 estimate	minimum	 temperature	 (OTmin), 
optimum	 temperature	 (OTopt),	 maximum	 temperature	 (OTmax), 
temperature	 breadth	 (OTb) and maximum oospore production 
(MNO)	as	described	previously	(Wu	et	al.,	2022;	Yang	et	al.,	2016). 
Briefly,	 OTmax	 and	OTmin of oospore production were estimated 
from	the	thermal	reaction	norm	by	setting	the	quadratic	equation	
to	zero	and	then	solving	it.	OTopt was estimated by taking the first 

derivative	of	 the	quadratic	 equation,	 setting	 it	 to	 zero	 and	 then	
solving it, which was then used to project the maximum poten-
tial	of	sexuality,	that	is,	MNO,	of	the	isolates	and	OTb, which was 
determined	 by	 taking	 the	 difference	 between	 OTmax	 and	 OTmin. 
Variances in oospore production were analysed and partitioned 
into	sources	attributable	to	‘isolate’	(I,	random	effect),	‘altitude’	(P,	
random	effect)	and	‘experimental	temperature’	(T,	random	effect)	
using	 SAS	GLM	and	VARCOMP	programs	 (SAS	9.3	 Institute)	 ac-
cording to the general linear model:

Where	Yript is the mean oospore production of replicate r	for	Isolate	i 
from	Altitude	p at Experimental Temperature t; M is the overall mean; 
T is the experimental temperature; and Eript is the variance among 
replicates.	The	terms	P,	I(P),	I(P) × T	and	P × T	refer	to	genetic	variance	
among altitudes, genetic variance within altitudes, variance due to the 
interaction between isolate and experimental temperature and differ-
ent responses of altitudinal populations to changing experimental tem-
perature	respectively.	GLM	also	was	used	to	analyse	variance	in	OTmin, 
OTopt,	OTmax,	OTb	and	MNO.

Population	differentiation	(QST) in oospore production between 
altitudinal populations was estimated by partitioning genetic varia-
tion attributable to population variation in response to experimental 
temperatures	(Zhan	et	al.,	2005).

Where	δ2
AP, δ

2
P.E and δ2

wp are the additive genetic variation attrib-
utable	to	among-	altitude	difference,	interaction	between	altitudi-
nal population and experimental temperature, difference within 
altitudinal population variation, respectively, and n is the number 
of experimental temperatures. Both pairwise and overall QST were 
estimated for the altitudinal populations. Heritability of oospore 
production in an altitudinal population was calculated by dividing 
genetic	variance	within	the	population,	 that	 is,	 I(p)	 in	Equation 1 
above,	with	 the	 total	 phenotypic	 variance.	 Phenotypic	 plasticity	
of oospore production in an altitudinal population was estimated 
by dividing the variance of isolate–temperature interaction in 
the	population	by	total	phenotypic	variance	(Tonsor	et	al.,	2013). 
Population	 differentiation	 (FST) in the neutral genome was esti-
mated from the eight SSR marker loci used for genotype detection 
by	the	fixation	index	(Meirmans	&	Hedrick,	2011)	using	POPGENE	
1.32. Standard deviation of the overall QST was constructed by 
100 resamples with replacement of original data as described pre-
viously	(Zhan	&	McDonald,	2011) and was used to determine the 
evolutionary history of oospore production by a t-	test	 between	
the population genetic differentiations in SSR loci and oospore 
production. Contributions of historical temperature to oospore 
production and development of thermal biology in P. infestans 
were	evaluated	by	the	 least	significant	difference	 (LSD)	test	and	
association analysis between oospore production and altitude 
(Ott	&	Longnecker,	2015).

(1)Yript = M + I(P) + T + P + I(P) × T + P × T + Eript

(2)QST =
�
2
AP

+
(

�
2
P⋅E

)

∕n

�
2
AP

+
(

�
2
P⋅E

)

∕n + 2�2
WP
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3  |  RESULTS

3.1  |  Phenotypic variation in oospore production of 
Phytophthora infestans

A	total	of	116	P. infestans isolates sampled from the five altitudinal 
sites along a mountain were tested for oospore production under 
five	 experimental	 temperatures.	 Oospores	 (Figure 1) were de-
tected	in	all	 isolates	after	15 days	of	 in	vitro	culture,	yielding	1736	
data	 points	 of	 1740	 (116	 isolates × 5	 temperatures × 3	 replicates)	
expected	 (Table S1). Contamination during pathogen culture re-
sulted	 in	 the	 loss	 of	 the	 four	 data	 points.	 Analysis	 of	 variance	 by	
the	general	 linear	model	 indicated	 that	 ‘isolate’	 (i.e.	genotype),	 ‘al-
titude’	 (i.e.	 historical	 temperature)	 and	 ‘experimental	 temperature’	
all	contributed	significantly	(p < 0.0001)	to	the	oospore	production	
of P. infestans	 (Table S2).	Among	the	three	primary	factors,	experi-
mental temperature had the greatest effect on oospore production, 
followed	by	altitude	(historical	temperature)	and	isolate	(genotypes).	
The pathogen isolates from different altitudes responded differently 
to	experimental	temperatures	in	oospore	production.	Altitude–tem-
perature was more important than the isolate–temperature inter-
action	 (p < 0.0001)	 in	 regulating	oospore	production	of	P. infestans 
(Table S2).

3.2  |  Thermal reaction norm of oospore production 
in Phytophthora infestans

Although	 oospores	were	 detected	 in	 all	 five	 temperature	 regimes	
used in the experiment, they were mainly produced at temperatures 
between	16	and	22°C	 (Table 1).	Oospore	production	gradually	 in-
creased from 13°C, reached a peak at 22°C and then sharply de-
creased as the experimental temperature further increased to 25°C. 
When	the	experimental	temperature	was	16°C,	there	was	an	altitu-
dinal pattern of oospore production and the production of oospores 
decreased	with	the	increase	in	altitude	(Table 1, Figure 2). No such 

altitudinal variation was detected in the other two experimental 
temperatures with meaningful oospore production.

Thermal reaction norm of oospore production fitted well to a 
quadratic	 polynomial	 model	 (Y = −0.1832x2 + 7.2826x − 64.993,	
p = 0.0001	Figure 3). Further statistical analysis showed that these 
thermal parameters of oospore production in the pathogen were 
influenced significantly by ‘altitude’, but only marginally by ‘isolate’ 
(Table S3).	On	average,	OTmax,	OTopt,	OTmin	 and	OTb in the patho-
gen were 26.76, 20.29, 13.82 and 12.94°C, respectively, although 
substantial differences existed among isolates and populations from 
different	altitudes	(Table 2).	OTmax in the P. infestans isolates was pos-
itively	associated	with	their	estimated	OTopt	(r = 0.3212,	p = 0.0004,	
Figure 4a)	and	OTb	(r = 0.2381,	p = 0.0101,	Figure 4b).

3.3  |  Quantitative genetic analysis of oospore 
production in Phytophthora infestans

Genetic	 variance	 (heritability),	 which	 was	 estimated	 by	 partition-
ing the phenotypic variance, accounted for 0.007–0.062 of the 
phenotypic variation in oospore production of the pathogen from 
an altitude with a mean of 0.029 while the variance of the isolate–
temperature	 interaction	 (plasticity)	 accounted	 for	 0.702–0.831	 of	
the	phenotypic	variation	with	a	mean	of	0.736	(Table 3).	Plasticity	
was	12-		to	99-	folds	(average	25)	higher	than	heritability	(Table 3).

3.4  |  Population differentiation in SSR and 
oospore production

Pairwise	population	differentiation	(FST) in SSR markers ranged from 
0.022 to 0.203 between the pathogen sampled from different alti-
tudes	and	 the	pairwise	population	differentiation	 (QST) among the 
pathogen sampled from different altitudes in oospore production 
ranged	 from	0.000	 to	 0.417	 (Table 4). The overall QST was 0.179, 
which was higher than overall FST	(0.147)	but	the	difference	between	
the	 two	 population	 differentiations	was	 not	 significant	 by	 a	 two-	
tailed t-	test	(p < 0.073).

4  |  DISCUSSION

As	 an	 important	 environmental	 parameter,	 temperature	 can	 have	
crucial	impact	on	nearly	all	biological	processes	(Dysthe	et	al.,	2015; 
Shaffer et al., 2020).	In	this	study,	we	used	a	statistical	genetic	ap-
proach to assess the contribution of both contemporary and his-
torical	temperatures	to	oospore	production	in	self-	fertile	isolates	of	
P. infestans. The contemporary effects, reflecting the physiological 
adaptation of the pathogen attributable to gene expression and met-
abolic regulations, were evaluated by comparing oospore produc-
tion of the pathogen at different experimental temperatures. The 
historical effects, reflecting genetic adaptation of the pathogen as-
sociated with genomic change, were assessed by comparing oospore 

F I G U R E  1 The	oospore	morphology	of	Phytophthora infestans. 
Bars = 10 μm.
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production of the pathogen sampled along the altitudinal gradient of 
a	mountain.	On	average,	air	temperature	decreases	by	6.5°C	with	a	
1000 m	rise	in	sea	level	(Smithson	et	al.,	2013) and altitude is con-
sidered a good proxy for historical temperatures encountered by a 
species	 (Bahram	et	 al.,	2012). Statistical analyses reveal that con-
temporary	temperature,	historical	temperature	(altitude),	pathogen	
genetics	(isolates)	and	their	interaction	all	contribute	greatly	to	the	
thermal	adaptation	of	oospore	production	(Table S2). Further analy-
sis by variance partitioning shows that genetic variation in the path-
ogen	as	measured	by	heritability	(Scheiner	&	Lyman,	1989) accounts 
for	only	3%	of	the	phenotypic	variation	in	oospore	production,	while	
the	interaction	between	pathogen	genetics	and	temperature	quan-
tified	by	plasticity	 (Scheiner	&	Lyman,	1989) accounts for ~75%	of	

the phenotypic variation. These results indicate that the main factor 
determining oospore production of P. infestans is contemporary tem-
perature and suggest that thermally regulated gene expression and 
other	bioprocesses	such	as	modifications	of	post-	translational	pro-
cesses and biochemical pathways are more important than genetic 
architecture in influencing the reproductive behaviours of the patho-
gen, consistent with thermal adaptation pattern for functional traits 
in	many	species	(Maynard	et	al.,	2019;	Zhan	&	McDonald,	2011).

According	 to	 common	 belief	 in	mycology,	 sexual	 reproduction	
of facultative fungi and oomycetes, such as many eukaryotic plant 
pathogens,	 is	 induced	 by	 environmental	 stress	 during	 off-	seasons	
with	unfavourable	 temperature,	nutrient	 conditions,	 etc.	 (Chern	&	
Ko, 1994; Cohen et al., 1997).	 In	P. infestans, a previous study re-
ported that oospores were mainly formed at temperatures <15°C 
(Cohen	 et	 al.,	1997), suggesting that lower temperatures are pre-
ferred	for	the	sexual	reproduction	of	the	pathogen.	As	a	comparison,	
the optimum temperatures for the pathogen infection and its host 
growth	were	recorded	as	16–21°C	(Seidl	Johnson	et	al.,	2015) and 
15–22°C	 (Maziero	et	al.,	2009) respectively. This ‘cold’ preference 
feature of oospore production was thought to be an important fac-
tor	responsible	for	the	unique	characteristics	of	Nordic	potato	late	
blight epidemics, which are mainly initiated by oospores as primary 
inoculum	(Andersson	et	al.,	2009).

However, our results disagree with both the theoretical expecta-
tion	(Turkensteen	et	al.,	2000) and previous empirical observations 
(Cohen	et	al.,	1997) regarding the thermal biology of oospore pro-
duction in P. infestans.	Only	 a	 few	oospores	were	detected	at	 the	
experimental	temperatures	below	16°C.	The	quadratic	model	based	
on the data generated from the five experimental temperatures pre-
dicts that the average optimal temperature of oospore production 
is ~21°C, which is similar to the optimal temperatures for P. infestans 

F I G U R E  2 Linear	association	between	
oospore production and altitudinal 
origin of Phytophthora infestans at the 
experimental temperature of 16°C.

F I G U R E  3 The	thermal	reaction	norm	
of oospore production in the Phytophthora 
infestans isolates sampled along an 
altitudinal	gradient	of	the	Dongshan	
Mountain	located	in	Xuanwei,	Yunnan,	
China.

TA B L E  2 Least	significant	difference	test	for	differences	in	the	
estimated	maximum	temperature	(OTmax), optimum temperature 
(OTopt),	minimum	(OTmin) temperature and temperature breadth 
(OTmax − OTmin) of oospore production in the five Phytophthora 
infestans	populations	sampled	from	five	altitudinal	sites	(ranged	
from	lowest	altitude	at	the	site	A	to	highest	altitude	at	the	site	E)	
along	the	Dongshan	Mountain	located	in	Xuanwei,	Yunnan,	China.

Sites
OTopt 
(°C)

OTmax 
(°C) OTmin (°C) OTmax − OTmin

A 20.24B 26.77B 13.70D 13.07A

B 20.45A 27.05A 13.85B 13.20A

C 20.06C 26.34C 13.77BC 12.57C

D 20.20B 26.60B 13.80BC 12.80B

E 20.51A 27.04A 13.99A 13.05A

Average 20.29 26.76 13.82 12.94

Note: Values followed by different letters in a column are significantly 
different from each other at p = 0.05.
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infection and potato growth. The model also reveals that oospore 
production	 shares	 thermal	 profile	 (spectrum	 and	 shape)	 with	 po-
tato growth and P. infestans infection, but skewing towards higher 
temperatures	 (Figure 3,	Wu	et	 al.,	2022;	Yang	et	 al.,	2016). Taken 
together,	these	results	 indicate	that	the	temperatures	required	for	
P. infestans to produce oospores are much higher than reported 
(Cohen	 et	 al.,	 1997; Turkensteen et al., 2000). They also suggest 
that the pathogen could reproduce sexually throughout the para-
sitic stages of their life cycle, contrary to theoretical expectations 
(Clément	et	al.,	2010) but consistent with field observations. For ex-
ample, we found that the proportion of infected potato leaves con-
taining oospores increased from ~10%	in	the	early	season	to	~80%	
in	 the	 late	 seasons	 under	 field	 conditions	 in	 Sweden	 (BA,	 unpub-
lished data). Sexual reproduction under favourable environmental 
conditions in the parasitic stage of pathogens when hosts are not 
the constraining factor for nutrient has also been reported in other 
pathogens such as Zymoseptoria tritici	 (Hassine	 et	 al.,	 2019;	 Zhan	
et al., 1998) and Phaeosphaeria nodorum	(Sommerhalder	et	al.,	2011).

Global warming is expected to increase both temperature av-
erages	and	fluctuations	(Allen	et	al.,	2018).	We	show	that	the	pro-
jected maximum oospore production in P. infestans is positively 
associated with the projected optimum temperature and thermal 
breadth. These results not only further support our hypothesis that 
‘coldness’ is not necessarily the trigger for sexual reproduction in 
P. infestans but also suggest that the natural selection driven by the 
ongoing global warming may increase the representation of sexual 

offspring in P. infestans populations, thereby enhancing their abil-
ity to generate new genotypic variation for ecological adaptation 
(Runno-	Paurson	et	al.,	2022). This should be of particular concern 
for pathogenic fungi and oomycetes in which the coexistence of two 
counterpart	mating	types	spatially	and	temporally	is	not	required	for	
sexual	 reproduction	 (Zhu	 et	 al.,	2016).	Despite	 being	 classified	 as	
a	heterothallic	pathogen,	 self-	fertile	P. infestans has been reported 
in	many	countries	(Retes-	Manjarrez	et	al.,	2022; Smart et al., 2000) 
and even dominates in some surveys such as the places we collected 
samples	for	this	study	(Zhu	et	al.,	2016).

Interestingly,	although	the	analysis	of	variance	indicates	that	ad-
aptation	to	historical	temperature	(e.g.	altitudinal	effect)	contributes	
substantially to oospore production of the pathogen, similar pop-
ulation differentiation was found in oospore production measured 
by Qst and in the SSR markers measured by FST. Two events may 
explain the unexpected observations. First, the constant exchange 
of genetic material among pathogen populations at different alti-
tudes dilutes the genetic divergence otherwise built up by natural 
selection.	 In	addition,	the	higher	regions	receive	primary	 inoculum	
from lowlands each year. This upwards gene flow of the pathogen is 
common	in	Yunnan	(Yang	et	al.,	2022)	due	to	its	year-	round	potato	
production model. This type of gene flow has also been documented 
in other Phytophthora	species	(Jung	et	al.,	2017). However, this inter-
pretation contradicts our recent observations of genetic variation 
in an effector gene and UV adaptation of the pathogen, showing 

F I G U R E  4 Associations	of	
the estimated maximum oospore 
production with thermal biology of 
Phytophthora infestans:	(a)	estimated	
optimum	temperature	and	(b)	estimated	
temperature breadth.

TA B L E  3 Heritability	and	plasticity	of	oospore	production	
in the five Phytophthora infestans populations sampled along an 
altitudinal	gradient	(ranged	from	lowest	altitude	at	the	site	A	to	
highest	altitude	at	the	site	E)	of	the	Dongshan	Mountain	located	in	
Xuanwei,	Yunnan,	China.

Sites Heritability Plasticity P/Ha

A 0.041 0.831 20.46

B 0.022 0.702 32.42

C 0.062 0.746 12.00

D 0.007 0.734 99.11

E 0.021 0.705 33.86

Average 0.029 0.736 25.28

aRatio of plasticity to heritability.

TA B L E  4 Pairwise	comparison	between	population	
differentiation	in	SSR	marker	loci	(FST) and oospore production 
(QST) among P. infestans populations sampled from five altitudinal 
sites	(ranging	from	lowest	altitude	at	site	A	to	highest	altitude	at	
site	E)	along	the	Dongshan	Mountain	located	in	Xuanwei,	Yunnan,	
China.

Population A B C D E

A * 0.146 0.053 0.056 0.203

B 0.314 * 0.084 0.078 0.188

C 0.000 0.297 * 0.022 0.082

D 0.000 0.377 0.000 * 0.086

E 0.359 0.000 0.319 0.417 *

Note: Values above the diagonal are FST and values below the diagonal 
are QST.
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a	 clear	 pattern	of	 altitudinal	 distribution	 (Wang	et	 al.,	2021;	 Yang	
et al., 2022).	On	the	other	hand,	the	observed	pattern	of	altitudinal	
distribution in oospore production may be generated by the inter-
action	 between	 UV	 and	 thermal	 adaptation.	 It	 is	 widely	 believed	
that UV radiation induces sexual reproduction in mycelial pathogen 
(Palmer	et	al.,	2021).	As	altitude	 increases,	UV	 radiation	 increases	
but	air	temperature	decreases	(Blumthaler	et	al.,	1992).	At	high	alti-
tudes, higher UV radiation induces oospore production of the patho-
gen but lower temperatures reduce the production. The interactive 
effect between altitudes and temperatures may also explain the dif-
ferential response of altitude isolates to experimental temperature 
and the more important role of altitude–temperature than isolate–
temperature interaction in regulating oospore production.

5  |  CONCLUSION

We	find	both	historical	and	contemporary	temperatures	contribute	
to sexual reproduction of P. infestans.	We	also	find	that	P. infestans 
requires	 higher	 temperatures	 than	previous	 reports	 for	 sexual	 re-
production and could occur throughout potato production seasons 
due to the shared thermal profiles among oospore production, 
pathogen infection and potato growth. However, whether or not 
sexual reproduction will translate into epidemic risk depends on the 
germination	 and	 vitality	 of	 oospores	 produced	 and	 the	 trade-	offs	
between the gains/losses for pathogenicity and other ecological ad-
aptations	(Mariette	et	al.,	2016). Furthermore, the current result is 
derived from homothallic P. infestans.	Whether	the	oospore	produc-
tion pattern is also present in its heterothallic counterpart needs to 
be confirmed.
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