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I	ARA	SI	QUE	SI,	ACABO	DEDICANT	LA	MEVA	TESIS	AL	JAUMET,	SÉ	QUE	ALLÀ	ON	SIGUIS	
ESTARÀS	MOLT	ORGULLÓS	DE	MI!!			
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SUMMARY	
 

Sweet	 potato	 feathery	 mottle	 virus	 (SPFMV)	 (Potyvirus	 genus,	 Potyviridae	 family)	
causes	important	yield	losses	in	sweet	potato	crops,	in	particular	in	co-infections	with	
the	 unrelated	 crinivirus	 Sweet	 potato	 chlorotic	 stunt	 virus	 (SPCSV).	 This	 thesis	
addresses	the	characterization	of	some	novel	aspects	in	the	infectious	cycle	of	SPFMV,	
such	as	 the	expression,	production	and	 function	of	a	new	gene	product	named	P1N-
PISPO.	 A	 better	 understanding	 of	 SPFMV	 genome	 organization	 and	 the	 functions	 of	
their	 gene	products	might	 be	 relevant	 to	 improve	 the	 control	 strategies	 against	 this	
virus	and	the	associated	diseases	in	sweet	potato	crops.	
The	 positive-sense	 RNA	 genome	 of	 SPFMV	 contains	 a	 large	 ORF,	 translatable	 as	 a	
polyprotein	yielding	a	set	of	functional	mature	gene	products	(P1,	HCPro,	P3,	6K1,	CI,	
6K2,	VPg-NIa,	NIb	and	CP),	and	a	 short	ORF	named	PIPO	 in	 the	 -1	 frame,	embedded	
within	the	P3	region.	 In	addition	to	this	organization,	common	to	all	the	members	of	
the	Potyvirus	genus,	another	ORF	named	PISPO	was	predicted	in	the	genome.	PISPO	is	
in	the	-1	frame	within	the	P1	region	of	SPFMV	and	other	related	potyviruses,	starting	
at	 a	 conserved	 G1-2A6-7	 motif,	 similar	 to	 the	 motif	 found	 upstream	 of	 PIPO.	 The	
expression	of	PISPO	during	 SPFMV	viral	 infection	 could	 result	 in	 the	production	of	 a	
putative	new	gene	product	P1N-PISPO.	
In	 the	 present	 work,	 the	 presence	 of	 the	 PISPO	 frame	 has	 been	 investigated	 in	 a	
Spanish	 isolate	of	 SPFMV	 infecting	 Ipomoea	batata	 plants.	 The	genome	 sequence	of	
this	 isolate	 has	 been	 assembled	 from	 NGS	 data,	 showing	 that	 the	 expected	 trans-
framed	PISPO	sequences	is	present,	preceded	by	a	G2A6	motif.	A	specific	analysis	of	the	
NGS	 data	 has	 revealed	 a	 significant	 proportion	 of	 transcripts	with	 an	 extra	 A	 in	 the	
motif	at	 the	beginning	of	PISPO,	as	well	as	a	 lower	proportion	of	 transcripts	with	an	
extra	 in	 the	corresponding	conserved	motif	preceding	 the	PIPO	region.	These	 results	
have	demonstrated	that	a	polymerase	slippage	mechanism	could	generate	transcripts	
containing	extra	A	residues	(G2A7)	to	allow	the	translation	of	P1N-PISPO	and	P3N-PIPO	
gene	 products.	 Analysis	 of	 the	 viral	 gene	 products	 present	 in	 SPFMV	 infected	 plant	
tissues	has	been	performed	using	LC-MS/MS	after	separation	in	SDS-	PAGE,	focusing	in	
products		
>	50KDa.	Peptides	corresponding	to	the	P1	protein	have	been	detected	from	both	the	
N-terminal	 portion	 (11	 different	 peptides,	 39%	 coverage),	 before	 the	 frameshifting	
signal	 and	 therefore	 common	 for	 P1	 and	 P1N-PISPO,	 and	 in	 the	 C-	 terminal	 part	 (2	
peptides	 exclusive	 for	 P1,	 10%	 coverage).	 Interestingly,	 four	 peptides	 exclusive	 of	
PISPO,	 in	 its	unique	ORF	(21.3%	coverage),	have	been	also	found.	These	results	have	
confirmed	 that	both	products	P1	and	P1N-PISPO	are	expressed	and	coexisted	during	
SPFMV	 infection.	 Furthermore,	 transient	 expression	 of	 SPFMV	 gene	 products	
coagroinfiltrated	with	 a	 reporter	 gene	 in	Nicotiana	 benthamiana	 have	 revealed	 that	
P1N-PISPO	acts	as	an	RNA	silencing	suppressor,	a	role	normally	associated	with	HCPro	
in	 other	 potyviruses.	 Moreover,	 mutation	 of	 WG/GW	 motifs	 present	 in	 P1N-PISPO	



abolished	its	silencing	suppression	activity,	suggesting	that	the	function	might	require	
interaction	with	Argonaute	components	of	the	silencing	machinery,	as	was	shown	for	
other	viral	suppressors.	
Altogether,	 the	 results	 of	 this	 thesis	 have	 confirmed	 the	 expression	 of	 P1N-PISPO	
during	SPFMV	infection	and	they	have	revealed	a	polymerase	slippage	mechanism	as	
the	responsible	of	P1N-PISPO	production.	Our	results	also	have	demonstrated	the	role	
of	P1N-PISPO	as	a	RNA	silencing	suppressor.			

	 	



	

RESUM	
 
El	 virus	 Sweet	 potato	 feathery	 mottle	 virus	 (SPFMV)	 (Gènere	 Potyvirus,	 Família	
Potyviridae)	 és	 el	 causant	 de	 pèrdues	 importants	 en	 el	 rendiment	 de	 cultius	 de	
moniato,	 en	 particular	 quan	 es	 troba	 en	 co-infecció	 amb	 el	 crinivirus	 no	 relacionat	
Sweet	 potato	 chlorotic	 stunt	 virus	 (SPCSV).	 Aquesta	 tesis	 aborda	 la	 caracterització	
d’alguns	 aspectes	 innovadors	 del	 cicle	 infectiu	 SPFMV,	 tals	 com	 l’expressió,	 la	
producció	 i	 la	 funció	 d’un	 nou	 producte	 gènic	 anomenat	 P1N-PISPO.	 Avanços	 en	 el	
coneixement	de	l’organització	genòmica	i	les	funcions	dels	productes	gènics	de	SPFMV	
poden	ser	rellevants	per	tal	de	millorar	les	estratègies	de	control	contra	aquest	virus	i	
les	seves	malalties	associades	en	cultius	de	moniato.	
SPFMV	presenta	un	genoma	de	cadena	senzilla	i	positiva	de	RNA	que	conté	una	pauta	
de	 lectura	 oberta	 (ORF)	 llarga,	 traduïda	 com	 una	 poliproteïna	 que	 dóna	 lloc	 a	 un	
conjunt	de	productes	gènics	madurs	i	funcionals	(P1,	HCPro,	P3,	6K1,	CI,	6K2,	VPg-NIa,	
NIb	and	CP),	 i	una	ORF	molt	més	curta	anomenada	PIPO	que	es	troba	en	el	marc	de	
lectura	 -1	 de	 la	 regió	 P3	 de	 la	 poliproteïna.	 A	 més	 a	 més	 de	 presentar	 aquesta	
organització,	 comú	en	 tots	els	membres	del	gènere,	en	el	 seu	genoma	s’ha	observat	
una	ORF	addicional	anomenada	PISPO.	PISPO	es	troba	en	el	marc	de	lectura	-1	dins	de	
la	regió	gènica	de	la	P1	en	SPFMV	i	els	potyvirus	més	propers,	començant	en	el	motiu	
conservat	 G1-2A6-7	 i	 similar	 al	motiu	 d’inici	 de	 PIPO.	 La	 expressió	 de	 PISPO	 durant	 la	
infecció	del	virus	donaria	lloc	a	la	producció	del	hipotètic	producte	gènic	P1N-PISPO.	
En	aquest	treball,	la	presència	de	la	pauta	de	lectura	PISPO	ha	estat	investigada	en	un	
aïllat	 Espanyol	 de	 SPFMV	 que	 infectava	 plantes	 d’Ipomoea	 batata.	 La	 seqüència	
genòmica	d’aquest	aïllat	ha	esta	assemblada	a	partir	de	dades	obtingudes	mitjançant	
NGS,	mostrant	que	la	seqüencia	de	PISPO	és	present	i	precedida	per	un	motiu	G2A6.	Un	
anàlisis	 específic	 de	 les	 dades	 obtingudes	 per	 seqüenciació	 massiva,	 ha	 permès	
identificar	 una	 proporció	 significativa	 de	 transcrits	 que	 contenen	 una	 A	 extra	 en	 el	
motiu	 al	 començament	 de	 PISPO,	 així	 com	 una	 proporció	 menor	 de	 transcrits	 amb	
aquesta	 A	 extra	 en	 el	 corresponent	motiu	 conservat	 de	 PIPO.	 Aquests	 resultats	 han	
demostrat	que	un	mecanisme	d’edició	de	la	polimerasa	podria	generar	transcrits	amb	
residus	 A	 extra	 (G2A7),	 els	 quals	 permetrien	 la	 traducció	 dels	 productes	 gènics	 P1N-
PISPO	 i	 P3N-PIPO.	 L’anàlisi	 del	 productes	 gènics	 virals	 presents	 en	 teixits	 de	 plantes	
infectades	 amb	 SPFMV	 s’ha	 dut	 a	 terme	 mitjançant	 un	 experiment	 de	 LC-MS/MS	
focalitzat	 en	 els	 productes	 més	 grans	 a	 50	 kDa.	 Pèptids	 corresponents	 a	 la	 part	 N-
terminal	de	 la	proteïna	P1	(abans	del	motiu	d’edició)	han	estat	detectats	 (11	pèptids	
diferents,	 39%	 de	 cobertura),	 podent	 correspondre	 tant	 a	 P1	 com	 a	 P1N-PISPO.	 No	
obstant,	també	s’han	identificat	2	pèptids	exclusius	de	la	part	C-terminal	de	la	P1	(10%	
de	cobertura)	així	com	4	pèptids	exclusius	de	la	pauta	de	lectura	de	PISPO	(21,3%	de	
cobertura).	 Aquests	 resultats	 han	 confirmat	 que	 tant	 P1	 com	 P1N-PISPO	 són	
expressats	i	co-existeixen	durant	la	infecció	de	SPFMV.		



A	 més	 a	 més,	 l’expressió	 transitòria	 de	 productes	 gènics	 de	 SPFMV	 coagroinfiltrats	
amb	un	gen	reporter	en	Nicotiana	benthamiana	ha	revelat	que	P1N-PISPO	actua	com	a	
supressor	 de	 silenciament	 d’ARN,	 un	 rol	 associat	 normalment	 a	 HCPro	 en	 altres	
potyvirus.	Per	últim,	 la	mutació	de	motius	WG/GW	presents	en	P1N-PISPO	aboleix	 la	
seva	activitat	com	a	supressor,	suggerint	que	la	funció	pot	està	 lligada	a	 la	 interacció	
amb	 les	 proteïnes	 Argonauta	 de	 la	 maquinària	 de	 silenciament,	 tal	 i	 com	 passa	 en	
altres	supressors	virals.	
El	 conjunt	 de	 resultats	 d’aquesta	 tesis	 han	 permès	 confirmar	 la	 expressió	 de	 P1N-
PISPO	 durant	 la	 infecció	 de	 SPFMV	 i	 han	 revelat	 que	 un	 mecanisme	 d’edició	 de	 la	
polimerasa	és	el	responsable	de	la	seva	producció.	Per	últim	el	rol	de	P1N-PISPO	com	a	
supressor	del	silenciament	gènic	ha	estat	demostrat.	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	

RESUMEN	
 
El	 virus	 Sweet	 potato	 feathery	 mottle	 virus	 (SPFMV)	 (Género	 Potyvirus,	 Familia	
Potyviridae)	 causa	graves	daños	en	 los	cultivos	de	boniato,	especialmente	cuando	se	
encuentra	en	co-infección	con	el	crinivirus	no	relacionado	Sweet	potato	chlorotic	stunt	
virus	 (SPCSV).	Esta	tesis	aborda	 la	caracterización	de	algunos	aspectos	novedosos	del	
ciclo	 infectivo	 de	 SPFMV,	 tales	 como	 son	 su	 expresión,	 producción	 y	 	 función	de	un	
nuevo	 producto	 génico	 denominado	 P1N-PISPO.	 Avanzar	 en	 el	 conocimiento	 de	 la	
organización	genómica	y	 las	funciones	de	 los	productos	génicos	de	SPFMV	puede	ser	
relevante	para	mejorar	las	estrategias	de	control	contra	este	virus	y	sus	enfermedades	
asociadas	en	los	cultivos	de	boniato.	
SPFMV	es	 un	 virus	 de	ARN	de	 cadena	 sencilla	 y	 positiva	 que	 contiene	una	pauta	de	
lectura	 abierta	 (ORF),	 traducible	 en	 una	 poliproteína	 que	 da	 lugar	 a	 un	 conjunto	 de	
productos	 génicos	maduros	 y	 funcionales	 (P1,	 HCPro,	 P3,	 6K1,	 CI,	 6K2,	 VPg-NIa,	NIb	
and	CP),	y	una	ORF	mucho	más	corta	 llamada	PIPO	que	se	encuentra	en	el	marco	de	
lectura	-1	de	 la	región	P3	de	 la	poliproteína.	Además	de	presentar	esta	organización,	
común	 a	 todos	 los	 miembros	 del	 género,	 en	 su	 genoma	 se	 ha	 observado	 una	 ORF	
adicional	 llamada	 PISPO.	 PISPO	 se	 encuentra	 en	 el	marco	 de	 lectura	 -1	 en	 la	 región	
génica	de	la	P1	en	SPFMV	y	los	potyvirus	más	cercanos	a	él,	empezando	con	un	motivo	
G1-2A6-7	conservado	y	similar	al	motivo	con	que	comienza	PIPO.	La	expresión	de	PISPO	
durante	 la	 infección	 del	 virus	 daría	 lugar	 a	 la	 producción	 del	 hipotético	 producto	
génico	P1N-PISPO.	
En	este	trabajo,	la	presencia	de	la	pauta	de	lectura	PISPO	ha	estado	investigada	en	un	
aislado	 español	 de	 SPFMV	 que	 infectaba	 plantas	 de	 Ipomoea	 batata.	 La	 secuencia	
genómica	 de	 este	 aislado	ha	 sido	 ensamblada	 a	 partir	 de	 datos	 obtenidos	mediante	
NGS,	mostrando	que	la	secuencia	de	PISPO	ésta	presente	y	es	precedida	per	un	motivo	
G2A6.	Un	análisis	específico	de	les	datos	de	secuenciación,	ha	permitido	identificar	una	
proporción	 significativa	 de	 transcritos	 con	 una	 A	 extra	 en	 el	motivo	 al	 comienzo	 de	
PISPO,	así	como	una	proporción	menor	de	transcritos	de	PIPO	con	una	A	extra	en	el	
correspondiente	motivo	conservado	de	PIPO.	Estos	resultados	han	demostrado	que	un	
mecanismo	de	edición	de	la	polimerasa	podría	generar	transcritos	con	residuos	A	extra	
(G2A7),	permitiendo	 la	traducción	de	 los	productos	génicos	P1N-PISPO	y	P3N-PIPO.	El	
análisis	de	los	productos	génicos	virales	presentes	en	tejidos	de	plantas	infectadas	con	
SPFMV	se	ha	realizado	mediante	LC-MS/MS,	 focalizado	en	 los	productos	mayores	de	
50	 kDa.	 Se	 han	 detectado	 péptidos	 correspondientes	 a	 la	 parte	 N-terminal	 de	 la	
proteína	P1	(antes	del	motivo	de	edición)	(11	péptidos	diferentes,	39%	de	cobertura),	
los	cuales	pueden	corresponder	tanto	a	P1	como	a	P1N-PISPO.	No	obstante,	también	
se	 han	 identificado	 2	 péptidos	 exclusivos	 de	 la	 parte	 C-terminal	 de	 la	 P1	 (10%	 de	
cobertura)	 así	 cómo	 4	 péptidos	 exclusivos	 de	 la	 pauta	 de	 lectura	 PISPO	 (21,3%	 de	
cobertura).	 Estos	 resultados	 han	 confirmado	 que	 tanto	 P1	 cómo	 P1N-PISPO	 se	
expresan	y	co-existen	durante	la	infección	de	SPFMV.		



Además,	 la	 expresión	 transitoria	 de	 productos	 génicos	 de	 SPFMV	 coagroinfiltrados	
junto	 a	 un	 gen	 reportero	 en	 Nicotiana	 benthamiana	 han	 revelado	 que	 P1N-PISPO	
actúa	cómo	supresor	de	silenciamiento	de	ARN,	un	rol	asociado	normalmente	a	HCPro	
en	 otros	 potyvirus.	 Por	 último,	 la	mutación	 de	motivos	WG/GW	 presentes	 en	 P1N-
PISPO	 impide	que	desarrolle	su	actividad	supresora,	sugiriendo	que	 la	 función	puede	
estar	 relacionada	 con	 la	 interacción	 con	 proteínas	 Argonauta	 de	 la	 maquinaria	 de	
silenciamento,	así	como	ocurre	en	otros	supresores.	
El	conjunto	de	resultados	de	esta	tesis	han	permitido	confirmar	la	expresión	de	P1N-
PISPO	durante	la	infección	de	SPFMV	y	han	revelado	que	un	mecanismo	de	edición	de	
la	polimerasa	es	el	responsable	de	su	producción.	Por	último	se	ha	demostrado	el	rol	
de	P1N-PISPO	cómo		supresor	del	silenciamento	génico.	 	
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ABBREVIATIONS	
 

•      aa:	Aminoacid 

•      ACN:	Acetonitrile 

•      AGO:	Argonaute	protein 

•      bp:	Base	pair 

•      CI:	Cylindrical	inclusion 

•      CP:	Coat	protein 

•      d/mpai:	Days/Months	postagroinfiltration 

•      DCL:	Dicer	like	protein 

•      DNA:	Deoxyribonucleic	acid 

•      dsRNAs:	double-stranded	RNAs	 

•      DTT:	dithiothreitol 

•      EA:	East	African 

•      GFP:	Green	fluorescent	protein 

•      HCPro:	Helper	Component	Protease 

•      ICTV:	International	Committee	on	Taxonomy	of	Viruses	 

•      IgG:	Immunoglobulin	G 

•      Kb:	Kilo	Bases 

•      KDa:	Kilo	Daltons 

•      miRNA:	micro	RNA 

•      mRNA:	messenger	RNA 

•      MW:	Molecular	weight 

•      NCBI:	National	Center	for	Biotechnology	Information 

•      NGS:	Next	generation	sequencing	

• NIa:	Nuclear	inclusion	type	a 

• NIb:	Nuclear	inclusion	type	b 

•      nt:	Nucleotide 

•      O:	ordinary 

•      ORF:	Open	Reading	Frame 

•      P1:	Protein	P1 

•      P3:	Protein	P3 

•      PCR:	Polymerase	chain	reaction 

•      PIPO:	Pretty	Interesting	Potyviral	ORF 

•      PISPO:	Pretty	Interesting	Sweet	potato	Potyviral	ORF 

•      PTGS:	Post-transcriptional	gene	silencing	 

•      qRT-PCR:	Real	time	Reverse	transcription-Polymerase	chain		
						reaction 

•      RC:	Russet	crack 



•      RDR:	RNA-dependent	RNA	polymerase 

•      RISC:	RNA	induced	silencing	complexes	 

•      RITS:	RNA	induced	transcriptional	silencing 

•      RNA-seq:	RNA	sequencing 

•      RNA:	Ribonucleid	acid 

•      RNase:	Ribonuclease 

•      RSS:	RNA	silencing	suppressor 
•      RT:	Reverse	transcription 

•      SDS-PAGE:	Polyacrylamide	gel	electrophoresis	in	presence	of	SDS 

•      SPVD:	Sweet	potato	viral	disease	 

•      ssRNA:	single	stranded	RNA 

•      TGS:	Transcriptional	gene	silencing 

•      UV:	ultraviolet 

•      vasiRNAs:	virus-activated	small	interfering	RNAs	 

•      VPg:	Viral	protein	genome-linked 

•      VRCs:	Viral	replication	complexes	 

•      vsiRNAs:	viral	small	interferent	RNAs	 

•      WGE:	Wheat	germ	extract 

•      SPVD:	Sweet	potato	viral	disease	 

•      ssRNA:	single	stranded	RNA 

•      TGS:	Transcriptional	gene	silencing 

	

VIRUSES	MOST	CITED	(the	rest	of	viruses	are	listed	in	table	I3)	
	

• SPFMV:	Sweet	potato	feathery	mottle	virus	
• SPVG:	Sweet	potato	virus	G	
• SPVC:	Sweet	potato	virus	C	
• SPV2:	Sweet	potato	virus	2	
• SPMMV:	Sweet	potato	mild	mottle	virus	
• SPCSV:	Sweet	potato	chlorotic	stunt	virus	
• CVYV:	Cucumber	vein	yellowing	virus	
• PPV:	Plum	pox	virus	
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INTRODUCTION	

The	Potyviridae	family	

The	 family	 Potyviridae	 is	 the	 largest	 taxonomic	 group	 of	 plant-infecting	 viruses	with	
RNA	 genomes,	 and	 only	 second	 after	 the	 family	 Geminiviridae	 (DNA	 genomes).	 The	
Potyviridae	 family	 currently	 contains	 around	 180	 definite	members	 according	 to	 the	
International	 Committee	 on	 Taxonomy	 of	 Viruses	 (ICTV).	 In	 agriculture,	 several	
members	are	considered	relevant	plant	pathogens.	They	are	widespread	in	cultivated	
plants	and	lead	to	high	economical	losses	(Valli,	García,	and	López-Moya	2015).		

Potyviridae	 family	members	are	positive-strand	RNA	viruses	with	a	genome	structure	
similar	to	the	viruses	found	in	the	Picornavirales	order,	although	they	are	not	formally	
listed	in	this	order	(Le	Gall	et	al.	2008).	The	Potyviridae	family	is	divided	into	8	different	
genera,	which	groups	members	according	to	their	genome	organization,	the	sequence	
similarity	and	the	vector	responsible	for	their	natural	transmission	(Table	I1).	The	most	
abundant	genus	is	the	Potyvirus	one	that	contains	over	150	members,	while	the	other	
genera	 range	 from	 1-2-3	 members	 for	 Brambyvirus,	 Poacevirus	 and	 Rymovirus	
respectively,	to	6	members	for	the	rest	of	genera.		

Table	I1:	Genera	of	the	family	Potyviridae	

Genus1,	2	 Type	member	 Vector	type	 Genome	

Brambyvirus	 Blackberry	virus	Y	 Unknown	 Monopartite	

Ipomovirus	 Sweet	potato	mild	mottle	virus	 Whiteflies	 Monopartite	

Macluravirus	 Maclura	mosaic	virus	 Aphids	 Monopartite	

Potyvirus	 Potato	virus	Y	 Aphids	 Monopartite	

Rymovirus	 Ryegrass	mosaic	virus	 Mites	 Monopartite	

Tritimovirus	 Wheat	streak	mosaic	virus	 Mites	 Monopartite	

Poacevirus	 Triticum	mosaic	virus	 Mites	 Monopartite	

Bymovirus	 Barley	yellow	mosaic	virus	 Plasmodiophorids	 Bipartite	
1	Genera	 sharing	 the	 same	 genome	 organization	 and	 vector	 are	 separated	 by	 criteria	 depending	 on	
sequence	similarity.	
2	Data	from	ICTV,	release	2014	(http://www.ictvonline.org/virusTaxonomy.asp).	

Morphologically,	Potyviridae	virions	are	flexuous	and	filamentous	particles	composed	
by	 protein	 (about	 95%	 of	 the	 particle)	 and	 RNA	 (the	 remaining	 5%)	 (Fig.	 I1A).	 The	
physical	arrangement	of	the	components	in	the	particle	is	considered	to	derive	from	a	
single	copy	of	viral	RNA	surrounded	by	about	2000	units	of	coat	protein	(CP)	disposed	
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helicoidally,	and	with	the	minority	presence	of	other	viral	gene	products	(Gabrenaite-
Verkhovskaya	et	al.	2008;	Torrance	et	al.	2006).	 In	the	case	of	Bymovirus,	the	unique	
genus	with	a	bipartite	genome,	each	RNA	segment	is	separately	encapsidated	into	two	
different	virions	with	sizes	proportional	to	the	segment	lengths.	

A	 unique	 structural	 trait	 used	 for	 diagnosis	 and	 classification	 into	 the	 family	 is	 the	
presence	in	the	infected	cells	of	cytoplasmatic	inclusion	bodies,	known	as	“pinwheels”	
due	to	their	peculiar	morphology	(Fig.	I1B).		

	

	

	

	

	

	

Figure	I1:	Electron	microscopy	images	of	purified	virions	and	structures	present	in	plant	cells	infected	by	
Potyviruses.	A)	Negative	staining	of	a	purified	preparation	of	flexuous	virions	of	Tobacco	etch	virus	(TEV)	
B)	Presence	of	"pinwheel"	inclusions	in	the	cytoplasm	of	a	Nicotiana	benthamiana	cell	infected	by	Plum	
pox	 virus	 (PPV).	 Reproduced	with	 permission	 of	D.	 López-Abella,	 CIB-CSIC	 (Madrid,	 Spain).	 Bar	 equals	
200	nm.	

The	 genome	 organization	 of	 the	monopartite	members	 of	 the	 family	 is	 based	 on	 a	
unique	genomic	segment	of	positive-sense	single	stranded	RNA	with	a	length	from	8,2	
to	11	Kb.	The	5’	end	of	the	genomic	RNA	is	covalently	linked	to	a	VPg	protein	of	viral	
origin,	 and	 the	 3’	 end	 is	 polyadenylated.	 The	 RNA	 comprises	 a	 large	 Open	 Reading	
Frame	(ORF)	that	encodes	for	a	polyprotein	of	a	significant	size	(≈350	kDa),	flanked	by	
short	5'	and	3'	untranslated	regions.	Once	translated	during	the	infection	process,	the	
polyprotein	 is	 cleaved	 by	 at	 least	 three	 different	 endogenous	 viral	 proteinases,	
resulting	 into	 a	 set	 of	 mature	 and	 multifunctional	 proteins.	 At	 least	 ten	 different	
mature	gene	products	are	present	in	Potyvirus	members	(Fig.	I2A),	whereas	the	second	
gene	product	denominated	HCPro	can	be	either	absent	or	replaced	by	an	extra	P1-like	
proteinase	(P1b)	in	some	Ipomoviruses	(Fig.	I2B)	(Li	et	al.	2008;	Mbanzibwa	et	al.	2009;	
Valli	et	al.	2006).	Interestingly,	an	extra	gene	product	similar	to	host	pyrophosphatases	
has	 been	 found	 in	 some	 particular	 viruses	 (Mbanzibwa	 et	 al.	 2009).	 In	 the	 case	 of	
Bymoviruses,	 the	 genome	 is	 divided	 into	 two	 components	 encoding	 for	 two	
polyproteins.	 The	 first	 one	 contains	 two	 gene	 products	 denominated	 P2-1	 and	 P2-2	
(replacing	 the	 common	 P1	 and	 HCPro),	 and	 the	 other	 larger	 genome	 component	
encodes	 products	 similar	 to	 the	 rest	 of	 the	 common	 products	 in	 the	 polyprotein,	
starting	at	the	third	P3	protein	(Fig.	I2C).	Another	peculiarity	found	in	the	Brambyvirus	
type	virus	 is	 the	presence	of	an	AlkB	domain	within	 the	P1	 (Susaimuthu	et	al.	2008)	
Finally,	a	well-conserved	second	short	ORF	of	around	60	codons,	termed	PIPO	(Pretty	
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Interesting	Potyviral	ORF),	was	predicted	 to	be	 translated	as	 an	overlapping	product	
within	 the	 P3	 region	 in	 all	 members	 of	 the	 family,	 yielding	 a	 putative	 product	
combining	the	upstream	portion	of	P3	followed	by	the	frameshifted	PIPO	(P3N-PIPO).	
This	 additional	 gene	 product	 was	 found	 in	 plants	 infected	 with	 Turnip	 mosaic	 virus	
(TuMV)	(Chung	et	al.	2008).  

 

Figure	 I2:	 Scheme	 of	 Potyviridae	 genomic	 organizations.	 Boxes	 with	 names	 represent	 the	 different	
mature	 gene	 products.	 	 Triangles	 indicate	 the	 catalytic	 sites	 in	 the	 large	 polyprotein.	 A)	 Potyviruses	
present	a	single	and	positive-sense	RNA	strand	translated	into	a	polyprotein	with	10	+	1	proteins	(in	two	
frames,	 the	 large	 in	 the	 0	 frame	 and	 the	 PIPO	 region	 in	 the	 -1	 frame).	 B)	 Ipomoviruses	 genomic	
organization	presents	peculiarities	in	the	5'	end,	where	the	HCPro	is	absent	or	replaced	for	P1b,	and	the	
presence	of	an	additional	gene	product	Maf/HAM1	Pyrophosphatase	 in	CBSV.	C)	Bymoviruses	present	
two	 single	 and	 positive	 RNA	 strands	 translated	 into	 two	 polyproteins.	 Other	 minoritary	 presence	 of	
additional	gene	products	or	particular	domains	in	certain	individual	viruses	is	not	depicted	(see	text	for	
further	details).	
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Focusing	 in	 potyviruses,	 the	 mature	 proteins	 encoded	 in	 their	 genomes	 develop	
important	functions	during	the	different	steps	of	the	infection	cycle	(Fig.	I3)	(Ivanov	et	
al.	2014;	Riechmann,	Laín,	and	García	1992).	If	we	follow	the	natural	infection	process,	
first	the	flexuous	virions	are	inoculated	in	plant	cells	by	aphid	vectors,	in	a	process	in	
which	both	the	CP	and	the	HCPro	are	required	(Blanc	et	al.	1997;	Kassanis	and	Govier	
1971;	 López-Moya,	 Wang,	 and	 Pirone	 1999).	 Following	 virion	 uncoating	 in	 the	 cell,	
potyviral	RNA	should	be	translated	by	the	plant	machinery.	The	translated	polyprotein	
is	 subsequently	processed	by	 the	3	 viral	proteases;	P1	and	HCPro	are	able	 to	 cleave	
themselves	 at	 their	 respective	 C-terminus,	 and	 NIa	 processes	 the	 rest	 of	 proteins	
acting	both	in	cis	and	trans.	The	replication	step	leads	to	RNA	viral	amplification,	first	
synthesizing	 a	 negative	 strand	 to	 be	 used	 as	 template	 for	 asymmetrical	 synthesis	 of	
abundant	positive	sense	RNA	progenies.	The	synthesis	of	viral	RNAs	 is	carried	out	by	
the	RNA-dependent-RNA	polymerase	NIb	(Hong	and	Hunt	1996).	NIb	synthetizes	new	
RNA	strands	using	VPg	as	a	primer	and	being	helped	by	the	helicase	CI	that	is	able	to	
unwind	the	complementary	RNA	strands	(Laín	et	al.	1991;	Laín,	Riechmann,	and	García	
1990;	Puustinen	and	Mäkinen	2004).	Once	viral	RNA	is	released	from	viral	replication	
complexes	 (VRCs),	 it	 is	 exposed	 to	 degradation	 by	 the	 RNA	 silencing	 pathway.	 To	
protect	 the	 new	 RNA,	 HCPro	 can	 suppress	 the	 pathway	 (Kasschau	 and	 Carrington	
1998).	 In	 addition,	 VPg	 can	 act	 as	 an	 auxiliary	 factor	 during	 the	 suppression	 of	 the	
silencing	pathway	(Rajamäki	and	Valkonen	2009).	Although	the	specific	mechanism	for	
the	 cell-to-cell	 spread	 of	 potyviruses	 is	 not	 clear,	 the	 involvement	 of	 HCPro,	 P3N-
PISPO,	CI,	VPg	and	CP	in	their	movement	has	been	reported	(Gómez	de	Cedrón	et	al.	
2006;	Rojas	et	al.	1997;	Schaad,	Lellis,	and	Carrington	1997;	Wen	and	Hajimorad	2010).		
The	 translation	 of	 the	 new	RNA	by	 the	 plant	machinery	 is	 enhanced	 by	VPg	 and	 P1	
(Eskelin	et	al.	2011;	Martínez	and	Daròs	2014).	During	the	last	stages	of	the	infection,	
the	CP	is	indispensable	to	encapsidate	the	RNA	in	order	to	form	virions	(Voloudakis	et	
al.	2004).	Moreover,	CP	is	involved	in	viral	transmission	by	aphids,	together	with	HCPro	
as	mentioned	above.	

The	 interest	 to	 better	 understand	 the	 infectious	 cycle	 of	 Potyviruses	 has	 prompted	
numerous	works,	and	an	extensive	literature	is	being	published	every	year.	However,	
there	are	still	many	processes	not	fully	understood,	and	in	particular	some	peculiarities	
in	certain	virus	members	await	 to	be	addressed.	This	 is	 the	case	of	most	potyviruses	
that	infect	sweet	potato	plants	that	will	be	further	described	in	the	next	sections.	
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Figure	 I3:	 Schematic	 representation	of	 the	 involvement	of	 viral	 proteins	during	 the	main	 steps	 in	 the	
Potyvirus	infection	cycle.	

Sweet	potato	viruses	

Sweet	potato		
 
Sweet	 potato	 (Ipomoea	 batatas	 (L.)	 Lam)	 is	 one	 of	 the	 oldest	 domesticated	 crops.	
Some	 data	 suggest	 that	 it	might	 has	 been	 originated	 in	 the	 Americas	 from	 the	wild	
ancestor	I.	trífida	(Roullier	et	al.	2013;	Srisuwan,	Sihachakr,	and	Siljak-Yakovlev	2006).	
In	the	16th	century,	it	was	introduced	in	Europe	and	later	spread	to	Asia	(Loebenstein	
and	Thottappilly	2009).		
	
Taxonomically,	 I.	 batatas	 belongs	 to	 the	 genus	 Ipomoea	 within	 the	 Convolvulaceae	
family.	 Botanically,	 the	 plant	 is	 a	 herbaceous	 perennial	 vine	 with	 heart-shape	 or	
palmately-lobed	 simple	 leaves,	 sympetalous	 flowers	 and	 an	 edible	 tuberous	 root	
(Mohanraj	 and	 Sivasankar	 2014).	 This	 storage	 root	 has	 a	 smooth	 skin	 and	 its	 flesh	
colour	 can	 be	 white,	 red,	 pink,	 violet,	 yellow,	 orange,	 or	 purple	 (Mohanraj	 and	
Sivasankar	2014).	From	the	genetic	point	of	view,	sweet	potato	presents	a	 large	and	
hexaploid	 genome	 (Ozias-Akins	 and	 Jarret	 1994).	 Curiously,	 it	 has	 been	 recently	
reported	 as	 a	 natural	 transgenic	 plant,	 in	 view	 of	 the	 presence	 of	 A.	 tumefaciens	
regions	inserted	in	its	genome	(Kyndt	et	al.	2015).		
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From	the	agronomical	point	of	view,	sweet	potato	is	grown	as	an	annual	plant	mainly	
propagated	 by	 vegetative	means	 using	 stem	 cuttings	 or	 storage	 roots.	 It	 has	 a	 fast	
growing	 cycle,	 needs	 little	 care	 and	 presents	 tolerance	 to	 severe	 hot	 weather	
(Loebenstein	 and	 Thottappilly	 2009).	 Due	 to	 its	 easy	 management,	 sweet	 potato	 is	
among	the	major	food	crops,	especially	in	developing	countries.	According	to	FAOSFAT	
data,	 in	 2014	 the	 worldwide	 sweet	 potato	 production	 was	 104	 million	 tonnes.	 The	
main	producer	was	Asia	with	76%	of	 the	production	 followed	by	Africa	with	20%.	 In	
Figure	I4,	the	production	per	country	is	represented.	Sweet	potato	cultivation	is	poorly	
technified	in	developing	countries,	whereas	USA	is	one	of	the	few	countries	to	grow	it	
extensively	(Gibson	and	Kreuze	2014).		
																																																				

Figure	 I4:	 	 Representation	 of	 Sweet	 potato	 production	 worldwide.	 Data	 from	 FAOSFAT,	 2014	
(http://faostat3.fao.org/download/Q/QC/E).	Scale	in	tonnes.	

Sweet	potato	 is	mostly	used	 for	human	consumption	and	animal	 feeding.	 It	also	has	
potential	 to	 develop	 bio-processing	 products	 like	 bio-ethanol	 (El	 Sheikha	 and	 Ray	
2015).	 For	 humans,	 it	 is	 an	 important	 crop	 for	 food	 security	 and	 it	 is	 used	 as	 staple	
food	thanks	to	its	high	nutritional	value.	The	root	is	rich	in	carbohydrates,	dietary	fiber,	
vitamins	and	minerals	(Laurie	et	al.	2015).	Moreover,	the	high	beta-carotene	(vitamin	
A	 precursor)	 content	 of	 orange-fleshed	 roots	 converts	 this	 crop	 in	 a	 highly	 valuable	
mean	to	fight	malnutrition	and	vitamin	A	deficiency	(Burri	2011).	Finally,	sweet	potato	
possesses	 some	 pharmacological	 properties	 that	 can	 contribute	 to	 fight	 against	
important	diseases	such	as	ulcers,	diabetes	and	even	cancer	(Mohanraj	and	Sivasankar	
2014).			
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Viral	diseases	affecting	sweet	potato	crops	
 
Because	 sweet	 potato	 plants	 are	 vegetatively	 propagated	 in	 most	 cases,	 it	 is	 not	 a	
surprise	that	viruses	cause	the	principal	diseases	of	this	crop.	As	a	further	consequence	
of	this,	most	viruses	are	widespread	all	over	the	world,	being	found	frequently	in	every	
region.	The	recent	advances	in	molecular	techniques	have	allowed	to	identify	over	30	
different	sweet	potato	infecting	viruses	(Clark	et	al.	2012)	(Table	I2).	The	presence	of	
CMV,	a	virus	with	very	wide	host	range,	has	been	found	in	Egypt	and	Israel	(Clark	et	al.	
2012;	 Cohen	 and	 Loebenstein	 1991).	 Recently,	 several	 DNA	 viruses	 belonging	 to	
Geminiviridae	 and	 Caulimoviridae	 families	 have	 been	 identified	 (Kreuze	 et	 al.	 2009;	
Lotrakul	et	al.	2002;	Lozano	et	al.	2009;	De	Souza	and	Cuellar	2011).	However,	they	are	
mostly	symptomless	and	their	effects	on	growth	and	yield	are	in	many	cases	unknown.	
Another	 common	 family	 is	 the	Potyviridae	 one,	where	 the	potyvirus	 SPFMV	and	 the	
ipomovirus	 SPMMV	 are	 the	 most	 relevant	 viruses	 (Colinet,	 Kummert,	 and	 Lepoivre	
1996;	Liao	et	al.	1979;	Qin	et	al.	2013;	Untiveros,	Fuentes,	and	Kreuze	2008).	Finally,	
the	 crinivirus	 SPCSV	 is	 considered	 the	 most	 damaging	 virus	 of	 sweet	 potato	 when	
combined	 with	 other	 viruses,	 showing	 peculiar	 synergistic	 effects	 during	 mixed	
infections	 with	 unrelated	 viruses	 (Kreuze,	 Savenkov,	 and	 Valkonen	 2002;	 Mukasa,	
Rubaihayo,	 and	 Valkonen	 2006).	 	 In	 fact,	 and	 despite	 the	 rather	 long	 list	 of	 viruses	
infecting	sweet	potato	plants,	only	a	few	produce	important	economical	losses	in	this	
crop.	This	 is	 the	case	of	Sweet	potato	viral	disease	 (SPVD),	a	synergism	between	the	
crinivirus	SPCSV	and	the	potyvirus	SPFMV	(Gibson	et	al.	1998).	This	disease	has	been	
reported	that	can	cause	yield	 losses	of	up	80	to	90%	in	sweet	potato	fields	(Karyeija,	
Gibson,	and	Valkonen	1998).			
	
Nowadays,	 there	 are	 not	 control	 strategies	 adequate	 to	 eliminate	 completely	 viral	
infections	in	sweet	potatoes.	However,	some	management	approaches	are	carried	out	
in	fields	to	reduce	the	impact	of	viral	diseases:		

a) Sanitation	 and	 use	 of	 virus-free	 propagation	 materials,	 usually	 obtained	 by	
meristem-tip	 culture	 (Alconero	 et	 al.	 1975),	 coupled	 sometimes	 to	
thermotherapy	 treatments	 (Walkey	 and	 Cooper	 1975).	 Recently,	 a	 novel	
therapy	based	on	cryotherapy	of	shoot	 tips	has	been	 introduced	(Wang	et	al.	
2009).	Normally,	almost	virus-free	material	 is	obtained	with	these	treatments.	
However,	 they	are	expensive	and	the	plants	can	be	re-infected	once	they	are	
exposed	 to	 field	 conditions	 (Gibson	 and	 Kreuze	 2014).	 Although	 China	 and	
developed	 countries	 frequently	 tend	 to	 use	 virus-free	material	 to	 start	 their	
crops,	in	many	places	in	Africa	and	other	developing	countries	the	governments	
do	not	have	well-established	programs.	In	this	case,	even	if	farmers	intuitively	
try	 to	 select	 healthy-looking	 cuttings	 as	 a	 starting	 material,	 the	 presence	 of	
viruses	is	rather	frequent	(Clark	et	al.	2012).		
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b) Quarantine	programs	avoid	the	introduction	and	prevent	the	dissemination	of	
viruses	between	countries.	For	sweet	potato	viruses,	the	programs	adopted	are	
the	 Technical	 Guidelines	 for	 the	 Safe	Movement	 of	 Sweetpotato	 Germplasm	
(FAO	publication),	International	Board	for	Plant	Genetic	Resources	(IBPGR)	and	
CIP-Sweetpotato	 Action	 for	 Security	 and	 Health	 in	 Africa	 (SASHA)	 guidelines	
(Clark	et	al.	2012).		
	

c) Breeding	 programs.	 The	 search	 for	 cultivars	 with	 natural	 viral	 resistance	 has	
been	 especially	 focused	 in	 the	 causal	 agents	 of	 SPVD.	 For	 example,	 a	 sweet	
potato	 breeding	 program	 in	 Uganda	 have	 obtained	 different	 cultivars	 with	 a	
high	yield	and	SPVD	resistance	(Mwanga	et	al.	2003).	
	

d) Engineered	 resistance.	 Although	 some	 approaches	 have	 been	 adopted	 to	
obtain	transgenic	plants	with	viral	resistance,	the	partial	resistance	achieved	is	
in	most	cases	superated	in	fields	by	resistant-breaking	virus	strains	(Cipriani	et	
al.	2000;	Kreuze	et	al.	2008).	
	

Sweet	potato	viral	disease	(SPVD)	
 
As	aforementioned,	SPVD	is	the	most	important	viral	disease	of	sweet	potato,	resulting	
of	a	synergism	between	SPFMV	(Fam.	Potyviridae,	Genus	Potyvirus)	and	SPCSV	(Fam.	
Closteroviridae,	Genus	Crinivirus).	Sweet	potato	plants	infected	by	both	viruses	present	
severe	symptoms	characterized	by	leaf	distortion	and	crinkling,	general	chlorosis,	and	
severe	stunting	of	their	development.	As	a	consequence,	SPVD	causes	several	damage	
in	 sweetpotato	 crops	 and	 significantly	 reduces	 yield	 production	 (Gutiérrez,	 Fuentes,	
and	Salazar	2007).	
	
Usually,	Potyviruses	synergize	with	other	unrelated	viruses,	causing	an	increase	in	the	
viral	 titers	 of	 the	 unrelated	 virus,	most	 likely	 thanks	 to	 the	 effect	 on	 suppression	 of	
RNA	silencing	by	 the	potent	HCPro	protein	of	potyviruses	 (González-Jara	et	al.	2005;	
Pruss	et	al.	1997).	However,	in	the	SPVD	the	synergism	works	in	the	opposite	direction,	
being	the	potyvirus	partner	SPFMV	the	one	that	shows	tremendous	increases	in	titer,	
that	can	reach	up	to	a	600	fold	increase	in	accumulation	(Gibson	et	al.	1998;	Karyeija	
et	al.	2000).	Some	data	suggests	that	the	beneficial	effect	on	SPFMV	accumulation	 is	
due	to	the	action	of	the	SPCSV	RNase	III.	This	RNase	III	is	a	viral	product	with	nuclease	
activity,	able	to	cleave	viral	small	interfering	RNAs	(vsiRNAs)	in	order	to	suppress	RNA	
silencing	 (Cuellar	 et	 al.	 2009).	 Further	 or	 this,	 a	 similar	 kind	 of	 synergism	 has	 been	
reported	 between	 SPCSV	 and	 several	 other	 viruses	 like	 the	 ipomovirus	 SPMMV	 and	
even	 with	 sweet	 potato	 begomoviruses	 (Cuellar	 et	 al.	 2015;	 Mukasa	 et	 al.	 2006;	
Untiveros,	Fuentes,	and	Salazar	2007)	(Table	I2).	
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Table	I2:	Description	of	viruses	that	infect	sweet	potato	(Adaptation	of	Clark	et	al.	
2012)	

1(Untiveros	et	al.	2007)	2(Gibson	et	al.	1998)	3(Karyeija	et	al.	2000)	4(Kokkinos	and	Clark	2006)	5(Mukasa	et	al.	2006)	6(Cuellar	et	al.	
2015)	 Isolates	 with	 sequence	 similarity	 to	 these	 begomoviruses.	 7(Cuellar	 et	 al.	 2011)	 Members	 of	 the	 Cavemovirus	 genus.	
8(Cuellar	et	al.	2009)	

Family	 Genus	 Virus	 Acronym	 Vector	 Synergism	
with	SPCSV	

Bromoviridae	 Cucumovirus	 Cucumber	mosaic	virus	 CMV	 Aphid	 Yes1	

Potyviridae	 Potyvirus	 Sweet	potato	feathery	
mottle	virus	

SPFMV	 Aphid	 Yes2,	3	

Potyviridae	 Potyvirus	 Sweet	potato	latent	virus	 SPLV	 Aphid	 Yes1	

Potyviridae	 Potyvirus	 Sweet	potato	virus	2	 SPV2	 Aphid	 Yes4	

Potyviridae	 Potyvirus	 Sweet	potato	virus	C	 SPVC	 Aphid	 Yes4	

Potyviridae	 Potyvirus	 Sweet	potato	virus	G	 SPVG	 Aphid	 Yes4	

Potyviridae	 Potyvirus	 Sweet	potato	mild	speckling	
virus	

SPMSV	 Aphid	 Yes1	

Potyviridae	 	 Sweet	potato	vein	mosaic	
virus	

SPVMV	 Aphid	 	

Potyviridae	 Ipomovirus	 Sweet	potato	mild	mottle	
virus	

SPMMV	 Whitefly?	 Yes1,	5	

Potyviridae	 Ipomovirus	 Sweet	potato	yellow	darf	
virus	

SPYDV	 	 	

Closteroviridae	 Crinivirus	 Sweet	potato	chlorotic	stunt	
virus	

SPCSV	 Whitefly	 	

Geminiviridae	 Begomovirus	 Ipomoea	yellow	vein	virus	 IYVV	 Whitefly	 	
Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	virus		 SPLCV	 Whitefly	 Yes6	
Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	

Canary	virus		
SPLCCaV	 Whitefly	 	

Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	China	
virus		

SPLCV-CN	 	 	

Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	
Georgia	virus		

SPLCGV	 Whitefly	 Yes6	

Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	
Lanzarote	virus		

SPLCLaV	 Whitefly	 	

Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	Spain	
virus		

SPLCESV	 Whitefly	 	

Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	South	
Carolina	virus		

SPLCSCV	 Whitefly	 Yes6	

Geminiviridae	 Begomovirus	 Sweet	potato	leaf	curl	
Uganda	virus		

SPLCYV	 Whitefly	 	

Geminiviridae	 Begomovirus	 Sweet	potato	mosaic	
associated	virus	

SPMaV	 	 	

Geminiviridae	 Mastrevirus		
	

Sweet	potato	symptomless	
virus	1		

SPSMV-1	 	 	

Caulimoviridae		
	

Badnavirus	 Sweet	potato	papakuy	
virus=	Sweet	potato	
badnavirus	A/B		

SPPV	 	 	

Caulimoviridae		
	

Cavemovirus	 Sweet	potato	collusive	
virus=	Sweet	potato	
caulimo-like	virus	

SPCV	 	 Yes7	

Caulimoviridae		
	

Solendovirus	 Sweet	potato	vein	clearing	
virus		

SPVCV	 	 	

Flexiviridae	 Carlavirus	 Sweet	potato	chlorotic	fleck	
virus	

SPCFV	 	 Yes8	

Others	 Others	 Sweet	potato	virus	C-3	and	C-6,	Sweet	potato	chlorotic	fleck	virus,	
Sweet	potato	leaf	speckling	virus,	Sweet	potato	ringspot	virus	
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Sweet	potato	feathery	mottle	virus	(SPFMV)	
SPFMV	belongs	to	the	Potyvirus	genus.	It	has	been	found	infecting	sweet	potato	plants	
in	almost	all	regions	where	they	are	cultivated	(Clark	et	al.	2012).	The	first	reports	of	
the	presence	of	the	virus	dates	from	the	50s	in	East	African	countries	(Sheffield	1957).	
The	 host	 range	 of	 SPFMV	 seems	 to	 be	 limited	 to	 members	 of	 the	 Convolvulaceae	
family.	 Apart	 from	 sweet	 potato	 crops,	 a	 set	 of	 wild	 species	 has	 been	 identified	 as	
susceptible	 to	 the	 virus.	 These	 wild	 species	 may	 act	 as	 SPFMV	 reservoirs	 in	 Africa	
(Tugume,	 Mukasa,	 and	 Valkonen	 2008).	 Nicotiana	 benthamiana	 and	 Chenopodium	
quinoa	 can	 be	 used	 as	 experimental	 hosts.	 In	 single	 infections,	 SPFMV	 titers	 are	
generally	low,	and	the	virus	can	induce	only	mild	symptoms,	or	even	no	symptoms	at	
all,	affecting	more	severely	the	old	leaves,	and	only	in	some	specific	strains	can	affect	
also	 the	 roots	 (Clark	 et	 al.	 2013).	 Nevertheless,	 as	 it	 was	 mentioned	 above,	 the	
symptoms	are	exacerbated	greatly	when	SPFMV	is	in	co-infection	with	SPCSV.		SPFMV	
is	transmitted	by	different	aphids	in	a	non-persistent	manner,	requiring	short	periods	
of	time	for	acquisition	and	inoculation	(Sheffield	1957;	Stubbs	and	McLean	1958).	The	
aphids	 normally	 do	 not	 colonize	 sweet	 potato	 plants,	 and	 vector	 specificity	 exists	
between	 different	 SPFMV	 strains	 (Byamukama	 et	 al.	 2004;	Wosula,	 Clark,	 and	Davis	
2012).		
	
Initially,	SPFMV	isolates	were	grouped	into	4	different	strains:	East	African	(EA),	russet	
crack	(RC),	ordinary	(O)	and	common	(C)	(Kreuze	et	al.	2000).	Recently,	C	strains	have	
been	 reclassified	 as	 a	 new	 virus	 specie	 named	 SPVC	 (Untiveros,	 Quispe,	 and	 Kreuze	
2010).	 Together	 with	 SPFMV;	 SPVC,	 SPVG,	 SPV2	 are	 considered	 distinct	 potyviruses	
that	 share	 a	 high	 sequence	 homology.	 They	 have	 been	 proposed	 to	 comprise	 the	
separated	 SPFMV	 phylogenetic	 lineage	 (Li	 et	 al.	 2012;	 Untiveros	 et	 al.	 2008).	
Recombination	is	frequent	between	SPFMV	lineage	species,	as	well	as	between	SPFMV	
strains	(Tugume	et	al.	2010;	Untiveros	et	al.	2008).		
	
The	reference	genome	of	SPFMV	(NC_001841.1)	is	10820	nucleotides	long	with	an	ORF	
that	encodes	the	typical	potyviral	polyprotein:	P1	(74K),	HCPro	(52K),	P3	(46K),	6K1,	CI	
(72K),	 6K2,	NIa-VPg	 (22K),	 NIa-Pro	 (28K),	 NIb	 (60K)	 and	 CP	 (35K)	 (Sakai	 et	 al.	 1997).		
The	P1	region	has	664	amino	acid	residues,	resulting	in	one	of	the	largest	proteins	in	
the	Potyvirus	genus,	only	superated	by	similar	products	in	the	ipomovirus	SPMMV	and	
the	 brambyvirus	 BVY.	 While	 the	 C-terminal	 part	 of	 P1	 (P1-C)	 is	 similar	 to	 other	
potyviruses,	 the	 N-terminal	 part	 (P1-N)	 only	 shows	 homology	 with	 the	 P1-N	 of	 the	
ipomovirus	SPMMV	(Untiveros	et	al.	2010).	This	similarity	has	been	also	confirmed	in	
the	 other	 members	 of	 SPFMV-lineage,	 whereas	 this	 “unique”	 P1-N	 is	 not	 found	 in	
other	sweet	potato	potyvirus	such	as	SPLV	(Clark	et	al.	2012;	Li	et	al.	2012;	Wang	et	al.	
2013).	 Furthermore,	 a	 new	 overlapping	 short	 ORF	 termed	 PISPO	 (Pretty	 Interesting	
Sweet	 potato	 Potyviral	 ORF)	 was	 predicted	 by	 bioinformatic	 analysis	 within	 the	 P1-
coding	 sequence	 of	 a	 few	 members	 of	 the	 Potyvirus	 genus,	 all	 related	 to	 SPFMV,	
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including	SPVG	and	SPV2,	with	the	notable	exception	of	SPLV	(Clark	et	al.	2012;	Li	et	al.	
2012;	Wang	et	al.	 2013).	 In	 the	 reference	genome	of	 SPFMV,	 the	PISPO	sequence	 is	
nested	 in	 the	 -1	 frame	 (relative	 to	 the	polyprotein	ORF)	within	 the	P1-coding	 region	
(positions	118	to	2109),	which	corresponds	to	the	first	N-terminal	gene	product	of	the	
large	 polyprotein	 (ORF	 from	 position	 118	 to	 10599).	 The	 PISPO	 sequence	 begins	 at	
position	1382	and	spans	690	nucleotides	from	the	GGAAAAAA	(G2A6)	motif.	This	motif	
is	identical	to	the	conserved	consensus	sequence	for	the	PIPO	frameshifting,	which	in	
SPFMV	gives	rise	to	a	shorter	coding	sequence,	also	in	the	-1	frame	(Fig.	I5).	
	

	
Figure	 I5:	 Genomic	 organization	 of	 the	 SPFMV	 genome	 with	 the	 three	 ORFs	 corresponding	 to	 the	
polyprotein,	PISPO,	and	PIPO	depicted	as	boxes	(details	of	the	conserved	G2A6	motifs	are	shown).	Boxes	
with	names	represent	the	different	gene	products.			
	
P1	 of	 SPMMV	 has	 been	 characterized	 as	 a	 silencing	 suppressor.	 Actually,	 the	
suppressor	activity	was	associated	to	the	presence	in	the	N-terminal	part	of	3	WG/GW	
motifs	 that	mediate	 the	 interaction	with	 Argonaute	 1	 (AGO1)	 (Giner	 et	 al.	 2010).	 A	
later	 report	 showed	 that	 SPFMV	 P1,	 which	 contains	 less	WG/GW	 in	 the	 N-terminal	
part,	lacked	silencing	suppressor	activity	but	it	could	be	transformed	into	a	RSS	by	the	
introduction	of	two	extra	WG/GW	motifs	(Szabó	et	al.	2012).	Curiously,	the	translation	
of	PISPO	would	provide	extra	WG/GW	motifs	 to	the	alternative	trans-frame	product,	
as	noted	by	the	authors	that	proposed	its	presence	(Clark	et	al.	2012;	Li	et	al.	2012).		
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Expression	of	viral	overlapping	reading	frames	

The	 size	 of	 viral	 genomes	 is	 considered	 limited	 by	 different	 constraints,	 such	 as	 the	
volume	available	in	viral	particles,	and	other	considerations	of	efficiency	and	economy	
of	 resources.	 Consequently,	 viruses	 are	 under	 strong	 selective	 pressure	 to	 optimize	
their	 coding	 capacity	 in	 their	 small	 genomes.	 To	 achieve	 this,	 viruses	 often	 use	
overlapping	 reading	 frames	 to	 express	 multiple	 proteins	 from	 a	 single	 nucleic	 acid	
sequence.	Two	different	mechanisms	have	been	proposed	to	change	the	ORF	and	to	
express	 trans-framed	 proteins	 overlapping	 in	 the	 genome.	 While	 Ribosomal	
frameshifting	occurs	 at	 translational	 level	 (Fig.	 I6A),	 Polymerase	 slippage	 takes	place	
during	transcription	(Fig.	I6B).	
	
Ribosomal	 frameshifting	 (RF)	 consists	 in	 redirecting	 the	 ribosomes	 to	 shift	 into	 an	
alternative	reading	frame	in	the	5’	(-1	frameshifting)	or	3’	(+1	frameshifting)	positions	
relative	to	the	main	ORF,	resulting	in	the	translation	of	trans-framed	proteins	(Dinman	
2012).	 The	 elements	 required	 for	 an	 efficient	 -1	 RF	 are:	 a	 slippery	 site	 where	 the	
ribosome	shifts,	a	downstream	stimulatory	structure	and	a	short	sequence	(<12nt)	to	
create	 space	 between	 them	 (Firth	 and	 Brierley	 2012).	 In	 viruses,	 the	 slippery	 site	 is	
often	a	heptameric	motif	with	X_XXY_YYZ	sequence(Brierley,	Jenner,	and	Inglis	1992).	
The	 stimulatory	 structure,	usually	 an	mRNA	pseudoknot,	provides	a	barrier	 to	pause	
ribosomes	and	tRNAs	over	the	slippery	site	(Giedroc	and	Cornish	2009).	The	-1	RF	has		
been	identified	in	several	animal	viruses	as	well	as	in	positive	strand	RNA	plant	viruses	
(Barry	and	Miller	2002;	Brierley	et	al.	1992;	Jacks	et	al.	1988).		On	the	other	hand,	the	
+1	RF	is	not	so	common	and	its	mechanism	is	 less	understood.	Some	reports	suggest	
that	+1	RF	is	stimulated	by	the	presence	of	rare	codons	that	cause	a	pause	in	decoding,	
slowing	down	the	speed	of	 translation	allowing	 the	ribosomal	 frameshifting	 (Dinman	
2012).	Only	 a	 few	 cases	 have	been	 reported	 for	 +1	RF	 in	 viruses	 (Auzat	 et	 al.	 2008;	
Jagger	et	al.	2012).	
	
Polymerase	slippage	results	in	the	synthesis	of	a	heterogeneous	RNA	population.		The	
polymerase	 slips	 in	 a	 region	 of	 repeated	 nucleotides,	 preferentially	 ‘A’s	 or	 ‘U’s,	
introducing	extra	nucleotides	or	deleting	them	in	just	a	portion	of	RNA	transcripts.		In	
viruses,	 this	 mechanism	 leads	 to	 the	 translation	 of	 different	 proteins	 with	 different	
proportions	from	a	given	RNA	(Baranov	et	al.	2005).	Monopartite	negative-strand	RNA	
viruses	 from	 Paramyxovirinae	 subfamily	 use	 this	 strategy	 to	 introduce	 one	 or	more	
extra	 Gs	 at	 the	 3ʹ-UnCm-5ʹ	 specific	 site	 of	 phosphoprotein	 mRNA	 (Kolakofsky	 et	 al.	
2005).	Polymerase	slippage	has	been	also	well	characterized	 in	RNA	viruses	affecting	
mammals	 such	 Ebolavirus	 (EBOV)	 (Shabman	 et	 al.	 2014;	 Volchkov	 et	 al.	 1995)	 or	
Hepatitis	 C	 virus	 (HCV)	 (Ratinier	 et	 al.	 2008),	where	 extra	 ‘A’s	 are	 inserted	 in	motifs	
with	repeated	‘A’s.	
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Figure	I6:	Mechanism	to	express	trans-framed	proteins	from	overlapping	reading	frames.	A)	Ribosomal	
frameshifting	B)	Polymerase	slippage.	Pictures	from	Viral	Zone	web	http://viralzone.expasy.org).	

When	 the	work	 of	 this	 thesis	was	 initiated,	 the	mechanism	 leading	 to	 expression	of	
trans-frame	 ORFs	 in	 potyviruses	 was	 unknown,	 and	 the	 two	 alternatives	 (ribosomal	
frameshifting	or	polymerase	slippage)	were	mentioned	as	equally	possible	in	the	paper	
describing	the	presence	of	P3N-PIPO	during	TuMV	infection	(Chung	et	al.	2008).	
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Induction	and	suppression	of	silencing	by	plant	
viruses	

RNA	 silencing	 refers	 to	 an	 evolutionary	 conserved	 system	 that	 controls	 gene	
expression	through	sequence-specific	RNA	neutralization	by	smallRNAs.	This	system	is	
present	 in	most	 eukaryotic	 organisms,	 playing	 important	 roles	 in	 different	 biological	
processes	such	as	development	genome	integrity	and	host	defence	against	viruses	and	
transposons	(Valli,	López-Moya,	and	García	2009;	Vargason,	Burch,	and	Wilson	2013).	
	
The	 antiviral	 function	 of	 RNA	 silencing	 was	 discovered	 in	 plants	 (Hamilton	 and	
Baulcombe	1999),	but	it	is	also	present	in	insects	(Li,	Li,	and	Ding	2002),	nematodes	(Lu	
et	 al.	 2005;	 Wilkins	 et	 al.	 2005),	 fungi	 (Segers	 et	 al.	 2007),	 and	 under	 certain	
circumstances	 it	 has	 been	 also	 proposed	 in	mammals	 (Li	 et	 al.	 2013;	Maillard	 et	 al.	
2013).	 This	 defensive	 strategy	 relies	 on	 the	 accumulation	 of	 viral	 small	 interference	
RNAs	(vsiRNAs)	originated	from	the	 infecting	virus,	which	have	the	ability	to	degrade	
the	 complementary	 viral	 RNA	 (Valli	 et	 al.	 2009).	 Viruses,	 in	 turn,	 have	 developed	 a	
counter-defensive	strategy	based	on	viral	suppressors	of	RNA	silencing	(RSSs)	able	to	
block	or	interfere	with	the	host-silencing	pathway	(Csorba,	Kontra,	and	Burgyán	2015). 
 
This	part	of	the	introduction	is	focussed	on	plant	viruses,	providing	an	overview	of	the	
plant	 antiviral	 silencing	 pathway	 and	 summarizing	 the	 current	 knowledge	 about	 the	
viral	strategies	used	to	overcome	this	defence	strategy	during	their	infectious	cycles.	
 
Antiviral	RNA	silencing	pathway	in	plants	
 
All	 RNA	 silencing	pathways,	 including	 the	 antiviral	 one,	 share	 a	 core	machinery	with	
several	 essential	 components,	 with	 their	 actions	 being	 triggered	 by	 the	 presence	 of	
double-stranded	RNAs	(dsRNAs)	precursors.	These	dsRNAs	are	processed	by	RNase	III-
like	 enzymes	 belonging	 to	 the	 Dicer	 family	 (DCLs)	 that	 produce	 short	 RNA	 duplexes	
(21-24	 nt).	 Moreover,	 a	 second	 round	 of	 these	 duplexes	 might	 derive	 from	 new	
dsRNAs,	synthetized	by	RNA-dependent	RNA	polymerases	(RDRs).	The	processed	sRNA	
duplexes	are	recruited	by	Argonaute	proteins	(AGOs),	assembling	into	complexes	able	
to	target	complementary	RNA/DNA	sequences	by	different	mechanisms	(Bologna	and	
Voinnet	2014).	 Figure	 I7	 shows	a	 schematic	 view	of	 the	plant	antiviral	RNA	silencing	
pathway	and	its	components.		
	
The	core	components	of	the	silencing	machinery	are	DCL,	RDR	and	AGO	proteins,	with	
some	accessory	factors	participating	as	well.	In	the	model	plant	Arabidopsis	thaliana,	4	
DCLs,	 10	 AGOs	 and	 6	 RDRs	 are	 present	 in	 the	 genome	 and	 they	 play	 roles	 in	 the	
different	pathways	 in	a	specific	or	 redundant	way	 (Csorba	et	al.	2015).	Next,	we	will	
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detail	the	roles	of	these	that	are	involved	in	the	different	phases	of	antiviral	silencing	
pathway.	

	

Figure	 I7:	 Schematic	 representation	 of	 the	 antiviral	 silencing	 pathway	 in	 plant	 cells.	 The	 main	
components	involved	in	the	different	steps	of	the	general	pathway	are	represented,	as	well	as	some	of	
their	predicted	functions	against	RNA	and	DNA	plant	viruses.	
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vsiRNAs	biogenesis	

The	biogenesis	of	viral	small	RNAs	(vsiRNAs)	is	analogous	to	that	of	endogenous	plant	
small	RNAs,	consisting	in	two	well-differentiated	phases.	The	initiation	phase	gives	rise	
to	the	production	of	primary	vsiRNAs	through	DCLs	action.	After	viral	replication,	the	
amplification	 phase,	 mediated	 by	 RDRs	 and	 DCLs	 enzymes,	 result	 in	 a	 secondary	
production	of	vsiRNAs	(Zhang	et	al.	2015).		

Initiation	phase	(DCLs,	recognition	and	processing)	
 
Upon	virus	infection,	viral	dsRNA	molecules	are	present	in	the	infected	cell	and	can	be	
used	as	a	source	substrate	for	DCLs	to	generate	primary	vsiRNAs.	In	the	case	of	single	
positive	 strand	 RNA	 (+ssRNA)	 viruses	 the	 origin	 of	 dsRNAs	 could	 rely	 on	 replicative	
intermediates	(Ahlquist	2002),	and	also	most	likely	in	highly	specific	folded	regions	of	
the	viral	RNA	(Donaire	et	al.	2008,	2009;	Molnár	et	al.	2005;	Szittya	et	al.	2010;	Xu	et	
al.	2012).	For	DNA	viruses,	dsRNAs	might	have	their	origin	in	overlapping	bidirectional	
transcripts	(Aregger	et	al.	2012;	Chellappan	et	al.	2004),	or	in	highly	structured	regions,	
as	in	the	case	of	the	35S	major	RNA	transcript	of	Cauliflower	mosaic	virus	(Blevins	et	al.	
2011).		

DCLs,	helped	by	Double-stranded	RNA	binding	proteins	(DBRs),	recognize	viral	dsRNAs	
in	 a	 hierarchical	 manner	 and	 process	 them	 into	 vsiRNAs	 of	 different	 lengths	 (DCL4	
mainly	produces	siRNAs	of	21	nt,	DCL2	of	22nt,	and	DCL3	of	24	nt)	(Zhang	et	al.	2015).	
During	 infections	 of	 viruses	 with	 +ssRNA	 genomes,	 DCL4	 appears	 to	 be	 the	 main	
producer	of	vsiRNAs,	whereas	DCL2	can	 replace	DCL4	when	 its	activity	 is	 reduced	or	
suppressed	(Bouché	et	al.	2006;	Deleris	et	al.	2006;	Du	et	al.	2007;	Fusaro	et	al.	2006;	
Garcia-Ruiz	 et	 al.	 2010;	 Qu,	 Ye,	 and	 Morris	 2008).	 Furthermore,	 DCL2	 can	 be	 the	
responsible	 of	 vsiRNAs	 generation	 from	 specific	 viral	 regions	 (Donaire	 et	 al.	 2008).	
Although	 DCL3	 can	 act	 in	 some	 particular	 cases,	 its	 role	 seems	 to	 be	 less	 relevant	
(Azevedo	 et	 al.	 2010;	Diaz-Pendon	 et	 al.	 2007;	Donaire	 et	 al.	 2008;	Qu	 et	 al.	 2008).	
Finally,	DCL1	can	act	as	negative	regulator	of	DCL3	and	DCL4	expression,	repressing	the	
antiviral	silencing	response	(Qu	et	al.	2008).	Regarding	viruses	with	DNA	genomes,	all	
four	 DCLs	 seem	 to	 be	 involved	 in	 the	 vsiRNA	 production.	 DCL2,	 DCL3	 and	 DCL4	 are	
direct	 generators	 of	 siRNAs,	 whereas	 DCL1	 can	 only	 process	 viral	 dsRNAs	 in	 some	
particular	cases.	Moreover,	DCL1	can	play	an	additional	role,	facilitating	the	other	DCLs	
tasks	(Akbergenov	et	al.	2006;	Aregger	et	al.	2012;	Blevins	et	al.	2006).		
	
Others	actors	are	 involved	 in	vsiRNAs	production.	The	 interaction	between	DCLs	and	
DBRs	enzymes	 is	necessary	 to	 reach	an	optimal	production.	The	DBR4/DCL4	pair	has	
been	reported	in	infections	of	both	DNA/RNA	viruses	(Haas	et	al.	2008;	Qu	et	al.	2008) 
and	the	cooperation	of	DBR3	with	DCL3	seems	to	be	relevant	during	the	geminiviruses	
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genome	 methylation	 (Raja	 et	 al.	 2014).	 Interestingly,	 a	 recent	 report	 suggests	 a	
possible	role	of	Rnase	three-like	1	(RTL1)	enzyme	during	the	 initiation	phase.	RTL1,	a	
RNase-III	 enzyme	 without	 DCL-specific	 domains,	 could	 act	 degrading	 dsRNA	
intermediates	of	viral	replication	(Shamandi	et	al.	2015).	
	
Once	 vsiRNAs	 are	 generated,	 HUA	 enhancer	 1	 (HEN	 1)	 is	 the	 responsible	 of	 their	
methylation	and	 stabilization	at	 their	 3’	 end	 (Blevins	 et	 al.	 2006;	Boutet	 et	 al.	 2003;	
Lózsa	 et	 al.	 2008;	 Zhang	 et	 al.	 2012).	 Then,	 they	 will	 trigger	 one	 of	 two	 different	
silencing	 responses.	 The	 vsiRNAs	 produced	 by	 DCL2	 and	 DCL4	 will	 lead	 a	 Post-
transcriptional	 gene	 silencing	 (PTGS)	 response,	 whereas	 vsiRNAs	 derived	 from	 DCL3	
are	 involved	 in	 Transcriptional	 gene	 silencing	 (TGS)	 (Raja,	 Wolf,	 and	 Bisaro	 2010;	
Rodríguez-Negrete,	Carrillo-Tripp,	and	Rivera-Bustamante	2009).	

Amplification	phase	(RDRs	+	DCLs)	
 
During	 the	amplification	phase,	plant	RDRs	polymerases	 trigger	 the	synthesis	of	viral	
dsRNAs	 precursors,	 which	 will	 act	 as	 a	 DCLs	 substrates	 for	 the	 secondary	 vsiRNAs	
production	(Zhang	et	al.	2015).		
	
To	generate	viral	dsRNAs	precursors,	RDRs	used	as	template	aberrant	viral	RNAs	that	
lacked	 features	 like	 the	 5’	 cap	 or	 the	 polyA	 tail	 (Donaire	 et	 al.	 2008;	 Gazzani	 et	 al.	
2004;	Luo	and	Chen	2007;	Moreno	et	al.	2013;	Voinnet	2008).	Some	reports	suggest	
that	aberrant	RNAs	come	 from	cleaved	viral	 fragments,	 targeted	by	primary	vsiRNAs	
loaded	 in	AGO	proteins	 (Mallory	and	Vaucheret	2009;	Moissiard	et	al.	2007).	On	 the	
other	 hand,	 primary	 vsiRNAs	 could	 be	 acting	 as	 primers	 in	 the	 amplification	 event	
(Moissiard	et	al.	2007).		In	RNA	viruses,	it	has	been	well	demonstrated	the	implication	
of	RDR1,	RDR2	and	RDR6	in	the	amplification	(Diaz-Pendon	et	al.	2007;	Donaire	et	al.	
2008;	 Garcia-Ruiz	 et	 al.	 2010;	 Lee	 et	 al.	 2016;	 Qu	 et	 al.	 2008;	 Schwach	 et	 al.	 2005;	
Wang	et	al.	2010;	Xie	et	al.	2001;	Yu	et	al.	2003),	whereas	in	DNA	viruses	it	seems	that		
viral	 transcripts	 appear	 to	 be	 poor	 templates	 for	 RDRs	 (Aregger	 et	 al.	 2012).	 The	
efficient	action	of	RDRs	requires	interaction	with	cofactors	such	as	trafficking	proteins	
(SDE3,	SDE5)	and	blockers	of	RNA	degradation	(SGS3)	(Dalmay	et	al.	2001;	Kumakura	
et	al.	2009;	Mourrain	et	al.	2000;	Wang	et	al.	2011).	Afterwards,	DCL4	and	DCL2	might	
process	 these	 dsRNAs,	 generating	 a	 batch	 of	 secondary	 vsiRNAs	 (Parent	 et	 al.	 2015;	
Wang	et	al.	2010).		
	
From	 the	 point	 of	 view	 of	 biological	 relevance,	 it	 is	 thought	 that	 the	 amplification	
phase	 might	 lead	 to	 a	 systemic	 response,	 immunizing	 non-infected	 tissues	 and	
therefore	 preventing	 the	 spread	 of	 the	 infection	 (Qu	 et	 al.	 2005;	 Ruiz-Ferrer	 and	
Voinnet	2009;	Schwach	et	al.	2005).	
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Effector	phase	(AGOs	+	RISC	complex)	

DCLs	action	has	an	impact	 in	the	directly	degradation	of	viral	RNAs,	thus	the	vsiRNAs	
produced	 are	 required	 to	 develop	 the	 effector	 phase	 and	 avoid	 the	 spread	 of	 the	
infection	(Carbonell	and	Carrington	2015;	Valli	et	al.	2009).	During	the	effector	phase,	
a	vsiRNA	strand	 is	 loaded	 into	an	Argonaute	protein.	The	5'	 terminal	nucleotides	and	
thermodynamical	properties	of	 the	siRNA	duplex	appear	to	determine	the	 loading	of	
the	guide	strand	into	an	specific	Argonaute	(Mi	et	al.	2008;	Schuck	et	al.	2013;	Schwarz	
et	al.	2003).	The	RISC	activated	complexes	generated	are	able	to	target	for	degradation	
and/or	silence	the	translation	of	the	viral	complementary	RNA	in	a	sequence	specific	
manner	(Carbonell	and	Carrington	2015).	
	
RNA	induced	silencing	complexes	(RISCs)	mediate	a	post-transcriptional	gene	silencing	
(PTGS)	response	through	endonucleotydic	cleavage	(slicing)	or	translational	repression	
of	RNA	(Martínez	de	Alba,	Elvira-Matelot,	and	Vaucheret	2013).	In	plants,	the	slicing	of	
viral	RNAs	 seems	 to	be	 the	main	PTGS	mechanism,	whereas	 translational	 repression	
has	 been	 reported	 only	 in	 the	 AGO1	 silencing	 response	 against	 ToRSV,	 and	 also	
suggested	in	potyviral	infections	(Ghoshal	and	Sanfaçon	2014;	Ivanov	et	al.	2016).	The	
capacity	 to	 recruit	 vsiRNAs	 has	 been	 reported	 for	 Arabidopsis	 AGO1,	 AGO2,	 AGO5,	
AGO7	and	AGO10	 (Carbonell,	Fahlgren,	et	al.	2012;	Garcia-Ruiz	et	al.	2015;	Qu	et	al.	
2008;	Takeda	et	al.	2008)	and	rice	AGO1	and	AGO18	(Du	et	al.	2011	a;	Wu	et	al.	2015).	
AGO1	 has	 been	 described	 as	 the	 main	 antiviral	 slicer	 against	 many	 RNA	 viruses	
(Carbonell,	Fahlgren,	et	al.	2012;	Morel	et	al.	2002;	Qu	et	al.	2008;	Wang	et	al.	2011),	
being	 itself	controlled	by	the	action	of	miR168	(Rhoades	et	al.	2002;	Vaucheret	et	al.	
2004).	Although	AGO2	acts	as	a	second	antiviral	layer	in	the	absence	of	AGO1,	recent	
observations	have	confirmed	that	AGO2	can	adopt	the	role	of	the	main	slicer	in	viruses	
where	AGO1	activity	is	compromised	(Garcia-Ruiz	et	al.	2015;	Harvey	et	al.	2011;	Ma	et	
al.	 2015;	 Scholthof	 et	 al.	 2011;	 Wang	 et	 al.	 2011;	 Zhang	 et	 al.	 2012).	 The	 other	
Argonaut	 proteins	 (AGO5,	 AGO7	 and	 AGO10)	 contribute	 to	 the	 antiviral	 defence	 as	
minor	players.	For	example,	AGO7	targets	less	structured	RNAs	than	AGO1,	AGO5	can	
restrict	specifically	PVX	infection	and	AGO10	can	act	in	some	specific	tissues	(Brosseau	
and	Moffett	2015;	Garcia-Ruiz	et	al.	 2015;	Qu	et	al.	 2008).	 Taken	all	 together,	 these	
results	 suggest	 that	 AGO	 proteins	 work	 coordinately	 and	 cooperatively	 during	 viral	
infection.	 
	
In	the	other	hand,	transcriptional	gene	silencing	(TGS)	consists	on	the	methylation	of	
histone	 or	 the	 homologous	 DNA	 by	 RNA	 induced	 transcriptional	 silencing	 (RITS)	
complexes	(Creamer	and	Partridge,	2011).	These	complexes	contain	AGO4	and	a	viral	
guide	 strand	 processed	 by	 DCL3/DBR3	 (Raja	 et	 al.	 2014).	 Together	 with	 other	
components	and	enzymes	of	 the	methylation	pathways	 (DRMs,	METs,	KYPs,	ADKs…),	
RITS	complexes	can	guide	the	methylation	of	DNA	viral	genomes	(Raja	et	al.	2010).	This	
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epigenetic	 component	 of	 the	 defence	 response	 has	 been	 reported	 in	 several	
geminiviruses	(Raja	et	al.	2008,	2014;	Rodríguez-Negrete	et	al.	2009). 
	

Induction	of	silencing	to	indirectly	promote	defence	responses	
	
Plants	can	directly	use	the	silencing	pathway	to	inactivate	viral	genomes.	However,	the	
silencing	machinery	can	be	associated	as	well	with	endogenous	small	RNAs	to	regulate	
gene	 expression	 and	 indirectly	 promote	 antiviral	 defence,	 among	 other	 processes	
(Carbonell	and	Carrington	2015).	
	
In	 the	 defence	 against	 CMV,	 the	 association	 of	 endogenous	 siRNAs	with	 AGO4	was	
proposed.	More	recently,	this	hypothesis	has	been	supported	by	the	 identification	of	
virus-activated	small	interfering	RNAs	(vasiRNAs),	a	new	class	of	sRNAs	present	during	
CMV	 infection	 as	 well	 as	 TuMV	 infection	 (Cao	 et	 al.	 2014).	 Viruses	 induce	 the	
production	 of	 a	 vasiRNAs	 population	 that	 largely	 map	 in	 genes	 related	 with	 stress	
responses,	 among	 others.	 They	 are	 active	 in	 directing	 the	 widespread	 silencing	 of	
certain	target	genes	(Cao	et	al.	2014).		
	
In	 rice,	 it	 has	 been	 proposed	 that	 viral	 infection	 by	 RSV	 and	 RDV	 can	 be	 regulated	
through	 the	accumulation	of	AGO18.	 In	 turn,	AGO18	 sequesters	mir168	and	 triggers	
the	 accumulation	 of	 AGO1.	 This	 plant	 mechanism	 confers	 a	 broad-spectrum	 viral	
resistance	(Wu	et	al.	2015).		
	

Viral	counter-defence	strategy	against	the	host	plant	defences	
	
Plant	 viruses	 have	 co-evolved	 establishing	 strategies	 to	 fight	 against	 the	 antiviral	
silencing	pathway.	Nowadays,	the	best	well-known	strategy	is	the	suppression	of	this	
pathway	 through	viral	RNA	silencing	suppressors	 (RSSs).	During	more	 than	a	decade,	
plant	 virologists	 have	 identified	many	 RSSs	 and	 studied	 their	mechanisms	 of	 action.	
Indeed,	 they	 can	 interfere	 with	 almost	 all	 pathway	 steps,	 sometimes	 specifically	 or	
even	at	multiple	levels,	being	AGO	proteins	and	vsiRNAs	the	most	frequently	targeted	
elements.	 In	 this	 part,	 we	 will	 try	 to	 summarize	 all	 the	 knowledge	 that	 has	 been	
described	 so	 far	 in	different	 viral	 pathosystems.	We	will	 describe	 the	RSSs	 and	 their	
mode	of	action	for	several	viruses	(Fig.	I8).	Also,	we	will	include	a	revision	of	the	viral	
capacity	to	silence	other	plant	transcripts.	Table	I3	list	all	the	viruses	described	in	this	
part	and	Table	I4	contains	a	summary	of	the	different	RSSs	and	their	modes	of	action.	
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Table	I3:	List	of	viruses	and	their	acronyms,	which	RSS	are	described	in	the	text.	The	
list	is	ordered	alphabetically.		

Acronym	 Virus	
BCTV	 Beet	curly	top	virus	
BMYV	 Beet	western	yellows	virus	
BSCTV	 Beet	severe	curly	top	virus	
BYV	 Beet	yellows	virus	
CABYV	 Cucurbit	aphid-borne	yellow	virus	
CaLCuV	 Cabbage	Leaf	Curl	Virus	
CaMV	 Cauliflower	mosaic	virus	
CIRV	 Carnation	Italian	ringspot	virus	
CMV	 Cucumber	mosaic	virus	
CMV	Y-sat	 Cucumber	mosaic	virus	Y	satellite	
CVYV	 Cucumber	vein	yellow	virus	
CymRSV	 Cymbidium	ringspot	virus		
GFkV	 Grapevine	fleck	virus	

GRSPaV	
Grapevine	rupestris	steem	pitting-associated	
virus	

GVA	 Grapevine	virus	A	
LNYV	 Lettuce	necrotic	yellows	virus			
PEMV-1	 Pea	enantion	mosaic	virus-1	
PFBV	 Pelargonium	flower	break	virus	
PIAMV	 Plantago	asiatica	mosaic	virus	
PLMVd	 Peach	latent	mosaic	viroid	
PLPV	 Pelargonium	line	pattern	virus	
PoLV	 Photos	latent	virus	
PRSV	 Papaya	ringspot	virus	
PSTVd	 Potato	spindle	tuber	viroid	
PVA	 Potato	virus	A	
PVX	 Potato	virus	X	
RCNMV	 Red	clover	necrotic	mosaic	virus	
RDV	 Rice	dwarf	phytoreovirus	
RHBV	 Rice	hoja	blanca	virus	
RSV	 Rice	stripe	virus	
RYSV	 Rice	yellow	stunt	rhabdovirus	
SCMV	 Sugarcane	mosaic	virus	
SPCSV	 Sweet	potato	chlorotic	stunt	virus	
SPFMV	 Sweet	potato	feathery	mottle	virus	
SPMMV	 Sweet	potato	mild	mottle	virus	
TAV	 Tomato	aspermy	virus	
TBSV	 Tomato	bushy	stunt	virus	
TCV	 Turnip	crinckle	virus	
TEV	 Tobacco	etch	virus	
TGMV	 Tomato	golden	mosaic	virus	
TMV	 Tobacco	mosaic	virus	
ToCV	 Tomato	chlorosis	virus	
ToMV	 Tomato	mosaic	virus	
ToRSV	 Tomato	ringspot	virus	
TuMV	 Turnip	mosaic	virus	
TYLCCNV	 Tomato	yellow	leaf	curl	China	virus	
TYLCV	 Tomato	yellow	leaf	curl	virus	
ZYMV	 Zucchini	yellow	mosaic	virus	
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Figure	 I8:	 Selection	of	 known	viral	RNA	 silencing	 suppressors,	 and	 their	modes	of	 action	A)	 The	main	
steps	of	the	silencing	pathway	are	depicted,	indicating	the	RSSs	which	can	interfere	them.	B-F)	Examples	
of	specific	RSSs	and	their	modes	of	action:		B)	Sequestration	of	vsiRNAs	by	P19-vsiRNAs;	C)	Degradation	
of	vsiRNAs	by	Rnase	III;		D)	Competition	of	interaction	with	dsRNAs	by	V2;	E)	AGO	degradation	by	P0;		F)	
Interference	with	methylation	by	AL2/L2.	
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Suppression	of	silencing	pathway:	RNA	silencing	suppressors	

Suppressors	targeting	the	initiation	phase	(DCLs)	

The	production	of	vsiRNAs	during	the	initiation	phase	plays	a	key	role	during	the	plant	
silencing	response	against	viruses.	For	this	reason,	it	is	not	surprising	that	several	RSSs	
are	able	to	block	this	step.	To	achieve	this	objective,	they	can	prevent	the	cleavage	of	
dsRNAs	 into	vsiRNA	or	they	can	sequester	and/or	modify	vsiRNAs	before	the	 loading	
into	AGO	proteins. 
	
Just	a	few	viral	suppressors	have	been	reported	as	inhibitors	of	DCLs	proteins.	For	RNA	
viruses,	some	evidences	point	that	the	p27	and	p88	proteins	of	RCNMV	disrupt	DCLs	
activity	 (Mine	 et	 al.	 2010;	 Takeda	 et	 al.	 2005).	 Although	 the	 same	 hypothesis	 was	
proposed	 for	 the	p38	of	TCV	 (Deleris	et	al.	2006;	Qu,	Ren,	and	Morris	2003),	a	 later	
study	attributed	this	DCL	dysfunction	to	an	indirect	effect	derived	from	AGO	blocking	
(Azevedo	 et	 al.	 2010).	 In	 addition,	 this	 mechanism	 has	 been	 indirectly	 described	 in	
CaMV,	where	the	P6	protein	of	this	DNA	virus	inactivates	DBR4,	a	DCL4	cofactor	(Haas	
et	al.	2008;	Love	et	al.	2007;	Shivaprasad	et	al.	2008).		
 
Another	group	of	viral	 suppressors	are	able	 to	 interact	with	 long	dsRNAs	precursors.	
The	 PoLV	 p14,	 TCV	 p38,	 CMV	2b	 and	 ToCV	 p22	 viral	 suppressors	 bind	 long	 dsRNAs,	
preventing	 its	 cleavage	 by	 DCLs	 thus	 they	 avoid	 the	 vsiRNAs	 formation	 (Goto	 et	 al.	
2007;	Landeo-Ríos	et	al.	2016;	Mérai	et	al.	2005,	2006).		
	
Finally,	the	most	widespread	strategy	is	based	in	the	interaction	with	vsiRNAs,	through	
diverse	mechanisms.	The	capacity	to	sequester	vsiRNAs	and,	therefore,	to	prevent	the	
incorporation	 into	AGO	proteins	has	been	 reported	 in	 several	 cases	 (such	as	 for	 the	
Tombusviral	P19,	potyviral	HCPro,	BYV	p21,	CMV	2b,	tobamoviral	TMV	p122	and	ToMV	
p130,	CVYV	P1b,	RHBV	NS3,	PFBV	CP)	(Chapman	et	al.	2004;	Csorba	et	al.	2007;	Goto	
et	al.	2007;	Hemmes	et	al.	2007;	Kurihara	et	al.	2007;	Lakatos	et	al.	2006;	Martínez-
Turiño	and	Hernández	2009;	Mérai	et	al.	2006;	Silhavy	et	al.	2002;	Valli,	Dujovny,	and	
García	 2008).	 Although	 all	 these	 viral	 suppressors	 share	 the	 ability	 to	 bind	 vsiRNAs,	
they	present	some	peculiarities.	For	example,	 the	 length	specificity	of	 the	small	RNA	
targeted	 is	 determined	 for	 the	 protein	 structure	 in	 the	 case	 of	 P19	 (Vargason	 et	 al.	
2003;	Ye,	Malinina,	and	Patel	2003).	Also,	 they	may	have	or	not	have	affinity	 for	 the	
2nt-long	3’	overhangs	typical	of	Dicer-derived	small	RNAs	(Csorba	et	al.	2007;	Hemmes	
et	al.	2007;	Lakatos	et	al.	2006;	Valli	et	al.	2011).	Even	in	certain	cases	like	CVYV	P1b,	
TEV	HCPro,	and	CMV	2b,	specific	motifs	in	their	sequences	have	been	proposed	to	be	
required	 for	 vsiRNA	binding	 (Dong	et	 al.	 2016;	 Sahana	et	 al.	 2014;	Valli	 et	 al.	 2011).	
Curiously,	GW	motifs	have	been	implicated	in	the	binding	between	the	PLPV	p37	and	
vsiRNAs,	 although	 these	 motifs	 were	 initially	 described	 as	 AGO	 interactors	 (Pérez-
Cañamás	and	Hernández	2015).	
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In	addition,	two	different	mechanisms	have	been	described	for	the	blocking	of	vsiRNAs	
action.	The	first	one	corresponds	to	SPCSV	RNase	III,	an	endonuclease	able	to	degrade	
vsiRNAs	through	their	cleavage	into	14	bp	duplexes	(Cuellar	et	al.	2009;	Kreuze	et	al.	
2005;	Weinheimer	et	 al.	 2014).	 The	 second	one	 is	 used	by	 viral	 suppressors	 such	as	
potyviral	 HCPro	 and	 TMV	 p122,	 which	 block	 the	 vsiRNAs	 maturation	 because	 they	
inhibit	 its	3’	methylation	by	HEN1	(Csorba	et	al.	2007;	Ebhardt	et	al.	2005;	Jamous	et	
al.	2011;	Lózsa	et	al.	2008;	Vogler	et	al.	2007).		

Suppressors	targeting	the	amplification	phase	(RDRs)	
 
During	the	amplification	phase,	the	secondary	vsiRNA	synthesis	is	indirectly	related	to	
the	availability	of	both	primary	vsiRNAs	and	AGO	proteins.	Therefore,	the	inactivation	
of	these	essential	components	by	some	RSSs	may	have	a	subsequent	inhibitory	effect	
on	the	subsequent	amplification	steps	(Csorba	et	al.	2007).	Besides,	the	suppression	of	
RNA	silencing	induced	by	sense	RNAs	and	not	by	intermediate	replicatives,	as	well	as	
the	down-regulation	of	secondary	vsiRNAs	without	any	effect	in	the	amount	of	primary	
vsiRNAs,	are	all	suggesting	a	direct	action	of	RSSs	against	this	phase	(Chen	et	al.	2004;	
Diaz-Pendon	 et	 al.	 2007;	 Mlotshwa	 et	 al.2008;	 Moissiard	 et	 al.	 2007;	 Takeda	 et	 al.	
2002;	Voinnet,	Lederer,	and	Baulcombe	2000).		
	
RDR6	and	its	cofactor	SGS3	have	been	reported	as	direct	targets	 in	several	RSSs.	The	
SCMV	HCPro,	TAV	2b,	RDV	Pns10	and	RYSV	P6	are	able	to	decrease	RDR6	mRNA	levels	
(Guo	 et	 al.	 2013;	 Ren	 et	 al.	 2010;	 Zhang	 et	 al.	 2008).	 Different	 studies	 have	
demonstrated	 that	 SGS3	 interacts	 with	 TYLCV	 V2,	 RSV	 P2	 and	 PVA	 VPg	 silencing	
suppressors,	 indicating	a	mode	of	action	related	with	this	cofactor	 (Du	et	al.	2011	b;	
Glick	et	al.	2008;	Rajamäki,	Streng,	and	Valkonen	2014).	Actually,	a	later	study	showed	
that	 the	 relationship	 between	 SGS3	 and	 the	 geminiviral	 V2	 is	 associated	 with	 the	
competition	 by	 dsRNA	 substrates	 (Fukunaga	 and	 Doudna	 2009).	 Finally,	 the	 PIAMV	
TGBp1	coaggregates	in	the	cytoplasm	with	both	RdR6	and	SGS3,	and	can	inhibit	their	
activities	(Okano	et	al.	2014).		

Suppressors	targeting	the	effector	phase	(AGOs	+	RISC)	
 
The	action	of	RSSs	against	the	effector	phase	has	been	widely	studied	during	last	years.	
These	viral	proteins	operate	 in	different	ways:	destabilizing	 the	activity	of	Argonaute	
proteins,	 interfering	 with	 the	 single	 strand	 loaded	 in	 RISC/RITS	 complexes	 or	 even	
blocking	activities	downstream	of	these	complexes.	
	
Several	 viral	 suppressors	 target	 Argonaute	 proteins	 through	 acting	 in	 the	 gene	
regulation	expression,	or	the	protein	degradation	pathways.	As	aforementioned,	AGO1	
homeostasis	 depends	 on	 the	mir168	 activity	 (Rhoades	 et	 al.	 2002;	 Vaucheret	 et	 al.	
2004).	 The	 induction	 of	mir168	 levels	 associated	with	 the	 down-regulation	 of	 AGO1	
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has	 been	 demonstrated	 in	 different	 RSSs	 (p19,	 p122,	 p38,	 HCPro	 and	 2b)	 (Várallyay	
and	Havelda	2013;	Várallyay	et	al.	2010).	These	 findings	suggest	a	general	additional	
mechanism	 to	 alleviate	 the	 action	 of	 RNA	 silencing	 during	 the	 infection,	
complementing	other	activities	of	the	RSSs.	However,	the	other	mentioned	manner	to	
affect	Argonaute	through	 its	degradation	seems	to	be	related	to	specific	RSSs	with	a	
more	dedicated	activity	 specific	 to	 this	phase.	 The	 F-box	motif	 of	 the	poleoviral	 and	
enamoviral	 P0	 RSS	 interacts	 with	 AGO1	 as	 well	 as	 with	 SCF	 ubiquitin	 ligases	
(Bortolamiol	et	al.	2007;	Fusaro	et	al.	2012;	Pazhouhandeh	et	al.	2006).	Consequently,	
P0-type	 RSSs	 might	 promote	 the	 degradation	 of	 AGO	 proteins	 through	 an	
ubiquitination	 autophagy	 process,	 and	 then	 preventing	 de	 novo	 formation	 of	 RISC	
complex	(Baumberger	et	al.	2007;	Csorba	et	al.	2010;	Derrien	et	al.	2012).	This	 is	not	
the	 case	 for	 the	 PVX	 p25,	which	 acts	 as	 a	 silencing	 suppressor	 degrading	 almost	 all	
AGOs	via	the	proteasome	pathway	(Chiu	et	al.	2010).			
	
Another	 group	 of	 RSSs	 can	 inhibit	 AGO	 activity	 through	 a	 physical	 interaction.	 This	
could	be	the	case	of	CMV	2b	and	LNYV	Phosphoprotein	P,	which	interact	with	different	
AGO	proteins	 (Duan	et	 al.	 2012;	Hamera	et	 al.	 2012;	Mann	et	 al.	 2016;	 Zhang	et	 al.	
2006).	A	similar	mechanism	 is	 found	 in	RSSs	with	WG/GW	motifs	 in	 their	sequences.		
GW	 motifs	 have	 been	 identified	 in	 different	 host-proteins	 and	 they	 mediate	 the	
interaction	with	AGOs,	being	required	for	RISC	assembly	and	function	(El-Shami	et	al.	
2007;	Eulalio,	Tritschler,	and	Izaurralde	2009).	 	The	TCV	P38	and	ToRSV	CP	RSSs	have	
been	able	to	mimic	this	strategy	to	supress	RNA	silencing	(Azevedo	et	al.	2010;	Karran	
and	Sanfaçon	2014).	This	was	also	revealed	 in	the	 ipomovirus	SPMMV,	where	the	P1	
acts	as	a	 silencing	 suppressor.	 The	binding	of	P1	 to	AGO1	 through	3	WG/GW	motifs	
prevents	 de	 novo	 RISC	 formation,	 thus	 it	 inhibits	 AGO1	 function	 once	 RISC	 is	
assembled	(Giner	et	al.	2010).	This	was	further	evidenced	when	the	SPFMV	P1,	without	
clear	silencing	suppressor	activity,	was	transformed	 into	a	RSS	by	the	 introduction	of	
additional	 WG/GW	 motifs,	 which	 also	 enhance	 the	 AGO	 binding	 capacity	 of	 the	
product	(Szabó	et	al.	2012).	Interestingly,	the	PVA	HCPro	and	AGO1	interact	with	each	
other,	when	they	are	both	associated	with	ribosomes	in	planta.	This	finding	suggests	a	
role	of	HCPro	in	PTGS	translational	repression	(Ivanov	et	al.	2016).		
	
Moreover,	 the	block	of	 RISC/RITS	 complexes	 could	be	 achieved	 through	 targeting	of	
the	 guide	 strand	 RNA.	 This	 fact	 is	 supported	 by	 the	 capacity	 to	 bind	 single-strand	
siRNAs	of	GVA	P10	and	RSV	NS3		(Zhou	et	al.	2006;	Xiong	et	al.	2009).	
	
Finally,	some	suppressors	of	DNA	viruses	may	inactive	the	antiviral	silencing	pathway	
downstream	of	RITS	(Bisaro	2006).	This	is	the	case	of	the	TGMV	AL2,	BCTV	L2,	TYLCCNV 
βC1,	 BSCTV	 C2,	 and	 CaLCuV	 TrAP,	 which	 affect	 the	 methylation	 process	 somehow	
(Buchmann	 et	 al.	 2009;	 Castillo-González	 et	 al.	 2015;	 Yang	 et	 al.	 2011;	 Zhang	 et	 al.	
2011).		
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Summarizing,	 viral	 silencing	 suppressors	 can	 block	 almost	 all	 the	 steps	 of	 silencing	
pathway	 through	 diverse	mechanisms.	Moreover,	 specific	 suppressors	 (like	 potyviral	
HCPro,	 cucumoviral	 2b,	 and	 tombusviral	 P19)	present	multiple	modes	of	 action.	 The	
capacity	of	a	single	RSS	to	act	through	different	modes	of	action	may	lead	to	a	strong	
suppression	 of	 plant	 defence.	 But	 it	 is	 important	 to	 keep	 in	mind	 that	 sometimes	 a	
strong	 suppression	 can	 be	 detrimental	 for	 viruses.	 The	 suppression	 activity	 of	 RNA	
silencing	 needs	 to	 be	 tightly	 regulated	 to	 allow	 viral	 replication	 and	 dissemination	
without	interfering	too	extremely	with	crucial	plant	physiological	processes	that	could	
compromise	the	survival	of	the	host,	and	subsequently	of	the	viral	pathogen.	In	other	
words,	the	damage	on	plants	could	not	be	too	extreme	for	the	host,	or	otherwise	the	
viral	propagation	cycle	would	be	compromised.	To	reach	an	equilibrium,	viruses	most	
likely	 have	 evolved	 to	 use	 different	 strategies	 aiming	 to	modulate	 RSS	 activity.	 Such	
strategies	 can	 be	 for	 instance	 the	 control	 of	 RSSs	 sub-cellular	 localization,	 or	 the	
accumulation	 of	 mutated	 forms	 with	 different	 suppressor	 strength	 (Du	 et	 al.	 2014;	
Haas	 et	 al.	 2008;	 Torres-Barceló	 et	 al.	 2008).	 Considering	 all	 these	 situations,	 the	
induction	and	suppression	of	silencing	response	needs	to	be	considered	as	a	very		
precise	spatio-temporal	regulated	mechanism	during	plant	viral	infection.	
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Silencing	of	plant	transcripts	by	viral	siRNAs		

Occasionally,	 some	 specific	 siRNAs	 derived	 from	 viral	 sequences	 induce	 host	
transcripts	 silencing	 when	 there	 is	 a	 near	 specific	 complementarity	 (Table	 I5).	 	 For	
instance,	some	plant	symptoms	might	be	the	consequence	of	this	down-regulation	of	
gene	expression	in	the	host.	A	specific	small	RNA	coming	from	CMV	Y	satellite	is	able	
to	 target	 the	 chlorophyll	 biosynthetic	 gene	 (CHLI),	 leading	 to	 a	 yellow	mosaic	 in	 the	
host	plant	(Shimura	et	al.	2011;	Smith,	Eamens,	and	Wang	2011).	In	the	PLMVd	viroid,	
two	 different	 siRNAs	 trigger	 the	 cleavage	 of	 the	 chloroplastic	 heat-shock	 protein	 90	
(cHSP90)	mRNA.	 The	 lack	 of	 cHSP90	 causes	 an	 albino	 phenotype	 in	 infected	 leaves	
(Navarro	 et	 al.	 2012).	 Another	 example	 has	 been	 reported	 in	 genes	 related	 to	
pathogen	 infection.	 Some	 callose	 synthase	 genes	 are	 degraded	 by	 the	 action	 of	 a	
PSTVd	siRNA	during	tomato	infection	(Adkar-Purushothama	et	al.	2015).	Finally,	many	
genes	in	grapevine	hosts	were	identified	as	putative	target	of	viral	derived	small	RNAs,	
although	the	mRNA	cleavage	was	only	validated	for	a	small	fraction	of	them	(Miozzi	et	
al.	2013).	According	 to	 these	 results,	 regulation	of	plant	gene	expression	by	vsiRNAs	
might	 only	 occur	 rarely,	 not	 being	 a	 widespread	 strategy,	 and	 only	 contributing	 to	
pathogenicity	in	a	few	pathosystems.		
	
Table	I4:	Summary	of	vsiRNAs	with	demonstrated	activities	to	target	host	plant	genes.		

Genome	 Family	 Genus	 Virus	 Acronym	
Plant	gene	
targeted	by	
vsiRNAs	

Ref.	

satRNA	 	 	 Cucumber	
mosaic	virus	Y	
satellite	

CMV	Y-sat	 Chlorophyll	
biosynthetic	
gene	(CHLI)	

(Shimura	
et	al.	2011;	
Smith	et	al.	
2011)	

Circular	
ssRNA		

Avsunviroidae	 Pelamoviroid	 Peach	latent	
mosaic	viroid	

PLMVd	 Chloroplastic	
heat-shock	
protein	90	
(cHSP90)	

(Navarro	
et	al.	2012)	

Circular	
ssRNA	

Pospiviroidae	 Pospiviroid	 Potato	spindle	
tuber	viroid	

PSTVd	 Callose	
synthase	
genes	

(Adkar-
Purushoth
ama	et	al.	
2015)	

+ssRNA	 Tymoviridae	 Maculavirus	 Grapevine	
fleck	virus	

GFkV	 Ribosomal	
biosynthetic	
and	stress-
related	genes	

(Miozzi	et	
al.	2013)	

+ssRNA	 Betaflexiviridae	 Foveavirus	 Grapevine	
rupestris	
steem	pitting-
associated	
virus	

GRSPaV	 Ribosomal	
biosynthetic	
and	stress-
related	genes	

(Miozzi	et	
al.	2013)	
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Final	remarks	about	RNA	silencing	suppression	in	SPFMV	

 
When	 this	 thesis	was	 initiated,	 there	was	 no	 specific	 information	 about	 the	 case	 of	
SPFMV	in	their	natural	hosts.	By	analogy	with	other	potyviruses,	 it	was	assumed	that	
HCPro	might	be	acting	as	RSS.	However,	the	peculiarities	of	the	synergism	with	other	
viruses,	with	the	potyviral	partner	being	beneficiated,	contrarily	to	the	most	frequent	
responses	 in	which	 the	potyviruses	 tend	 to	enhance	 the	unrelated	partners,	and	 the	
predicted	 presence	 of	 a	 putative	 new	 gene	 product	 deriving	 from	 the	 out-of-frame	
PISPO,	 leave	 many	 uncertainties	 to	 be	 explained.	 In	 this	 context,	 the	 experimental	
work	 was	 planned	 to	 try	 to	 answer	 some	 of	 those	 questions.
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OBJECTIVES	

The	 presence	 of	 a	 new	 overlapping	 open	 reading	 frame,	 named	 PISPO,	 had	 been	
noticed	 earlier	 within	 the	 P1	 coding	 region	 of	 the	 potyvirus	 Sweet	 potato	 feathery	
mottle	virus	(SPFMV)	and	the	members	of	its	lineage	(Clark	et	al.	2012;	Li	et	al.	2012).	
The	unique	conservation	of	PISPO	 in	 such	 specific	 viruses	and	 the	possible	existence	
and	function	of	the	derived	P1N-PISPO	gene	product	(in	the	form	of	a	protein	with	the	
C-terminal	 part	 in	 a	 different	 coding	 frame)	 during	 viral	 infection	 could	 have	 special	
interest	 to	 better	 understand	 the	 complexity	 of	 viral	 functions	 in	 members	 of	 the	
Potyviridae	family.		
	
The	general	goal	of	this	thesis	is	to	elucidate	if	the	predicted	P1N-PISPO	gene	product	
is	 expressed	 during	 the	 virus	 infectious	 cycle,	 and	 characterize	 some	 aspects	 of	 its	
production	 and	 function.	 To	 achieve	 this	 goal,	 we	 raised	 the	 following	 specific	
objectives:	
	

A) Characterization	 of	 a	 SPFMV	 isolate	 containing	 the	 predicted	 PISPO	 and	
confirmation	 of	 its	 behavior	 during	 co-infection	 with	 the	 unrelated	 crinivirus	
Sweet	potato	chlorotic	stunt	virus	(SPCSV).	
	

B) 	Analysis	 of	 the	mechanism	 of	 expression	 of	 the	 P1N-PISPO	 gene	 product	 in	
SPFMV	 and	 related	 potyviruses,	 as	 well	 as	 of	 the	 more	 general	 and	 well-
characterized	P3N-PIPO	gene	product,	present	in	all	potyvirids.		

	
C) Determination	 of	 the	 presence	 of	 P1N-PISPO	 gene	 product	 during	 SPFMV	

infection.		
	

D) Functional	characterization	of	P1N-PISPO	as	a	RNA	silencing	suppressor	(RSS).		
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MATERIAL	&	METHODS	

Plants	and	virus	material	
 
Commercial	sweet	potato	(Ipomea	batatas)	roots	were	acquired	in	a	local	food	market	
in	Barcelona,	and	were	planted	on	soil	to	produce	fresh	aerial	tissue	(stems	and	leaves)	
that	 was	 further	 propagated	 through	 cuttings	 at	 CRAG	 plant	 growth	 facilities.	 The	
identification	 of	 virus	 isolates	 (corresponding	 to	 the	 potyvirus	 species	 SPFMV,	 SPVC	
and	 SPV2,	 and	 to	 a	 begomovirus	 and	 a	 badnavirus)	 infecting	 these	 plants	 was	
performed	by	RT-PCR	and	RNA-Seq	analysis	(see	result	for	detailed	descriptions).	The	
SPFMV	isolate,	denoted	AM-MB2,	was	used	in	further	experiments.	

To	obtain	sweet	potato	plants	super-infected	with	a	crinivirus	(to	reproduce	the	sweet	
potato	 viral	 disease	 SPVD),	 virus	 transmission	 experiments	 were	 performed	 with	
Bemisia	 tabaci	whiteflies	 as	 insect	 vectors	 and	 the	 isolate	Can181-9	of	 the	 crinivirus	
SPCSV	strain	West	Africa.	This	 isolate	was	kindly	provided	by	Dr.	 Jesús	Navas-Castillo	
(IHSM	 La	 Mayora,	 CSIC-UMA,	 Málaga,	 Spain)	 in	 an	 Ipomea	 setosa	 plant,	 also	
propagated	 through	 cuttings.	 Groups	 of	 adult	 insects	 raised	 on	 tobacco	 plants	were	
collected	 and	 allowed	 to	 acquire	 SPCSV	during	 48	h	on	 infected	plants	 before	being	
transfered	 to	 AM-MB2	 plants	 for	 inoculation	 during	 an	 additional	 48	 h	 period,	 and	
later	were	eliminated	with	insecticide	treatment.	

Samples	 of	Nicotiana	 tabacum	 var.	 Xanthy	 plants	 infected	 by	 SPMMV	were	 used	 in	
high-throughput	sequencing	experiments.	The	isolate	130	originated	from	Tanzania	for	
SPMMV	was	inoculated	in	N.	tabacum	plants	from	an	Ipomoea	batata	plant	provided	
by	Prof.	Jari	Valkonen	(University	of	Helsinki,	Finland).	This	isolate	was	used	in	previous	
projects	in	our	laboratory	(Giner	et	al.	2010).	

The	primers	 used	 for	 RT-PCR	detection	of	 SPMFV,	 SPCSV	 and	 SPMMV	 infections	 are	
listed	in	the	Table	MM1.	

Transient	expression	of	viral	proteins	by	agro-infiltration	were	performed	in	Nicotiana	
benthamiana,	either	wild	type	or	transgenic	line	16c	expressing	constitutively	the	GFP	
reporter	gene	(Ruiz,	Voinnet,	and	Baulcombe	1998).	
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Extraction	of	total	RNA,	construction	and	utilization	of	RNA	
sequencing	(RNA-seq)	libraries,	and	preliminary	data	processing		
 
Samples	 of	 symptomatic	 tissue	 of	 infected	 plants	were	 collected	 for	 RNA	 extraction	
with	TRIzol	reagent.	Contaminating	DNA	was	removed	from	RNA	samples	with	Turbo	
DNase	(Ambion),	and	RNA	was	further	purified	using	the	RNeasy	minikit	(Qiagen).	The	
insert	 P1HCPro	 in	 pENTR	 was	 mobilized	 using	 Gateway	 to	 the	 destination	 vector	
pDEST17	 (ThermoFisher	 scientific),	 under	 the	 control	 of	 the	 T7	 promoter.	 mRNAs		
were	 produced	 by	 in	 vitro	 transcription	 using	 the	 mMESSAGE	 mMACHINE®	 T7	
Transcription	Kit	(ThermoFisher	scientific)	and	purified	by	RNeasy	minikit	(Qiagen).	

RNA	libraries	were	constructed	with	the	ScripSeq	complete	kit	(plant	leaf)	(Epicenter,	
Illumina),	including	barcoding	elements	to	identify	the	different	samples,	according	to	
the	 provider’s	 protocols.	 Libraries	 were	 submitted	 to	 BGI	 (Hong	 Kong)	 for	 Illumina	
sequencing	 on	 a	 HiSeq	 2000	 platform,	 and	 100-bp	 (average)	 paired-end	 reads	were	
generated.	 Sequences	 with	 an	 average	 quality	 below	 20,	 as	 well	 as	 sequences	 with	
more	 than	 10	 nt	 with	 quality	 below	 15,	 were	 removed	 using	 the	 FASTX	 toolkit	
(HannonLab	 2014).	 The	 quality	 process	 was	 driven	 with	 FASTQC	 (Babraham-
Bioinformatics	2014)	

Alignments	and	indel	analysis		
Filtered	sequences	were	mapped	versus	the	references	with	Bowtie2	(Langmead	and	
Salzberg	2012),	allowing	a	maximum	of	3	mismatches,	insertions,	or	deletions	(indels)	
per	 read.	To	 reduce	 the	number	of	 sequencing	errors,	only	 the	central	part	of	 reads	
(80	 nt)	was	 used,	 and	 only	 paired	 alignments	were	 considered	 (Wright	 et	 al.	 2011).	
Alignments	 were	 analyzed	 with	 SAMtools	 to	 create	 a	 list	 of	 variants	 in	 which	 only	
indels	were	included.	Reads	that	presented	fewer	than	3	nonredundant	sequences	and	
reads	in	which	the	frameshift	caused	by	the	indel	was	cancelled	out	by	another	indel	in	
the	 same	 sequence	were	 discarded.	 To	 reduce	 false	 positives	 caused	 by	 sequencing	
errors	 or	 random	 errors,	 the	 expected	 indel	 error	 was	 modeled	 as	 a	 Poisson	
distribution,	which	was	calculated	from	Illumina	indel	calling-error	rate,	PCR	error	rate,	
and	sample	 indel	frequency.	 Indels	with	a	false	discovery	rate	(FDR)	higher	than	0.05	
were	removed.	Analysis	was	performed	with	in-house	R	scripts.		

Phylogenetic	and	recombination	analysis	
 
Initial	phylogenetic	analysis	of	the	SPFMV,	SPVC,	and	SPV2	isolates	found	in	AM-MB2	
was	performed	with	data	sets	created	with	the	full	genome	sequences	corresponding	
to	9	SPFMV,	7	SPVC,	and	6	SPV2	isolates	found	in	the	NCBI	nucleotide	database,	with	
no	 filter	by	 identity	 redundancy.	Also,	 sequences	of	complete	CP	regions	of	all	other	
SPFMV,	 SPVC,	 and	 SPV2	 isolates	 available	 in	 the	 NCBI	 nucleotide	 database	 were	
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considered,	after	exclusion	of	partial	CP	sequences	and	application	of	a	filter	at	97%	of	
identity	to	reduce	redundancy,	leading	to	data	sets	of	63	SPFMV,	46	SPVC,	and	6	SPV2	
annotated	sequences.	Phylogenetic	trees	were	created	using	the	maximum-likelihood	
algorithm	 implemented	 in	MEGA6	 software	 (Tamura	 et	 al.	 2013).	 The	bootstrapping	
test	was	driven	with	1,000	replicates.	CP	sequence-based	trees	were	used	to	estimate	
putative	recombination	events	(see	below).		

The	 assembly	 of	 SPFMV	 genome	was	 driven	with	Quasirecomb	 (Töpfer	 et	 al.	 2013).	
The	same	procedure	was	applied	to	SPVC	and	SPV2.	The	reconstruction	of	sequences	
used	coverage	of	>10.000	to	reduce	errors,	thereby	excluding	both	extremes,	and	the	
option	to	reduce	the	false	positives	were	activated.	The	sequences	obtained	were	used	
to	search	for	putative	recombination	events	with	the	software	RDP	(Martin	et	al.	2010)	
version	3.45,	using	a	threshold	of	a	P	value	equal	or	less	than	0.05	with	the	methods	
RDP	(Martin	and	Rybicki	2000),	BootScan	(Martin	et	al.	2005),	Geneconv	(Martin	et	al.	
2005),	and	MaxChi	 (Smith	1992).	The	recombination	points	were	 identified	using	the	
SBP	 and	 GARD	 algorithms	 (Kosakovsky	 Pond	 et	 al.	 2006)	 implemented	 in	 the	
Datamonkey	webserver	(Delport	et	al.	2010).		

Presence	of	A6	motifs	
 
Expected	events	with	AAAAAA	(A6)	motif	(E)	are	calculated	as	E=	P(A)⁶	x	M,	where	P(A)	
is	 the	 probability	 of	 an	 adenine	 and	M	 is	 the	 average	 of	 the	 coding	 regions	 of	 the	
genomes	 minus	 the	 motif	 length	 plus	 one.	 E	 was	 calculated	 assuming	 that	 the	
probability	of	nucleotide	appearance	 is	 statistically	 independent.	P(A)	was	calculated	
from	the	frequency	of	which	this	nucleotide	appears	in	the	coding	regions	of	the	viral	
family.	Viral	sequences	were	extracted	from	NCBI	Genome	database.	

Constructs	of	viral	gene	products	for	in	vitro	translation	and	for	
transient	expression	of	viral	proteins	by	agroinfiltration	
 
Cloning	and	plasmid	production	were	performed	using	Escherichia	coli	strain	DH5α	and	
standard	procedures.	Viral	products	were	RT-PCR	amplified	with	appropriate	primers,	
and	 the	 products	 were	 cloned	 directionally	 into	 pENTR/D-TOPO	 (Life	 Technologies).	
Primers	are	 listed	 in	Table	MM1,	which	 includes	 information	about	 their	use	 for	 the	
modifications	required	to	direct	and/or	force	or	avoid	the	expression	of	certain	gene	
products	in	the	different	frames.	Recombinant	products	with	mutations	introduced	by	
PCR	with	appropriate	primers	were	generated	and	were	confirmed	by	sequencing	the	
pENTR	 clones.	 The	 multiple	 mutant	 with	 the	 4	 WG/GWs	 motifs	 altered	 was	
synthesized	as	 follows.	A	 fragment	 flanked	by	NcoI	and	AscI	 restriction	enzyme	sites	
engineered	upstream	and	downstream	 from	position	1	 to	1964	 (Met	 to	Stop)	 in	 the	
P1N-PISPO	 sequence,	with	 replacement	 of	W	with	A	 residues	 in	 the	WG/GW	motifs	
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located	at	positions	73,	1465,	1795,	and	1918	(relative	to	the	initial	Met	codon),	was	
ordered	from	GeneScript	(USA)	and	inserted	using	the	unique	restriction	sites	into	the	
pENTR	 plasmid,	 linearized	 with	 the	 same	 enzymes,	 and	 ligated	 with	 T4	 DNA	 ligase.	
Clones	containing	inserts	were	selected	and	sequenced	to	confirm	the	presence	of	the	
mutated	motifs.	The	inserts	in	pENTR	were	mobilized	using	Gateway	into	the	different	
destination	vectors	with	LR	Clonase	II	enzyme	mix	(Life	Technologies).	Reactions	were	
performed,	and	two	clones	of	 the	different	plasmids	were	verified.	For	expression	 in	
plants,	 the	 pGWB7XX	 destination	 plasmid	 series	 was	 used	 (Nakagawa	 et	 al.	 2007;	
Tanaka	 et	 al.	 2011),	 which	 placed	 the	 construct	 under	 control	 of	 appropriate	
regulatory	elements.		

In	vitro	translation	
 
	pENTR-P1	was	used	as	the	template	for	PCR	amplifications	of	all	constructs	used	for	in	
vitro	 translation,	 including	unmodified	wild-type	P1	and	variants	with	P1	 interrupted	
by	 a	 stop	 codon	 after	 the	 slippage	 site	 (P1Δ)	 and	 P1	 with	 the	 PISPO	 sequence	
interrupted	 (P1N-PISPOΔ)	 generated	 by	 site-directed	 mutagenesis	 with	 the	 primers	
FMP1ΔF	and	Δ1PMFR	for	P1Δ	and	FMPISPOΔF	and	ΔOPSIPMFR	for	P1N-PISPOΔ	(Table	
MM1).	 T7	 promoter,	 5’	 untranslated	 region	 (5’UTR),	 and	 3’UTR	 fragments	 were	
prepared	as	described	previously	(Pasin,	Simón-Mateo,	and	García	2014).	mRNAs	were	
produced	by	in	vitro	transcription	using	the	T7-Scribe	Standard	RNA	IVT	kit	(Cellscript)	
and	 purified	 by	 organic	 extraction	 and	 ammonium	 acetate	 precipitation,	 and	 their	
quality	 and	 amount	 were	 assessed	 by	 NanoDrop	 (Thermo	 Fisher	 Scientific)	 and	 gel	
electrophoresis.	 The	 final	 concentration	 was	 adjusted	 to	 1	 g/liter,	 and	 in	 vitro	
translation	 was	 carried	 out	 using	 wheat	 germ	 extract	 (Promega)	 according	 to	 the	
manufacturer’s	 instructions.	 Labeling	 of	 the	 synthesized	 proteins	 was	 done	 by	

including	 in	 the	 reaction	mixture	 L-[35S]methionine	 and	 L-[35S]cysteine	 (PerkinElmer).	
Samples	were	resolved	by	12%	SDS-PAGE	and	detected	with	a	PhosphorImager.	

Agrobacterium	tumefaciens	infiltration	of	Nicotiana	
benthamiana	leaves	
 
N.	 benthamiana	 leaves	 (fully	 expanded,	 from	 3-	 to	 4-week-old	 plants	 grown	 in	 a	
greenhouse)	were	 agroinfiltrated	 as	 described	 previously	 (Valli	 et	 al.	 2006),	 using	A.	
tumefaciens	 cultures	 of	 strain	 C58C1	 or	 EHA105	 transformed	 with	 the	 relevant	
plasmids.	Growth	of	bacteria	was	monitored	by	assessing	the	optical	density	at	600	nm	
(OD600)	 until	 it	 reached	 0.5	 units.	 Cultures	 were	 induced	 by	 acetosyringone	 and	

infiltrated	 with	 a	 needleless	 syringe.	 For	 sampling	 material	 to	 be	 analyzed	 by	 LC-
tandem	MS	(LC-	MS/MS)	 (see	below),	 the	agroinfiltration	was	performed	with	mixed	
cultures	incorporating	a	construct	expressing	P1b	of	CVYV	(Valli	et	al.	2006)	to	increase	
expression	 of	 SPFMV	 proteins.	 For	 silencing	 suppression	 experiments	 (see	 below),	
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negative	 (empty	 vector,	 delta)	 and	 positive	 (CVYV	 P1b)	 controls	 were	 included,	
following	previously	described	procedures	(Carbonell,	Dujovny,	et	al.	2012;	Valli	et	al.	
2008).	 The	 delta	 control	 was	 previously	 obtained	 by	 A.	 Valli	 (CNB,	 CSIC)	 replacing	
through	 gateway	 recombination	 the	 selection	 region	 in	 the	 destination	 vectors	 by	 a	
random	 non-coding	 sequence,	 resulting	 in	 a	 plasmid	 not	 expressing	 any	 product	
(empty	vector).	

SDS-PAGE	and	fractionation	of	protein	products	
 
Plant	 samples	 were	 collected,	 deep-frozen,	 and	 homogenized	 in	 extraction	 buffer.	
(62,5	mM	Tris-HCl	pH	7,5,	2%	SDS	and	2%	beta-mercaptoethanol).	After	boiling	for	5	
min,	 aliquots	 were	 separated	 by	 10%	 SDS-PAGE.	 Following	 staining	 with	 Coomassie	
blue	G-250	(SimplyBlue	safe	stain;	Life	Technologies),	 the	portion	above	the	RuBisCO	
was	excised	and	processed.		

MS	and	protein	identification	by	LC-MS/MS	analysis	
 
Gel-excised	fragments	containing	protein	samples	were	washed	with	25	mM	NH4HCO3	

and	acetonitrile	 (ACN),	 reduced	 for	60	min	at	 60°C	with	20	mM	dithiothreitol	 (DTT),	
and	alkylated	for	30	min	at	30°C	with	55	mM	iodoacetamide	in	the	dark	before	being	
digested	for	16	h	at	37°C	with	0.9	μg	trypsin	(porcine	sequence-grade	modified	trypsin;	
Promega).	Peptides	were	extracted	from	the	gel	matrix	with	10%	formic	acid	and	ACN,	
dyed,	and	desalted	with	a	C18	Top-tip	(PolyLC),	following	the	procedure	of	the	provider.	

Dried-down	tryptic	peptides	mixtures	resuspended	in	1%	formic	acid	were	injected	for	
chromatographic	separation	in	a	nanoAcquity	liquid	chromatograph	(Waters)	coupled	
to	 an	 LTQ-Orbitrap	 Velos	 (Thermo	 Scientific)	 mass	 spectrometer.	 Peptides	 were	
trapped	 on	 a	 Symmetry	 C18	trap	 column	 (5	 μm	 by	 180	 μm	 by	 20	mm;	Waters)	 and	

separated	with	a	C18	reverse-phase	capillary	column	(75	μm,	10	cm	nanoAcquity;	1.7-

μm	BEH	column;	Waters).	The	gradient	for	elution	was	prepared	with	0.1%	formic	acid	
in	ACN	and	consisted	of	1	to	30%	for	60	min,	35to45%	for	10	min,	and	45	to	85%	for	
5min,	with	a	flow	rate	of	250	nl/min.	Eluted	peptides	were	subjected	to	electrospray	
ionization	in	an	emitter	needle	(PicoTip;	New	Objective)	with	2,000	V	applied.	Peptide	
masses	(m/z	350	to	1700)	were	analyzed	in	full-scan	MS	data-dependent	mode	in	the	
Orbitrap	with	60,000	full	width	at	half	maximum	(FWHM)	resolution	at	400	m/z.	Up	to	
the	10	most	abundant	peptides	(minimum	intensity	of	500	counts)	were	selected	for	
each	MS	scan	and	fragmented	using	collision-induced	dissociation	in	a	 linear	 ion	trap	
with	 helium	 as	 the	 collision	 gas	 and	 38%	 normalized	 collision	 energy.	 The	 targeted	
mode	was	 used	 to	 analyze	 the	 presence	 of	 predicted	 peptides	 in	 the	ORF	 that	 con-	
tains	 PISPO	 (the	 seven	 peptides	 underlined	 in	 the	 sequence	
LVWEKTGRTIGHKERDQKRSQSKMEVGTLQTSQEDQEGQPKTAPTEAHGEGTAIIDGYATSSSDG
HLHCWGSIGESGNDSNSEWEDFLHAFHEEEENFKISQINTRENSRAHAGSSENCVQEKDEHRIGG
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QEVHKRAVQEISRSKLFVPSFKTYGRLKRVSGFKNSHNNSKPRTSSCQGWSMEKTCKDNNVVQRF
KWHGAESRQTVGPKRSCTTRNARGAWGFTRSAIRRTNETW)	 or	 in	 the	 C-terminal	 part	 of	
the	 P1	 (the	 three	 peptides	 underlined	 in	 the	 sequence	
KLDEQLATRNEIRKGLKVKWRWGLYRLVKKTRKDNQRQRRQRRMEKEQQLLMAMPPQVLTGISI
AGGPSASLEMTPTPNGKIFCTPSMKKKKTLKSPKLTQEKIHELTQAVLKIACRKRMSIELVGKKSTKG
QYRKFQGANYLFLHLKHMEGLRESVDLRIHTTTQNLVLQAAKVGAWKRPVKTTMLSKGSSGMVL
NPDKLLGPRGHAPHGM	 LVVRGALRGVLYDARMKLGRSVLPYIIQY).	 Generated	 raw	 data	
were	collected	with	Thermo	Xcalibur	(v.2.2).	For	database	searching,	custom	databases	
were	created	merging	all	UniProt	entries	(as	of	December	2014)	for	I.	batatas	plus	the	
predicted	list	of	mature	protein	sequences	from	SPFMV	plus	a	list	of	predicted	mature	
gene	 products	 deriving	 from	 viruses	 present	 in	 the	 AM-MB2	 sample	 or	 for	 N.	
benthamiana	 and	 A.	 tumefaciens	 plus	 P1	 and	 P1N-PISPO.	 Entries	 from	 common	
laboratory	 contaminants	 were	 also	 added.	 Sequest	 search	 engine	 searches	 were	
performed	 with	 Thermo	 Proteome	 Discoverer	 software	 (v.1.3.0.339),	 using	 a	 target	
and	a	decoy	database	to	obtain	a	false-discovery	rate	(FDR)	(strict,	0.01;	relaxed,	0.05)	
and	 to	 estimate	 the	 number	 of	 incorrect	 pep-	 tide	 spectrum	 matches	 exceeding	 a	
given	 threshold	 (peptide	 tolerances	 of	 10	 ppm	and	 0.6	Da,	 respectively,	 for	MS	 and	
MS/MS),	with	parameters	 for	 trypsin	 allowing	up	 to	2	missed	 cleavages,	 considering	
cysteine	 carbam-	 idomethylation	 as	 fixed	 and	 methionine	 oxidation	 as	 variable	
modifications.	 Validation	 was	 based	 on	 FDR,	 using	 Percolator	 (a	 semisupervised	
learning	machine)	to	discriminate	peptide	spectrum	matches.	Only	proteins	identified	
with	at	least	2	high-confidence	peptides	(FDR	of	≤0.01)	were	considered.	

RNA	silencing	suppression	activity	assays:	GFP	imaging,	
Northern	blotting,	and	RT-qPCR	analysis	
 
Leaves	of	N.	benthamiana	and	N.	benthamiana	16c	plants	were	coagroinfiltrated	with	
a	green	fluorescent	protein	(GFP)-expressing	construct	together	with	constructs	of	the	
different	 viral	 products	or	 adequate	 controls.	 The	 infiltrated	patches	were	 visualized	
under	UV	 light	with	a	Black	Ray	B	100	AP	 lamp,	and	photographs	were	 taken	with	a	
Nikon	D7000	digital	camera.		

Total	 RNA	 from	 N.	 benthamiana	 tissue	 was	 isolated	 using	 TRIzol	 and	 treated	 with	
Turbo	DNase	 (Ambion)	 to	 remove	 contaminating	DNA.	 For	Northern	blot	 analysis	 of	
mRNAs	and	small	interfering	RNAs	(siRNAs),	approximately	10	and	15	μg	of	total	RNA	
were	 resolved	 on	 1.2%	 agarose	 (containing	 2%	 formaldehyde)	 or	 15%	 denaturing	
polyacrylamide	 (containing	 7	 M	 urea)	 gels,	 respectively,	 and	 transferred	 to	 nylon	
Hybond-N+	membranes	(Amersham)	by	capillary	blotting	for	the	agarose	gels	or	using	
a	 transfer	 apparatus	 (XCell	 SureLock;	 Invitrogen)	 for	 the	 acrylamide	 gels.	 Ethidium	
bromide	 staining	 was	 used	 to	 verify	 equal	 loading	 of	 lanes	 and	 monitor	 the	
transference	processes.	After	UV	cross-linking	and	prehybridization	in	UltraHyb	buffer	
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(Ambion),	blots	were	hybridized	in	the	same	solution	with	probes	specific	to	the	GFP	
sequence,	using	a	32P-labeled	DNA	probe	(Valli	et	al.	2006)	in	the	case	of	mRNAs	or	a	
32P-labeled	RNA	probe	(Valli	et	al.	2011)	in	the	case	of	small	RNAs.	Hybridization	signals	
were	detected	with	a	PhosphorImager.		

For	 quantitative	 real-time	 reverse	 transcription-PCR	 (RT-qPCR)	 analysis,	 1	μg	of	 total	
RNA	 was	 reverse	 transcribed	 using	 the	 SuperScript	 III	 first-strand	 synthesis	 system	
(Invitrogen),	and	RT-PCRs	were	performed	in	a	20-μl	volume	with	gene-specific	primers	
and	 LightCycler	 480	 SYBR	 green	 I	 master	 mix	 (Roche).	 A	 102-bp	 GFP	 fragment	 was	
amplified	 with	 primers	 described	 by	 Leckie	 and	 Stewart	 (Leckie	 and	 Neal	 Stewart	
2011).	Ubiquitin	was	selected	as	a	reference	gene,	amplifying	a	88-bp	fragment	using	
the	 primers	 described	 by	 Lacomme	 and	 coworkers	 (Lacomme,	 Hrubikova,	 and	 Hein	
2003)	(see	Table	MM1	for	primer	sequences).	The	average	cycle	threshold	(CT)	value	

for	 triplicate	 PCRs	 was	 normalized	 to	 the	 average	 CT	 value	 for	 the	 reference	 gene,	

yielding	the	ΔCT	value.	An	analysis	of	variance	(ANOVA)	for	at	least	three	independent	

biological	replicates	was	performed	using	the	Tukey-Kramer	test.		

RNA	silencing	suppression	activity	assays:	Western-blot	analysis	
 
Constructs	HCPro,	 P1	only	 and	P1N-PISPOmut	were	 cloned	 in	 the	destination	 vector	
pGWB718,	 which	 contains	 4xMyc	 tag	 at	 the	 5’end,	 transferred	 to	 A.	 tumefaciens	
cultures,	 induced	 and	 used	 to	 agroinfiltrate	 plants.	 Tissue	 of	 N.	 benthamiana	
agroinfiltrated	 leaves	was	 collected	at	different	 time	points	 and	ground	under	 liquid	
nitrogen.	Total	proteins	were	extracted	using	a	urea	extraction	buffer	 (125	mM	Tris-
HCl	 pH	 7,5,	 6	 M	 Urea,	 2%	 SDS	 and	 5%	 beta-mercaptoethanol)	 (1	 ml/mg).	 Protein	
extracts	 were	 boiled	 for	 5	 minutes,	 resolved	 on	 SDS-PAGE	 (8%	 acrylamide),	
electroblotted	 to	 a	 nitrocellulose	membrane	 (Amersham	 Protan	 0,45μm,	 10600016,	
GE	Healthcare	Life	Sciences)	and	subjected	to	immunoblotting.	Anti-Myc	tag	clone	4A6	
(05-724,	 Millipore)	 and	 Anti-mouse	 IgG-peroxidase	 (A2304,	 Sigma)	 antibodies	 were	
used	for	immunodetection.	Proteins	reacting	with	the	specific	anty-Myc	antibody	were	
detected	by	chemiluminescence	using	the	ECL	kit	(Amershan	Biosciences).	Ponceau	red	
staining	was	used	to	estimate	equal	loading	of	all	control	and	sample	lanes.	
	

Nucleotide	sequence	accession	numbers	
 
Data	corresponding	to	viral	sequences	used	and	their	accession	numbers	(GenBank)	
are	listed	in	Table	MM2.		
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Table	MM	1:	List	of	viral	sequences	and	accession	numbers	

Potyvirus	 Acronym/Isolate	 Accession	number	
Sweet	potato	feathery	mottle	
virus	

SPFMV		 NC_001841	

Sweet	potato	feathery	mottle	
virus	

SPFMV	AM-MB2	
isolate	

KU511268	

Sweet	potato	virus	C	 SPVC	AM-MB2	
isolate		

KU511269	

Sweet	potato	virus	2	 SPV2	AM-MB2	
isolate	

KU511270	

Sweet	potato	begomovirus	 Begomovirus	
AM-MB2	isolate	

KU511271	

Sweet	potato	badnavirus	 Badnavirus	AM-
MB2	isolate	

KU511272	

Sweet	potato	virus	G	 SPVG	GWB	
isolate	

JN613807	

Sweet	potato	chlorotic	stunt	
virus	

SPCSV	Can	181-9	
isolate	

FJ807784	

Sweet	potato	mild	mottle	virus	 SPMMV	isolate	
130	

GQ353374	

Sweet	potato	latent	virus	 SPLV	 KC443039	
Potato	virus	Y	 PVY	 NC_001616	
Tobacco	etch	virus	 TEV	 NC_001555	
Turnip	mosaic	virus	 TuMV	 NC_002509	
Pea	seed	borne	mosaic	virus	 PSbMV	 NC_001671	
Plum	pox	virus	 PPV	 NC_001445	
Sweet	potato	latent	virus	 SPLV	 NC_020896	
Potato	virus	A	 PVA	 NC_004039	
Tobacco	vein	mosaic	virus	 TVMV	 NC_001768	
Zucchini	yellow	mosaic	virus	 ZYMV	 NC_003224	
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RESULTS	

Sweet	potato	viruses	

Identification	of	a	new	isolate	of	SPFMV	
 
The	 identification	of	 a	new	SPFMV	 isolate	was	performed	 in	naturally	 infected	plant	
material.	Four	commercial	sweet	potato	(Ipomea	batatas)	roots,	named	AM-MB,	were	
germinated	at	Centre	for	Research	in	Agricultural	Genomics	facilities.	Once	the	plants	
grew,	they	were	further	propagated	vegetatively	through	cuttings.		

The	 presence	 of	 SPFMV	 on	 sweet	 potato	 plants	 was	 confirmed	 by	 reverse	
transcription-PCR	(RT-PCR)	of	total	RNA.	The	primers	(FMCPF,	PCMFR)	were	designed	
to	 amplify	 a	 389	 bp	 fragment	 within	 the	 CP-coding	 region.	 Both	 primer	 sequences	
corresponded	 to	 specific	 regions	 for	 the	 SPFMV	 reference	 genome	 (NC_001841),	
selected	for	not	being	present	in	the	other	members	of	SPFMV-lineage	species	(SPVC,	
SPVG	and	 SPV2).	Moreover,	 they	were	degenerated	 in	 some	nucleotides	 in	order	 to	
amplify	all	known	SPFMV	strains	(EA,	RC	and	O)	(Table	MM1).	

The	presence	of	SPFMV	was	detected	by	RT-PCR	in	AM-MB1	and	AM-MB2	plants	(Fig.	
R1A).	 These	 two	plants	 showed	occasional	 viral	 symptoms	 (weak	mosaic,	 leaf	 spots,	
and	distortions),	being	those	slightly	more	severe	in	the	AM-MB2	plant	(Fig.	R1B).	The	
AM-MB2	 CP	 amplicon	 was	 sequenced,	 showing	 a	 94%	 of	 similarity	 with	 the	 9898-
10185	 positions	 of	 the	 SPFMV	 reference	 sequence	 (Fig.	 R1C).	 AM-MB2	 plant	 was	
selected,	 further	 propagated	 and	 used	 in	 all	 the	 subsequent	 experiments	 of	 the	
present	work.	
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Figure	R1:	Identification	of	a	new	SPFMV	isolate	in	AM-MB	plants	A)	Detection	by	RT-PCR	of	a	SPFMV	CP	
amplicon	in	AM-MB	plants	(Lines	1-4:	Sweet	potato	AM-MB	plants,	C-:	Negative	control	corresponding	
to	an	RT-PCR	 in	the	absence	of	biological	 template).	B)	Detail	of	viral	symptoms	on	AM-MB1	and	AM-
MB2	plants.	C)	Alignment	of	the	sequence	corresponding	to	a	fragment	of	the	CP	region	in	SPFMV.	The	
SPFMV	reference	genome	(NC_001841)	is	compared	to	SPFMV	AM-MB2	(BLAST:	Basic	Local	Alignment	
Search	tool,	NCBI).	

 
Super-infection	with	SPCSV	
 
As	 mentioned	 in	 the	 introduction,	 it	 has	 been	 reported	 that	 SPFMV	 causes	 more	
severe	damages	in	sweet	potato	plants	when	synergized	with	the	unrelated	crinivirus	
SPCSV,	producing	a	notable	increase	in	the	potyvirus	titer	(Karyeija	et	al.	2000).	With	
the	aim	to	reproduce	the	superinfection	 in	our	AM-MB2	plants,	and	consequently	to	
boost	 the	 SPFMV	 titer,	 we	 performed	 vector	 transmission	 assays	 of	 SPCSV	 to	
independent	 vegetatively	 propagated	AM-MB2	progeny	 plants.	 SPCSV	 is	 transmitted	
by	 Bemisia	 tabaci	 whiteflies	 in	 a	 semi-persistent	 manner.	 Groups	 of	 around	 50	
viruliferous	 whiteflies	 that	 had	 acquired	 SPCSV	 during	 48	 h	 in	 an	 infected	 Ipomea	
setosa	 plant	 were	 caged	 on	 fully	 expanded	 leaves	 of	 AM-MB2	 cuttings	 for	 a	 48-h	
inoculation	 period.	 After	 insect	 removal	 and	 insecticide	 treatment,	 plants	 were	
sampled	 and	 tested	 for	 detection	 of	 both	 SPFMV	 and	 SPCSV,	 in	 the	 later	 case	with	
oligonucleotides	 CSCPF	 and	 PCSCR,	 which	 amplify	 a	 790-nt	 fragment	 from	 the	 CP-

1 2 3 4 c-

389 bp

A B

C
AM-MB1 AM-MB2

SPFMV RG

AM-MB2
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AM-MB2
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coding	sequence	of	SPCSV	(Table	MM1).	Five	plants	from	a	total	of	10	were	positive	for	
both	viruses	(Fig.	R2A),	resulting	in	a	transmission	rate	of	50%	for	SPCSV.		As	shown	in	
Fig.	 R2B,	 the	 superinfection	 of	 AM-MB2	 plants	 with	 SPCSV	 resulted	 in	 a	 strong	
enhancement	of	disease	symptoms.		

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 R2:	 Super-infection	 of	 AM-MB2	 plants	 with	 SPCSV	 A)	 Detection	 by	 RT-PCR	 of	 amplicons	
corresponding	to	SPFMV		and	SPCSV	CP	in	samples	from	individual	plants	after	insect	inoculation	of	the	
crinivirus	 (Lines	 1-10:	 Sweet	 potato	 AM-MB	 plants	 inoculated	 with	 SPCSV	 with	 B.	 tabaci;	 Negative	
control	 (C-)	 corresponding	 to	 an	 RT-PCR	 in	 absence	 of	 biological	 template;	 Positive	 controls	 (C+):	 for	
SPFMV,	 an	 AM-MB2	 plant	 original;	 for	 SPCSV,	 an	 I.	 setosa	 infected	 plant.	 B)	 Appearance	 of	 AM-MB2	
plants	 propagated	 vegetatively,	 with	 a	 representative	 original	 plant	 (top)	 and	 another	 superinfected	
with	 SPCSV	 (bottom).	 Pictures	 were	 taken	 4	 months	 after	 whitefly-mediated	 inoculation	 of	 the	
crinivirus.	

Virome	of	AM-MB2	plant	
 
It	 is	 rather	 frequent	 that	 sweet	 potato	 plants	 are	 naturally	 infected	 with	 several	
viruses.	With	the	aim	to	find	the	putative	presence	of	other	viruses	in	AM-MB2	plants,	
as	well	as	 to	obtain	 the	complete	sequence	of	our	SPFMV	 isolate,	a	high-throughput	
sequence	 analysis	 was	 performed.	 Total	 RNA	 isolated	 from	 samples	 of	 the	 plants	
coinfected	with	SPCSV	and	SPFMV	was	analyzed	by	RNA-seq	using	Illumina	technology	
and	compared	to	equivalent	samples	deriving	from	AM-MB2	plants	not	superinfected	
with	 the	 crinivirus.	 Abundant	 SPFMV-derived	 reads	 were	 found	 in	 the	 analysis	 of	
sequences,	together	with	a	smaller	number	of	reads	from	two	additional	potyviruses,	
SPV2	and	SPVC.	 In	addition,	 reads	corresponding	to	a	begomovirus	and	a	badnavirus	
were	 identified,	 but	 in	 insufficient	 number	 to	 obtain	 complete	 coverage	 of	 the	
genomes	 of	 these	 viruses.	 Total	 or	 partial	 assemblies	 of	 the	 different	 viruses	 were	
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deposited	 in	GenBank,	and	 their	preliminary	annotations	and	accession	numbers	are	
provided	in	Tables	R1-R5.	SPCSV	reads	derived	from	coinfected	plants	were	also	used	
to	reconstruct	SPCSV	complete	genome.	The	reads	were	divided	between	both	SPCSV	
RNAs,	where	 819	 reads	 belonged	 to	 RNA1	while	 1236	 reads	 corresponded	 to	 RNA2	
(Tables	R6-R7).	

As	 expected,	 the	 number	 of	 reads	 for	 potyviruses	 increased	 notably	 after	
superinfection	with	 SPCSV,	 as	 shown	 in	 Figure	 R3,	whereas	 no	major	 change	 in	 the	
accumulation	of	reads	was	observed	for	the	begomovirus	and	badnavirus.	

	

	

	

	

	

	

	

	

	

	

	

Figure	R3:	Virome	of	AM-MB2	plants.	Normalized	number	of	virus-derived	RNA-seq	reads	 in	AM-MB2	
plants	(gray	bars)	compared	to	those	plants	superinfected	with	SPCSV	(salmon	bars).	Individual	viruses	
are	indicated,	and	for	each	one	the	average	and	standard	deviation	values	are	plotted.	The	inset	with	an	
extended	 scale	 was	 included	 to	 accommodate	 the	 large	 differences	 between	 the	 two	 conditions,	
without	or	with	SPCSV	coinfection.	

The	 assembly	 of	 the	 genomic	 sequence	 from	 SPFMV	 (Table	 R1)	 spanned	 10,814	 nt,	
representing	almost	all	of	its	genome,	except	for	a	short	region	at	the	5’	end	of	 ︎ 6	nt.	
The	 sequence	of	 SPFMV	AM-MB2	encoded	 the	 canonical	 potyvirus	 gene	products	 in	
the	polyprotein,	 i.e.,	P1,	HCPro,	P3,	6K1,	CI,	6K2,	VPg/NIaPro,	NIb,	and	CP,	as	well	as	
the	predicted	P1N-PISPO	and	P3N-PIPO,	 in	both	 cases	preceded	by	G2A6	motifs.	 The	
genomic	 organization	 is	 summarized	 in	 Figure	 R4.	 Positions	 in	 the	 genome	 were	
numbered	 after	 alignment	 with	 other	 published	 SPFMV	 sequences	 to	 facilitate	
comparison	of	regions	with	the	reference	genome	(95.12%	identity)	(Sakai	et	al.	1997).		
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Figure	 R4: Genomic	 organization	 of	 the	 SPFMV	genome	assembled	 from	 the	RNA-seq	data.	 The	RNA	
genome	of	SPFMV	is	represented	as	a	solid	line	flanked	by	a	covalently	linked	VPg	(solid	circle)	and	the	
poly(A)	tail,	with	the	three	ORFs	corresponding	to	the	polyprotein,	PISPO,	and	PIPO	depicted	as	boxes	
(details	 of	 the	 conserved	 G2A6	 motifs	 are	 shown).	 Boxes	 with	 names	 represent	 the	 different	 gene	
products.	 For	 the	 different	 mature	 products,	 the	 predicted	 sizes	 (in	 kDa),	 the	 isoelectric	 points	 and	
details	of	the	cleavage	sequences	are	indicated.	
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Phylogenetic	analysis	of	SPFMV	AM-MB2	
 
Phylogenetic	analyses	were	performed	with	all	potyviral	sequences	 in	AM-MB2	using	
whole-genome	 sequences	 (Fig.	 R5)	 and	 selected	 CP	 sequences	 of	 individual	
potyviruses	(Figures	R6,	R7	and	R8).	In	the	case	of	the	SPFMV	isolate,	a	comparison	of	
trees	 constructed	 with	 whole-genome	 and	 CP	 sequences	 suggested	 that	 it	 can	 be	
placed	 in	 the	 group	 of	 recombinant	 isolates,	 a	 frequent	 occurrence	 among	 SPFMV	
isolates	(Tugume	et	al.	2010;	Untiveros	et	al.	2008).	Comparison	of	our	sequence	with	
those	of	 two	 selected	 isolates	 (Piu3	and	RC-ARg,	 accession	numbers	 FJ155666.1	and	
KF386014.1,	 respectively)	 is	 illustrated	 in	 Fig.	R9,	where	a	 crosspoint	upstream	 from	
the	 CP	 region	 is	 noticeable.	 Application	 of	 adequate	 analysis	 tools	 predicted	 a	
recombination	site	 located	at	position	7227	 in	the	NIa	region,	 further	confirming	the	
putative	recombinant	nature	of	the	SPFMV	AM-MB2	isolate.	

	

Figure	R5:	Phylogenetic	analysis	of	the	complete	nucleotide	sequences	corresponding	to	the	three	
potyviruses	found	in	AM-MB2	(highlighted	in	bold),	compared	to	full-length	sequences	of	SPFMV,	SPVC,	
and	SPV2	available	in	GenBank,	using	alignments	and	the	maximum-likelihood	algorithm	to	generate	a	
tree	with	1,000	replications	for	the	bootstrapping	test.	
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Figure	R6:	Phylogenetic	analysis	of	the	nucleotide	sequence	corresponding	to	the	CP	of	SPFMV	isolate	
AM-MB2	compared	to	the	CP	of	selected	SPFMV	isolates.	
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Figure	 R7:	 Phylogenetic	 analysis	 of	 the	 nucleotide	 sequence	 corresponding	 to	 the	 CP	 of	 SPVC	 isolate	
AM-MB2	compared	to	the	CP	of	selected	SPVC	isolates.	
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Figure	 R8:	 Phylogenetic	 analysis	 of	 the	 nucleotide	 sequence	 corresponding	 to	 the	 CP	 of	 SPV2	 isolate	
AM-MB2	compared	to	the	CP	of	selected	SPV2	isolates.		

 
 

	

Figure	 R9:	 Plot	 of	 nucleotide	 identities	 between	 SPFMV	 isolate	AM-MB2	and	 isolates	Piu3	 (EA	 strain)	
and	 RC-ARg	 (RC	 strain),	 after	 comparison	 with	 a	 sliding	 window	 of	 100	 nt.	 The	 recombination	 site	
detected	by	the	SBP	and	GARD	analysis	is	indicated	with	an	arrowhead	and	the	position	number	in	the	
viral	 genome.	 The	 dashed	 horizontal	 lines	 correspond	 to	 a	 highly	 divergent	 region	 (between	 the	
indicated	 positions	 in	 the	 viral	 genome)	 with	 abundant	 gaps,	 which	 was	 eliminated	 to	 facilitate	 the	
global	comparison.	A	schematic	drawing	of	the	expected	gene	products	of	SPFMV	is	shown	above	the	
plot	to	facilitate	comparison	of	the	recombination	site.	
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P1N-PISPO	expression	during	viral	infection	

Sequence	analysis	of	PISPO	overlapping	reading	frame	
embedded	in	P1	region	
 
The	 SPFMV/SPVC/SPV2	 AM-MB2	 nucleotide	 sequences	 determined	 in	 this	 thesis	
(Tables	R1-R3),	as	well	as	an	available	SPVG	sequence	(Accession	number:	JN613807)	
were	 translated	and	aligned	 in	all	3+	 reading	 frames.	The	conserved	presence	of	 the	
overlapping	reading	frame	PISPO	in	the	P1	region,	previously	described	in	these	viruses	
(Clark	et	al.	2012;	Li	et	al.	2012;	Wang	et	al.	2013),	was	confirmed	in	all	cases,	including	
the	new	viral	 isolates	described	here.	PISPO	ORF	starts	 in	 the	G2A6	domain	 in	all	 the	
cases	 (Fig.	R10A).	The	position	of	 triplets	 for	 the	polyprotein	ORF	 is	GG_AAA_AAA	 in	
SPFMV	and	SPVC	isolates	and	G_GAA_AAA_A	in	SPV2	and	SPVG,	whereas	PISPO	ORF	is	
found	 in	 the	 -1	 reading	 frame	 in	 all	 the	 cases.	 PISPO	 ORF	 has	 a	 length	 of	 230	
aminoacids	in	SPFMV	and	SPVC,	and	228	aminoacids	in	SPV2	and	SPVG.	The	translation	
of	 this	 ORF	 harbors	 the	 possibility	 of	 producing	 a	 frameshifted	 P1N-PISPO	 gene	
product,	whose	existence	was	still	to	be	determined	experimentally	at	the	beginning	of	
the	present	work.  

The	 alignment	 also	 showed	 the	 presence	 of	 PIPO	 overlapping	 reading	 frame	 in	 our	
SPFMV/SPVC/SPV2	 AM-MB2	 isolates.	 P3N-PIPO	 partially	 trans-framed	 protein	 is	
supposed	 to	 be	 expressed	 in	 all	 potyviruses,	 and	 it	 has	 been	 involved	 in	 cell-to-cell	
movement	during	viral	infection	(Chung	et	al.	2008;	Vijayapalani	et	al.	2012;	Wei	et	al.	
2010;	Wen	and	Hajimorad	2010).	PIPO	starts	at	a	similar	highly	conserved	motif,	being	
G2A6	in	the	viruses	of	the	SPFMV-lineage	but	presenting	minor	changes	in	the	range	of	
G1-2A6-7	in	some	other	potyviruses	(Fig.	R10B).	

The	presence	of	other	GA6	motifs	in	potyviral	genomes	was	investigated.		Interestingly,	
GA6	and	other	An	motifs	(n=	 ︎ ︎ 6)	are	clearly	underrepresented	among	members	of	the	

Potyviridae	 family	 (1.2	 A6	 motifs	 in	 the	 coding	 region	 per	 viral	 genome	 versus	 the	
expected	8.1	motifs,	according	to	the	average	genome	size).	
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Figure	R10:	 Representation	of	sequence	conservation	around	PISPO	and	PIPO	G1-2A6-7	motifs	between	
different	potyviruses	A)	Sequence	conservation	around	PISPO	G2A6	motif	for	SPFMV	and	the	members	
of	its	lineage.	The	sequences	used	for	the	alignment	belong	to	SPFMV/SPV2	and	SPVC	AM-MB2	isolates	
and	 the	 reference	genome	of	 SPVG.	B)	 Sequence	 conservation	around	PIPO	G1-2A6-7	motif	 for	 SPFMV,	
the	 members	 of	 its	 lineage	 and	 others	 potyviruses	 (see	 table	 MM2).	 Alignments	 were	 done	 using	
ClustalOmega,	 logos	 were	 created	 with	 the	WebLogo	 tool	 (available	 in	 http://weblogo.berkeley.edu)	
and	linear	graphics	were	done	with	Excel	tools.	
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Identification	of	the	mechanism	which	contributes	to	P1N-
PISPO	expression		
 
The	expression	of	viral	proteins	from	overlapping	reading	frames	in	viral	genomes	has	
been	described	in	a	few	cases.	Two	different	mechanisms	have	been	proposed	in	other	
viruses:	Ribosomal	frameshifting	and	Polymerase	slippage	(Fig.	I6).	Although	these	two	
mechanisms	were	considered	for	the	translation	of	P3N-PIPO	in	potyviruses,	neither	of	
them	could	be	demonstrated	nor	discarded	at	the	time	of	 its	first	description	(Chung	
et	 al.	 2008).	 To	 identify	 which	 mechanism	 was	 the	 main	 responsible	 of	 P1N-PISPO	
expression,	we	performed	a	series	of	dedicated	experiments	described	in	the	following	
sections.		

Polymerase	slippage	in	P1N-PISPO	(SPFMV)	

 
To	 explore	 the	 possibility	 of	 P1N-PISPO	 synthesis	 through	 polymerase	 slippage,	 we	
analysed	our	RNA	sequencing	(RNA-seq)	data	of	 Ipomoea	batata	plants	infected	with	
SPFMV	AM-MB2.	The	bioinformatic	analysis	was	performed	by	our	collaborator		David	
San	 León	 (CNB,	 Madrid,	 Spain).	 After	 data	 filtering	 (Babraham-Bioinformatics	 2014;	
HannonLab	 2014)	 sequences	 were	 mapped	 versus	 the	 references	 (Langmead	 and	
Salzberg	2012)	allowing	a	maximum	of	three	mismatches	per	read.	The	expected	indel	
error	was	modeled	as	a	Poisson	distribution	calculating	 ︎ from	the	Illumina	indel	calling	
error	rate,	PCR	error	rate,	and	sample	indel	frequency.		

This	analysis	 revealed	the	presence	of	a	high	proportion	of	molecules	 (11.8%)	with	a	
single	A	nucleotide	addition	in	the	G2A6	motif	right	upstream	PISPO,	which	is	indicative	
of	 polymerase	 slippage	 (Fig.	 R11).	 This	 change	 would	 result	 in	 the	 production	 of	 a	
variant	 of	 RNA	 changing	 to	 the	 -1	 frame,	 and	 thus	 leading	 to	 the	 translation	 of	 the	
hypothetical	 P1N-PISPO	 gene	 product.	 Therefore,	 these	 results	 strongly	 support	 the	
existence	 of	 this	 alternative	 product,	 simply	 deriving	 of	 canonical	 translation	 of	 the	
near	 12%	 of	 variant	 RNA	molecules.	 	 Interestingly,	 the	 presence	 of	 an	 additional	 A	
residue	in	this	motif	was	also	detected	in	the	domain	before	PIPO,	where	1,8%	of	the	
sequences	were	variants	with	an	extra	A	residue	(Fig.	R11).	

To	test	 if	other	RNA	polymerases	might	slip	at	the	PISPO	region,	we	analysed	a	RNA-
Seq	library	from	a	RNA	sample	derived	from	in	vitro	transcription.	First,	a	fragment	of	
the	 P1HCPro	 coding	 region	 in	 SPFMV	was	 clonated	 into	 a	 plasmid	 vector	 under	 the	
control	of	 the	T7	promoter.	The	plasmid	was	subjected	to	a	T7	polymerase	driven	 in	
vitro	transcription,	and	the	generated	transcripts	were	purified;	a	RNA-Seq	library	was	
constructed	 and	 submitted	 to	 the	 same	 sequencing	 platform	already	 described.	 The	
analysis	revealed	a	2,7%	of	transcripts	with	an	extra	A	in	the	PISPO	slip	region.	
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Figure	R11:	RNA	slippage	frequencies	in	SPFMV	PISPO	and	PIPO	G2A6	motifs.	Data	obtained	from	a	RNA-
Seq	library	of	an	Ipomoea	batata	AM-MB2	plant	infected	by	SPFMV,	but	not	superinfected	with	SPCSV.	
The	 genomes	 of	 SPFMV	 are	 depicted	 schematically.	 Mature	 gene	 products	 are	 shown	 as	 boxes.	
Additional	 ORFs	 corresponding	 to	 out-of-frame	 PIPO	 and	 PISPO	 regions	 are	 also	 depicted.	 In	 A	 sites	
where	 indels	were	 detected	 after	 RNA-seq	 analysis	 are	 shown	with	 red	 (insertion)	 or	 blue	 (deletion)	
triangles.	Details	of	the	motif,	the	resulting	frame	for	the	modifications,	and	the	length	of	the	expected	
products,	as	well	as	the	RNA	slippage	percentages,	are	 indicated	for	each	modification.	Color	codes	 in	
the	 pie	 charts	 refer	 to	 insertions	 and	 deletions	 compared	 to	 the	 genomic	 sequence.	 Percentages	
showed	 the	 average	 for	 two	 independent	 samples	 proceeded	 of	 a	 single	 plant	 used	 for	 RNA-seq	
analysis.	

Evaluation	of	changes	in	the	slippage	frequency	between	samples	of	
SPFMV	and	of	SPFMV	super-infected	with	SPCSV		
 
To	 test	whether	 the	presence	of	 SPCSV	 in	plants	 infected	with	SPFMV	affects	 to	 the	
proportion	of	slippage	events	at	the	PISPO	and	PIPO	regions,	we	analysed	the	RNA-Seq	
libraries	from	I.	batata	AM-MB2	super	infected	with	SPCSV.		
	
Our	data	showed	that	superinfection	with	SPCSV	resulted	in	a	decrease	in	the	relative	
proportion	of	RNA-seq	reads	with	an	additional	A	in	the	G2A6	motifs	at	the	PISPO	site	

in	SPFMV	(from	10,5-13,2%	to	6,5-6,8%)	(Fig.	R12).	However,	in	the	PIPO	site,	where	a	
less	frequent	A	insertion	was	observed,	almost	no	changes	in	the	proportion	between	
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super-infected	and	not	super-infected	plant	were	observed	(from	1,1-1,4%	to	0,9-1%)	
(Fig.	R12).		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	R12:	Comparison	of	RNA	slippage	percentages	between	SPFMV	AM-MB2	infected	I.	batata	plants	
(gray	circles)	and	SPFMV	AM-MB2	super-infected	with	SPCSV	I.	batata	plants	(salmon	circles).	The	virus	
SPFMV	is	represented	by	a	gray	schematic	virion.	The	bipartite	SPCSV	is	represented	with	two	salmon	
virions.		Two	variants	of	viral	RNAs	with	the	G2A6	or	G2A7	motifs	are	indicated.	The	slide	section	graphics	
represents	the	percentages	(see	Table	R8)	of	RNA-seq	reads	with	 insertion	of	an	extra	A	nucleotide	at	
the	slippage	sites	corresponding	to	PISPO	(left)	and	PIPO	(right).	

We	could	not	repeat	the	same	kind	of	analysis	 in	the	case	of	SPV2	and	SPVC	viruses,	
because	 the	 number	 of	 reads	 for	 these	 viruses	 in	 AM-MB2	 infected	 plants	 was	
insufficient	to	perform	the	bioinformatic	analysis	with	the	same	statistical	significance.	
However,	 boosting	 of	 SPV2	 and	 SPVC	 accumulation	 in	 the	 crinivirus-superinfected	
samples	 allowed	 us	 to	 analyze	 the	 presence	 of	 insertions	 at	 PISPO	 and	 PIPO	 G2A6	
conserved	motifs.	As	in	the	case	of	SPFMV,	transcripts	with	A	insertions	were	found	in	
the	G2A6		motifs	upstream	of	trans-frame	PISPO	and	PIPO	(Table	R8).	 
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Analysis	of	polymerase	slippage	events	in	other	potyvirids	

 
To	assess	the	scope	among	the	Potyviridae	family	of	the	presence	of	an	extra	A	at	the	
PIPO	junction,	we	analyzed	available	RNA	sequencing	(RNA-seq)	data	of	two	isolates	of	
the	potyvirus	Plum	pox	virus	(PPV)	(Rodamilans	et	al.	2014).	The	presence	of	A	residue	
additions	 in	 the	 PIPO	GA6	motif	was	 found	 in	 1.6%	 of	 the	 reads.	 Besides,	 published	
data	on	another	potyvirus,	Zucchini	yellow	mosaic	virus,	showed	a	minor	variant	with	
an	extra	A	in	all	samples	of	a	Cucurbita	pepo	vine	studied	by	deep	sequencing	of	long	
RNAs	(Dunham	et	al.	2014),	and	our	analysis	located	this	modification	in	the	PIPO	GA6	
motif	 as	well.	 Finally,	 the	 analysis	 of	 a	 sample	 of	N.	 tabacum	 infected	with	 SPMMV	
revealed	a	 group	of	 transcripts	with	 an	extra	A	 in	 the	PIPO	motif	 of	 this	 ipomovirus	
(Table	R8).		

Curiously,	the	presence	of	an	A	deletion	in	the	PIPO	GA6	motif	were	also	detected	in	
SPFMV,	SPV2	and	SPMMV	samples.	The	percentage	of	reads	with	an	A	deletion	in	PIPO	
motif	ranged	from	0,5%	to	2,57%	in	these	viruses	(Table	R8).	The	deletion	would	result	
in	a	very	short	overlapping	reading	frame	downstream	of	P3N.	However,	SPFMV	reads	
with	similar	deletions	affecting	the	PISPO	motif	were	not	found	in	our	analysis.	

To	 evaluate	 if	 polymerase	 slippage	 might	 occur	 in	 repetitive	 A	 motifs	 in	 other	
unrelated	 viruses	 with	 RNA	 genomes	 in	 the	 Picornaviridae	 family,	 we	 analysed	
available	 highthroughput	 sequence	 data	 from	 the	 enterovirus	 Human	 rhinovirus	 C	
(SRR363436).	The	analysis	of	an	A6	motif	at	6036	position	showed	a	2,7%	of	transcripts	
with	insertions	at	this	location.	

Altogether,	 these	 data	 strongly	 suggest	 that	 P1N-PISPO	 as	well	 as	 P3N-PIPO	 can	 be	
produced,	at	least	partially,	through	a	polymerase	slippage	mechanism.	The	analysis	of	
available	data	also	suggests	that	this	mechanism	of	polymerase	slippage	could	occur	in	
other	picornaviruses,	and	also	can	be	observed	in	transcripts	generated	in	vitro	with	a	
bacteriophage-derived	T7	RNA	polymerase. 
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Absence	 of	 detectable	 production	 of	 P1N-PISPO	 by	 frameshifting	 in	 in	
vitro	translation	experiments		
To	evaluate	the	putative	contribution	of	translational	frameshifting	to	the	production	
of	P1N-PISPO,	our	collaborator	Bernardo	Rodamilans	(CNB,	Madrid,	Spain)	performed	
in	 vitro	 translation	 experiments	 in	wheat	 germ	extracts	 using	 as	 starting	material	 to	
program	the	reactions	a	set	of	SPFMV	constructs	deriving	from	the	original	materials	
generated	in	our	laboratory.	

The	SPFMV	P1-coding	region	was	cloned	after	RT-PCR	amplification	(P1	construct),	and	
appropriate	 mutations	 were	 designed	 to	 express	 truncated	 proteins	 in	 each	 of	 the	
frames.	 In	 the	 P1Δ ︎ 	 construct,	 a	 stop	 codon	 interrupted	 the	 main	 ORF	 of	 the	
polyprotein	downstream	of	 the	G2A6	motif	 to	generate	a	54-kDa	variant,	whereas	 in	

the	P1N-PISPOΔ	construct,	the	corresponding	stop	codon	was	introduced	in	the	PISPO	
sequence	 (-1	 frame),	 leading	 to	 a	 putative	 47-kDa	 product	 without	 altering	 the	 P1-
coding	 sequence.	 P1,	 P1Δ,	 and	P1N-PISPOΔ,	 together	with	 a	 luciferase	 gene	 control,	
were	 used	 for	 in	 vitro	 transcription.	 The	 analysis	 showed	 a	 band	 with	 a	 mobility	
corresponding	 to	around	70	kDa	 in	 the	P1	 sample,	 roughly	 compatible	with	both	P1	
and	 P1N-PISPO	 (expected	 sizes	 of	 74.1	 kDa	 and	 72.7	 kDa,	 respectively)	 (Table	 R9).	
However,	major	 protein	 products	 derived	 from	 translational	 frameshifting	 were	 not	
detected	 in	 the	 analysis	 of	 the	 two	 other	 constructs	 designed	 to	 yield	 products	 of	
different	sizes	in	the	P1	and	PISPO	frames:	in	P1Δ,	the	major	band	was	compatible	with	
the	expected	size	of	the	truncated	P1	(54	kDa),	while	in	P1N-PISPOΔ,	the	pattern	was	
similar	to	that	for	the	unaltered	P1	and	not	any	other	evident	products	were	present	
at	 the	 expected	 region	 for	 the	 truncated	 47-kDa	 protein	 (results	 are	 summarized	 in	
Table	 R9).	 The	 results	 of	 this	 experiment	 support	 the	 hypothesis	 that	 viral	 RNA	
polymerase	slippage	is	the	main	mechanism	that	produces	the	out-of-frame	product,	
and	 that	 the	 hypothetical	 contribution	 of	 translational	 frameshift	 was	 apparently	
below	the	detection	limit	of	the	in	vitro	assay.		

Table	R1:	In	vitro	expression	of	P1-related	products.1	

Construct	 Expected	
products	

Expected	size	
(kDa)	

Detection	of	expressed	
products	

P1	
P1	 74,1	 Yes,	a	band	of	≈	70	kDa	

compatible	with	both	
P1	and	P1N-PISPO	

products.	

P1N-PISPO	 72,7	

P1Δ	 P1Δ	 54	 Yes	
P1N-PISPO	 72,7	 No	clear	product	

P1N-PISPOΔ	 P1	 74,1	 Yes	
P1N-PISPOΔ	 47	 No	clear	product	

Luciferase	 Luciferase	 61	 Yes	
1	 Constructs	were	 designed	 to	 express	 selected	 proteins.	Wheat	 germ	 extract	was	 programmed	with	
RNA	 transcripts,	 including	 a	 luciferase	mRNA	and	water	 as	 controls.	 The	proteins	 synthetized	 after	 in	
vitro	translation	were	subjected	to	an	SDS-PAGE	analysis	and	detected	by	autoradiography.  
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Detection	of	P1N-PISPO	protein	during	viral	infection	
 
Although	 the	 identification	of	polymerase	 slippage	 in	 the	PISPO	G2A6	motif	 supports	
the	expression	of	the	P1N-PISPO	gene	product,	and	consequently	the	existence	of	this	
alternative	 protein	 during	 viral	 infection,	 no	 experimental	 evidence	was	 available	 at	
that	point	of	the	project.	To	test	 if	the	expected	gene	product	was	indeed	present	in	
infected	tissues,	proteins	samples	of	N.	benthamina	plants	agroinfiltrated	with	P1	and	
P1N-PISPO	constructs	as	well	as	 I.	batata	plants	infected	with	SPFMV	were	subjected	
to	 a	mass-spectrometry	 analysis.	 The	 use	 of	 agroinfiltrated	 controls	 programmed	 to	
overexpress	 forced	 variants	 was	 intended	 to	 facilitate	 the	 identification	 of	 true	
peptides	which	could	be	later	searched	for	in	the	virus	infected	samples.	

Identification	of	virus-derived	proteins	in	agroinfiltrated	plant	tissue	by	
LC-MS/MS	analysis	
 
A	construct	containing	the	wild-type	P1-coding	sequence	and	a	construct	designed	to	
produce	 only	 P1N-PISPO	 (by	 insertion	 of	 a	 nucleotide	 in	 the	 G2A6	 motif)	 were	
expressed	 by	 agroinfiltration	 in	N.	 benthamiana	 leaves	 in	 the	 presence	 of	 P1b	 RSS	
from	the	unrelated	ipomovirus	Cucumber	vein	yellowing	virus	(CVYV)	(Valli	et	al.	2006).	
The	P1b	RSS	was	 included	 to	 further	 enhance	 (and	maintain	on	 time,	 avoiding	 gene	
silencing	phenomenon)	the	protein	expression	 levels,	already	expected	to	be	high	by	
the	use	of	a	strong	constitutive	35S	promoter.	Total	proteins	present	in	the	infiltrated	
patches	were	extracted	and	separated	by	SDS-PAGE,	and	the	fraction	above	50	kDa	(to	
avoid	the	highly	abundant	RuBisCO)	was	excised	and	analyzed	by	LC-MS/MS.		

The	analysis	identified	more	than	180	and	200	proteins	in	samples	expressing	the	wild-
type	 P1	 and	 the	 mutant	 forced	 to	 produce	 P1N-PISPO,	 respectively.	 Most	 of	 the	
proteins	corresponded	to	the	host	plant	or	to	the	A.	tumefaciens	bacteria	used	as	the	
expression	vector.	In	each	sample,	the	overexpressed	viral	gene	products	were	readily	
identified	with	 high	 scores	 and	 coverages:	 for	 P1,	 a	 score	 of	 97.38,	 with	 13	 unique	
peptides,	 and	 31.33%	 coverage;	 for	 P1N-	 PISPO,	 a	 score	 of	 173.38,	 with	 25	 unique	
peptides,	 and	 46.02%	 coverage.	 The	 detected	 peptides	 corresponded	 to	 the	
transiently	 expressed	 viral	 gene	 products;	 their	 distributions	 along	 the	 amino	 acid	
sequences	are	shown	in	Fig.	13A	and	B,	and	complete	details	of	each	unique	peptide	
are	provided	in	Table	R10.	

Intriguingly,	no	peptides	corresponding	to	the	PISPO	frame	were	found	in	the	sample	
that	 expressed	 the	 wild-type	 P1	 gene	 products,	 even	 after	 applying	 a	 targeted	
approach	for	PISPO-derived	peptides.	In	addition,	it	also	confirmed	the	identity	of	the	
expressed	P1N-PISPO	protein	in	the	corresponding	construct,	as	an	identified	peptide	
overlapped	 the	 frameshifted	 region	 and	 showed	 the	 amino	 acid	 introduced	 to	 force	
the	frameshift	(sequence,	LVWEK	[mutation	in	bold]	(Table	R10).		 	



Results	
 

	 75	

	

Figure	 R13:	 Identification	 of	 viral	 proteins	 by	 LC-MS/MS	 in	 agroinfiltrated	 samples.	 (A)	 Detection	 of	
peptides	corresponding	to	proteins	transiently	expressed	in	N.	benthamiana	leaves	agroinfiltrated	with	
a	 construct	 that	 contains	 the	 wild-type	 P1	 sequence	 of	 SPFMV	 under	 control	 of	 the	 appropriate	
promoter	for	overex-	pression.	The	plasmid	construct	is	schematically	drawn	inside	a	leaf	outline,	with	a	
detail	of	 the	expected	RNA	sequence	corresponding	 to	 the	G2A6	motif	upstream	of	 the	PISPO	starting	
point	 and	 the	 detected	 protein	 P1.	 A	 question	 mark	 besides	 the	 P1N-PISPO	 name	 indicates	 that	 no	
peptides	 corresponding	 to	 the	 PISPO	 domain	 were	 found	 in	 the	 analysis.	 The	 peptides	 detected	 are	
shown	(as	gray	boxes)	distributed	along	the	P1	protein	sequence	in	the	right	panel,	and	the	percentage	
of	coverage	is	indicated.	The	sequences	of	the	detected	peptides	are	shaded	in	gray	on	the	sequence	of	
the	P1	gene	product,	and	the	frameshift	point	is	underlined.	(B)	Detection	of	peptides	as	in	panel	A	but	
in	the	sample	agroinfiltrated	with	the	P1N-PISPO	construct,	which	ensures	expression	of	the	trans-frame	
product.	The	PISPO	region	is	highlighted	and	is	depicted	in	italic	lettering	in	the	sequence,	starting	at	the	
underlined	frameshift	point.	Peptides	found	in	the	analysis	are	shown	as	boxes	(gray	for	P1N	and	black	
for	 PISPO)	 in	 the	 graphic	 and	 shaded	 in	 the	 sequence	 below,	 using	 a	 gray	 background	 in	 the	 case	 of	
peptides	corresponding	to	the	P1N	or	a	black	background	with	white	letters	for	the	PISPO	region.	

Detection	of	SPFMV	P1N-PISPO	in	infected	sweet	potato	plants		

Total	 proteins	 were	 extracted	 from	 plants	 infected	 with	 SPFMV	 AM-MB2,	 and	 the	
fraction	 corresponding	 to	 protein	 products	 of	 above	 ︎ 50	 kDa	 was	 subjected	 to	 LC-
MS/MS	analysis.	The	 list	of	peptides	corresponding	 to	viral	proteins	 included	several	
large	size	gene	products	expected	to	accumulate	during	infection,	such	as	P1,	HCPro,	
CI,	 and	 NIb	 (all	 of	 them	with	 sizes	 above	 the	 exclusion	 limit	 selected	 >50	 kDa,	 and	
translated	 from	 the	 long	 viral	 ORF).	 Detection	 was	 also	 positive	 for	 4	 peptides	
corresponding	 exclusively	 to	 the	 PISPO	 region	 of	 P1N-PISPO,	 and	 thus	 likely	 derived	
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from	 a	 trans-frame	 protein	 that	 incorporated	 PISPO	 (21.3%	 coverage).	 Along	 with	
these	 peptides,	 peptides	 corresponding	 to	 the	 P1	 protein	 were	 detected	 from	
upstream	of	 the	 polymerase	 slippage	 signal	 (11	 different	 peptides,	 39%	 coverage	 of	
the	P1N	region),	and	therefore	common	to	P1	and	P1N-PISPO,	and	from	the	C-terminal	
part	 (2	peptides,	10%	coverage).	Scores	were	116.56	 (13	peptides,	28.46%	coverage)	
for	P1	and	196.2	(15	peptides,	32.72%	coverage)	for	P1N-PISPO.		

Figure	R14	summarizes	the	coverage	and	location	of	the	peptides	corresponding	to	the	
two	 alternative	 gene	 products	 from	 the	 P1	 region,	 P1	 and	 P1N-PISPO,	 which	 were	
present	 in	 infected	 sweet	 potato	 samples.	 Details	 on	 all	 identified	 virus-derived	
proteins	and	the	 individual	peptides	 found	 in	 the	analysis	are	provided	 in	Table	R11.	
Considering	the	exclusion	 limit	 (>50	kDa)	used	 for	sampling	and	that	no	smaller	viral	
proteins,	 including	 the	 abundant	 CP	 (35.1	 kDa),	 were	 detected	 by	 this	 analysis,	 our	
results	are	compatible	with	the	simultaneous	expression	and	accumulation	of	both	P1	
and	 P1N-PISPO	 (predicted	 to	 be	 74.1	 and	 72.7	 kDa,	 respectively)	 during	 SPFMV	
infection.		

Figure	 R14: Identification	 of	 viral	 proteins	 by	 LC-MS/MS	 in	 AM-MB2	 I.	 batata	 plant	 infected	 with	
SPFMV.	 The	 virus	 SPFMV	 is	 represented	by	 a	 schematic	 virion	 inside	 the	outline	 of	 the	 sweet	 potato	
leaf,	and	two	variants	of	viral	RNAs	with	the	G2A6	or	G2A7	motifs	are	indicated.	Peptides	deriving	from	
the	 common	 P1N	 region,	 from	 the	 P1	 C-terminal	 region,	 and	 from	 PISPO	 are	 shown	 in	 the	 protein	
schemes,	using	gray	for	the	common	P1N	part	and	the	rest	of	P1,	while	the	peptides	found	in	the	PISPO	
frame	are	represented	by	black	boxes.	The	sequences	of	peptides	are	also	highlighted	in	the	sequence,	
with	the	two	variants	shown	after	the	frameshift	point	(underlined),	represented	in	the	upper	lines	for	
P1	or	 in	the	 lower	(in	 italic)	 for	PISPO	and	using	as	above	a	gray	or	black	background	 in	the	sequence	
detail,respectively.	
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P1N-PISPO	as	a	RSS	

Identification	of	P1N-PISPO	as	a	RNA	silencing	suppressor	and	
interference	with	the	silencing	systemic	response	
 
Once	we	determined	 that	P1N-PISPO	 is	produced	 in	plants	 infected	with	SPFMV,	we	
investigated	 putative	 functions	 for	 the	 novel	 gene	 product.	 Based	 on	 our	 previous	
experience	 with	 proteins	 encoded	 at	 the	 5’	 ends	 of	 potyviral	 genomes,	 we	 tested	
whether	P1N-PISPO	exhibits	RNA	silencing	suppression	activity.		

The	standard	silencing	assay	is	based	on	the	co-overexpression	of	GFP	mRNA	with	viral	
products	 in	 N.	 benthamiana	 plants.	 The	 overexpression	 of	 GFP	 induces	 sense-
mediated	silencing	of	GFP	and	results	in	a	red	leaf	patch	under	UV	light,	unless	the	test	
viral	 product	 suppresses	 silencing	 in	 which	 case	 the	 leaf	 patch	 will	 show	 enhanced	
green	fluorescence	under	UV	light	for	a	prolongued	period	of	time,	compared	with	the	
negative	control.	

A	 useful	 variation	 of	 the	 analysis	 can	 be	 performed	 if	 N.	 benthamiana	 16c	 plants,	
which	express	constituvely	GFP,	are	used	in	the	assay.	 In	this	case,	the	spread	of	the	
GFP	silencing	signal	to	the	rest	of	the	cells	can	be	monitored,	since	it	will	cause	first	the	
shutting	down	of	 the	GFP	expression	 in	 the	patch	neighboring	cells,	 (visible	as	a	 red	
halo)	 and	 eventually	 later	 in	 the	 rest	 of	 the	 plant	 after	 its	 systemic	 dissemination	
(Voinnet	and	Baulcombe	1997).			

A	construct	to	produce	only	P1N-PISPO	(by	insertion	of	a	nucleotide	in	the	G2A6	motif)	
was	cloned	in	a	binary	vector	under	the	35S	promoter	and	the	TMV	omega	sequence	
acting	as	enhancer	of	expression	 (Fig.	R16A).	P1N-PISPO	was	coagroinfiltrated	with	a	
GFP-expressing	 construct	 in	N.	 benthamiana	 16c	 plants.	 Both	 positive	 and	 negative	
controls,	using	the	CVYV	P1b	silencing	suppressor	as	a	positive	control,	and	delta	as	a	
negative	 control,	 were	 included	 side-to-side	with	 the	 tested	 constructs	 in	 the	 same	
leaves.	The	design	of	the	silencing	assay	is	depicted	in	the	Fig.	R15A.	Monitoring	of	GFP	
fluorescence	 over	 time	 under	UV	 light	 showed	 that	 P1N-PISPO	presented	 clear	 RNA	
silencing	suppression	activity	at	3	and	5	days	post-agroinfiltration	(Fig.	R15B).		

All	 the	 P1N-PISPO	 coagroinfiltrated	 patches	 manifested	 a	 red	 halo	 surrounding	 the	
patch	at	5	days	postagroinfiltration,	indicating	a	short	distance	spread	of	the	silencing	
signal	(Fig.	R15B).	At	that	time	the	read	halo	was	not	present	in	the	P1b	agroinfiltraded	
patches,	 as	 it	 had	 been	 reported	 previously	 (Valli	 et	 al.	 2006).	 At	 1-month	
postagroinfiltration,	 the	 upper	 leaves	 of	 plants	 co-agroinfiltrated	 with	 P1N-PISPO	
showed	a	reduction	of	the	GFP	expression.	However,	this	reduction	was	lower	than	the	
ones	coagroinfiltrated	with	the	negative	control	(Fig	R15C).	This	observation	indicates	
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a	delay	of	the	long	distance	silencing	spreading.		

Altogether,	these	results	suggest	that	P1N-PISPO	has	silencing	suppressor	activity	but	
apparently	it	fails	to	block	the	silencing	signal	spread.	

	
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 R15: RNA	 silencing	 suppression	 activity	 of	 SPFMV	 P1N-PISPO	 and	 effect	 on	 systemic	 GFP	
silencing.	A)	Patch	design	used	for	coagroinfiltration	in	N.	benthamiana	16c	 leaves	of	a	GFP-expressing	
construct	together	with	P1N-PISPO	SPFMV	product,	CVYV	P1b	positive	control	(c+),	or	empty	vector	(δ,	
c-)	 B)	 Pictures	 of	 GFP	 fluorescence	 in	 agroinfiltrated	 leaves	 at	 3	 (top)	 or	 5	 (bottom)	 days	
postagroinfiltration	(dpai)	under	UV	light.	Detail	of	a	red	halo	surrounding	the	P1N-PISPO	agroinfiltrated	
patch	 at	 5	 dpai.	 C)	 Pictures	 for	whole	plants	 of	N.	benthamiana	16c	 at	 1-month	post-agroinfiltration,	
showing	GFP	fluorescence	under	UV	light.	The	left	picture	was	taken	from	a	plant	co-agroinfiltrated	with	
GFP	 together	 with	 P1N-PISPO.	 The	 right	 picture	 was	 taken	 from	 a	 plant	 co-agroinfiltrated	 with	 GFP	
together	with	the	empty	vector.		
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Assays	to	corroborate	the	anti-silencing	activity	of	P1N-PISPO	
and	evaluation	of	this	activity	in	other	individual	SPFMV	
proteins	
	
To	verify	whether	P1N-PISPO	acts	as	a	RNA	silencing	suppressor	(RSS)	and	to	compare	
in	parallel	this	capacity	in	other	SPFMV	viral	proteins	(P1	and	HCPro),	we	performed	a	
standard	silencing	assay	in	N.	benthamiana	plants.	
	
The	P1,	HCPro	and	a	P1	variant	with	the	ORF	corresponding	to	PISPO	interrupted	by	a	
stop	 codon	 (P1	 only)	 were	 cloned	 into	 the	 same	 binary	 vector	 that	 P1N-PISPO	 (see	
above,	Fig.	R16A).	All	the	constructs,	including	P1N-PISPO	were	coagroinfiltrated	in	N.	
benthamiana	 leaves	 with	 a	 GFP-expressing	 construct,	 side-to-side	 with	 the	 same	
controls	described	above	(Fig.	R16B).	The	GFP	fluorescence	was	monitored	over	time	
under	 UV	 light.	 The	 experiment	 was	 repeated	 several	 times,	 using	 at	 least	 three	
independent	Agrobacterium	cultures	for	each	construct.		

Compared	 to	 other	 individual	 SPFMV	 gene	 products,	 only	 P1N-PISPO	 showed	 clear	
RNA	 silencing	 suppression	 activity	 at	 3	 and	 5	 days	 postagroinfiltration	 (dpai)	 in	 the	
visual	 assay	 (Fig.	R16C),	which	 correlated	with	higher	accumulation	of	GFP	mRNA	as	
observed	by	Northern	blotting	(Fig.	R16D)	and	RT-qPCR	(Fig.	R16E).	Differences	in	GFP	
fluorescence	and	accumulation	of	GFP	mRNA	between	the	CVYV	P1b	positive	control	
and	P1N-PISPO	suggested	that	the	last	one	was	a	weaker	RSS	compared	with	P1b.	This	
was	confirmed	by	the	RT-qPCR	analysis,	which	showed	around	5-times-higher	levels	of	
GFP	mRNA	in	the	presence	of	P1b	(Fig.	R16E).		

Constructs	expressing	P1	(wild-type	P1	sequence)	and	P1	only	(P1	with	an	out-of-frame	
stop	codon	precluding	any	expression	of	PISPO,	as	described)	failed	to	exhibit	enough	
noticeable	RNA	silencing	suppression	activity	in	our	assays.	Interestingly,	the	construct	
expressing	 HCPro	 also	 failed	 to	 exhibit	 RSS	 activity,	 with	 quantitative	 values	 always	
below	those	obtained	for	P1	(Fig.	R16C,	D,	and	E).	
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Figure	 R16: RNA	 silencing	 suppression	 activity	 of	 SPFMV	 P1N-PISPO.	 (A)	 The	 constructs	 used	 are	
represented	 with	 the	 same	 conventions	 as	 in	 the	 other	 figures	 for	 AUG	 and	 stop	 codons.	 (B)	 Patch	
design	used	for	coagroinfiltration	in	N.	benthamiana	leaves	of	a	GFP-expressing	construct	together	with	
other	 constructs	 expressing	 SPFMV	products	 (indicated	by	X),	 a	 CVYV	P1b	positive	 control	 (c+),	 or	 an	
empty	 vector	 (δ,	 c-).	 (C)	 Pictures	 of	 representative	 agroinfiltrated	 leaves	 taken	 at	 3	 (top	 row)	 or	 5	
(bottom	row)	days	postagroinfiltration	 (dpai)	under	UV	 light.	 (D)	Northern	blot	analysis	of	GFP	mRNA	
extracted	 from	 agroinfiltrated	 tissue	 patches	 at	 3	 dpai,	 comparing	 the	 different	 constructs	 indicated	
above	each	lane.	The	bottom	panel	show	the	ethidium	bromide	staining	of	the	gel	as	loading	controls.	
(E)	 Relative	 accumulation	 of	 GFP	 mRNAs	 measured	 by	 specific	 RT-qPCR	 and	 normalized	 against	 the	
mean	 value	 corresponding	 to	 the	 negative	 control.	 The	 average	 values	 ±	 standard	 deviations	 from	
several	 experiments,	 each	 performed	 with	 at	 least	 three	 independent	 Agrobacterium	 cultures	 are	
plotted.	Significant	difference	 in	pairwise	comparisons	and	after	applying	 the	Tukey-Kramer	 test	were	
found	 only	 for	 the	 positive	 control	 CVYV	 P1b	 (shown	 with	 a	 broken	 axis	 to	 accommodate	 the	 large	
difference)	and	for	the	P1N-PISPO	samples.		



Results	
 

	 83	

The	 same	P1	 and	 P1N-PISPO	 constructs	 tested	 for	 RSS	 activity	were	 used	 in	 the	 LC-
MS/MS	 experiments	 described	 above.	 Although	 it	 is	 not	 a	 quantitative	 assay,	 the	
detection	of	 similar	 numbers	 of	 specific	 peptides	 in	 both	 cases	 (Table	R10)	 suggests	
that	P1	and	P1N-PISPO	accumulated	at	 comparable	 levels	 in	agroinfiltrated	 leaves	 in	
the	 presence	 of	 a	 heterologous	 RSS.	 Hence,	 these	 results	 support	 the	 idea	 that	 the	
absence	of	noticeable	silencing	suppression	activity	by	the	P1	construct	 is	not	due	to	
problems	in	protein	expression,	accumulation,	or	stability.	To	evaluate	if	some	of	these	
problems	 were	 interfering	 with	 the	 other	 negative	 constructs	 (HCPro,	 P1	 only),	 we	
tested	their	expression	in	agroinfiltrated	leaves	by	Western-blot.	A	Myc	tag	was	added	
at	the	N-terminal	part	of	HCPro	and	P1	only.	Myc-P1b	and	N.benthamiana	were	used,	
respectively,	as	positive	and	negative	controls.	In	the	case	of	HCPro,	the	presence	of	a	
band	 of	 the	 expected	 size	 (52	 kDa)	 was	 detected	 (Fig.	 R17).	 For	 P1	 only	 a	 band	 of	
around	 100	 kDa	was	 present	 (Fig.	 R17).	 This	molecular	 weight	 was	 higher	 than	 the	
expected	 one	 (74	 kDa),	 indicating	 that	 some	 post-trancriptional	modifications	might	
have	occurred	in	these	proteins.	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 R17:	 Protein	 expression	 of	 HCPro,	 P1	 only	 and	 a	 mutated	 version	 (P1N-PISPOmut)	 in	
agroinfiltrated	 leaves,	measured	by	Western-blot	 analysis	 using	 specific	 anti-myc	 antibody.	Molecular	
weight	(kDa)	of	the	mobility	of	ladder	bands	is	indicated	at	the	left	of	the	picture.	

Altogether,	these	results	confirmed	that	P1N-PISPO	showed	RNA	silencing	suppressor	
activity.	 Moreover,	 the	 assays	 showed	 that	 the	 individual	 P1	 and	 HCPro	 SPFMV	
proteins	 did	 not	 presented	 a	 clear	 anti-silencing	 activity,	 at	 least	 in	 the	 standard	
procedures	used	for	characterization	of	RSS.		
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Preliminary	evaluation	of	anti-silencing	activity	in	constructs	
co-expressing	P1	and	HCPro	
	
As	aforementioned,	P1	and	HCPro	did	not	presented	clear	anti-silencing	activity	when	
they	were	co-agroinfiltrated	individually.	To	test	if	these	two	proteins	showed	silencing	
suppression	activity	when	they	were	co-expressed	in	cis,	a	construct	corresponding	to	
the	 complete	 P1HCPro	 region	 of	 SPFMV	 AM-MB2	 isolate	 (Fig.	 R18A)	 was	 co-
agroinfiltrated	 with	 GFP	 in	 N.	 benthamiana	 plants	 (Fig.	 R18B).	 Visual	 observations	
under	 UV	 showed	 that	 P1HCPro	 presented	 some	 noticeable	 silencing	 suppression	
activity	at	3dpai,	whereas	at	5dpai	this	activity	was	still	visible	but	was	reduced	to	an	
even	lower	degree,	compared	with	the	positive	control	(Fig.	R18C).	The	quantification	
of	GFP	mRNA	by	RT-PCR	 supported	 the	 visual	 observations	 at	 3dpai,	where	 the	GFP	
mRNA	levels	were	similar	to	that	showed	by	P1N-PISPO	(Fig.	R16E	and	R18D).		
	
Two	 additional	 P1HCPro	 variants	 were	 also	 constructed	 and	 co-agroinfiltrated	 (Fig.	
R18A).	 In	 the	 first	 P1HCPro	 variant,	 the	 frame	 of	 P1N-PISPO	 was	 stopped	
(P1onlyHCPro).	 In	the	second	one,	the	conserved	reported	FRNK	box	(Shiboleth	et	al.	
2007)	involved	in	HCPro	anti-silencing	activity	was	mutated	to	FANA,	replacing	charged	
residues	by	Alanines	 (P1HCPromut).	Although	visual	observations	 (Fig	R18C)	and	GFP	
mRNA	values	(Fig	R18D)	showed	a	slightly	decrease	of	silencing	suppression	activity	in	
both	variants	compared	to	the	non-mutated	construct,	the	results	were	not	conclusive	
due	 to	 the	 high	 variability	 between	 replicates.	 In	 fact,	 the	 measurements	 of	 GFP	
mRNAs	 were	 too	 close	 to	 the	 discrimination	 limit	 of	 the	 assay	 to	 attribute	 a	 clear	
activity	in	any	of	the	two	variants.	Therefore,	to	elucidate	if	P1	or	HCPro	contributed	to	
counteract	the	antiviral	silencing	pathway,	or	alternatively	if	HCPro	could	be	involved	
in	the	generation	of	P1N-PISPO,	further	experiments	will	be	needed.		
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Figure	 R18:	 RNA	 silencing	 suppression	 activity	 of	 SPFMV	 P1-HCPro.	 (A)	 The	 constructs	 used	 are	
represented	 with	 the	 same	 conventions	 as	 in	 the	 other	 figures	 for	 AUG	 and	 stop	 codons.	 The	
localization	of	the	FRNK	present	in	the	sequence	(positions	in	parentheses)	in	the	mutant	in	which	the	R	
and	K	residues	were	replaced	by	A	residues	is	indicated.	(B)	Patch	design	used	for	coagroinfiltration	in	N.	
benthamiana	 leaves	 of	 a	 GFP-expressing	 construct	 together	 with	 other	 constructs	 expressing	 SPFMV	
products	 (indicated	by	X),	 a	CVYV	P1b	positive	 control	 (c+),	or	an	empty	vector	 (δ,	 c-).	 (C)	Pictures	of	
representative	 agroinfiltrated	 leaves	 taken	 at	 3	 (top	 row)	 or	 5	 (bottom	 row)	 days	 postagroinfiltration	
(dpai)	 under	 UV	 light.	 (D)	 Relative	 accumulation	 of	 GFP	 mRNAs	 measured	 by	 specific	 RT-qPCR	 and	
normalized	 against	 the	 mean	 value	 corresponding	 to	 the	 negative	 control.	 The	 average	 values	 ±	
standard	 deviations	 from	 several	 experiments,	 each	 performed	 with	 at	 least	 three	 independent	
Agrobacterium	cultures	are	plotted.		
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Approximations	to	the	mode	of	action	involved	in	the	silencing	
suppression	capacity	of	P1N-PISPO	
 
Once	we	confirmed	that	P1N-PISPO	counteracted	the	plant	antiviral	silencing	defence	
we	were	interested	to	determine	the	mode	of	action	involved	in	this	capacity.	In	order	
to	evaluate	that,	we	performed	some	experiments	described	in	the	following	sections.	

Presence	of	WG/GWs	motifs	in	PISPO	aminoacid	sequence	
 
In	 some	RSS	 found	 in	plant	 viruses,	 tryptophan-glycine/glycine-tryptophan	 (WG/GW)	
motifs	 can	 act	 as	 key	 functional	motifs.	 They	 have	 been	 described	 to	 play	 essential	
roles	 in	 interactions	 with	 Argonaute	 (Ago)	 proteins,	 and	 in	 some	 cases	 with	 small	
RNAs,	 their	presence	being	necessary	 to	preserve	 suppressor	activity	 (Azevedo	et	al.	
2010;	 Chattopadhyay	 et	 al.	 2015;	 Giner	 et	 al.	 2010;	 Pérez-Cañamás	 and	 Hernández	
2015).	
	
The	analysis	of	sequences	in	SPFMV	and	in	the	members	of	its	lineage	(SPV2,	SPVC	and	
SPVG)	 showed	 that	 in	 all	 these	 viruses	 the	 PISPO	 sequence	 contained,	 respectively,	
three,	one,	one	and	one	WG/GW	motifs.	While	SPVC	had	3	WG/GWs	motifs	in	the	P1	
coding	sequence	versus	2	in	P1N-PISPO,	SPVG	and	SPV2	presented	the	same	number	
of	motifs	in	both	proteins	(P1	and	P1N-PISPO)	(Fig.	R19).		
	
Interestingly,	the	P1	of	SPFMV	AM-MB2	only	presents	2	WG/GWs	motifs	compared	to	
the	4	motifs	found	in	the	P1N-PISPO	protein	variant	(Fig.	R19).	Szabo	and	co-workers	
have	 recently	 showed	 that	 the	 P1	 of	 another	 SPFMV	 isolate	 only	 recovered	
measurable	 RNA	 silencing	 suppressor	 activity	 when	 2	 extra	 WG/GWs	 motifs	 were	
artificially	 added	 to	 its	 sequence	 (Szabó	 et	 al.	 2012).	 These	 observations	 suggested	
that	 the	WG/GWs	of	 SPFMV	P1N-PISPO	could	be	 involved	 in	 its	 silencing	 suppressor	
activity.		
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Figure	R19:	Localization	of	WG/GW	motifs	in	P1	and	P1N-PISPO	proteins	of	sweet	potato	viruses.	P1	and	
P1N-PISPO	 are	 represented	 with	 boxes.	 The	 positions	 of	 WG/GWs	 motifs	 correspond	 with	 vertical	
purple	lines.	The	viral	isolates	represented	are	SPFMV	AM-MB2,	SPVG	GWB	(JN613807),	SPVC	AM-MB2,	
SPV2	AM-MB2,	SPMMV	130	 (GQ353374)	and	SPLV	 (KC443039).	The	 scale	 schemes	were	created	with	
IBS:	Illustrator	for	biological	sequences	(available	in	http://ibs.biocuckoo.org).	

Analysis	of	P1N-PISPO	WG/GWs	mutant	

In	 order	 to	 evaluate	 the	 contribution	 of	WG/GWs	motifs	 in	 P1N-PISPO	 activity,	 we	
generated	 a	 mutated	 variant	 of	 P1N-PISPO.	 In	 this	 mutant	 (P1N-PISPOmut),	 the	
tryptophan	(W)	of	all	four	WG/GW	motifs	was	replaced	by	alanine	(A)	(Fig.		R20A).	

The	mutated	variant	was	agroinfiltrated	in	N.	benthamiana	leaves,	along	with	the	GFP-
expressing	construct,	to	evaluate	its	activity	as	an	RSS.	The	mutated	product	failed	to	
counteract	the	RNA	silencing,	as	shown	by	GFP	fluorescence	under	UV	light	(Fig.	R20B).	
This	 observation	 was	 confirmed	 by	 GFP	 mRNA	 Northern	 blot	 and	 RT-qPCR	
quantification	of	GFP	mRNA	(Fig.	R20B	and	C).	The	 levels	of	GFP	mRNA	 in	 leaves	co-
agroinfiltrated	with	P1N-PISPOmut	were	even	 lower	that	the	ones	determined	 in	the	
empty	vector	sample	(delta).		

To	 discard	 a	 problem	 of	 expression	 in	 P1N-PISPOmut,	 the	 level	 of	 a	 myc-P1N-
PISPOmut	product	was	detected	in	agroinfiltrated	samples	by	Western	blotting.	While	
the	 expected	 size	 of	 this	 variant	 is	 around	 73	 kDa,	 a	 band	 of	 around	 100	 kDa	 was	
detected	(Fig.	R17).	As	 in	the	case	of	P1	only,	we	attributed	this	difference	 in	size	to	
possibly	 the	 same	 kind	 of	 post-translational	 modifications,	 still	 pending	 to	 be	
determined.	
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In	 conclusion,	 this	 assay	 indicates	 that	 the	WG/GWs	motifs	 found	 in	 the	 P1N-PISPO	
coding	 sequence	 are	 positively	 correlated	 with	 its	 capacity	 to	 counteract	 the	 plant	
silencing	defence.		

	

Figure	R20: Involvement	of	WG/GWs	motifs	in	P1N-PISPO	silencing	activity.	A)	P1N-PISPOmut	construct	
is	 represented	 with	 the	 same	 conventions	 as	 in	 the	 other	 figures	 for	 AUG	 and	 stop	 codons.	 The	
distribution	 of	 the	 four	WG/GW	motifs	 in	 the	 sequence	 (positions	 in	 parentheses)	 is	 indicated	 in	 the	
mutant	in	which	the	four	W	residues	were	replaced	by	A	residues.	B)	Picture	of	representative	leave	co-
agroinfiltrated	 with	 GFP	 and	 the	 indicated	 construct	 (P1-PISPOmut)	 and	 the	 corresponding	 controls	
taken	 at	 3	 days	 postagroinfiltration	 (dpai)	 under	 UV	 light.	 The	 average	 of	 GFP	 mRNAs	 relative	
accumulation	 ±	 standard	 deviation	 measured	 by	 specific	 RT-qPCR	 and	 normalized	 against	 the	 mean	
value	 corresponding	 to	 the	 negative	 control	 is	 indicated	 below	 the	 picture.	 Three	 different	 samples	
were	 collect	 at	 3dpai	 and	 analysed.	 C)	 Northern	 blot	 analysis	 of	 GFP	 mRNA	 extracted	 from	
agroinfiltrated	tissue	patches	at	3	dpai,	comparing	the	different	constructs	 indicated	above	each	 lane.	
The	bottom	panel	shows	the	ethidium	bromide	staining	of	the	gel	as	loading	controls.	The	control	lanes	
were	 the	 same	 used	 in	 figure	 R16,	 since	 all	 samples	 were	 tested	 in	 the	 same	 blot	 to	 facilitate	
comparisons.	
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Interference	of	P1N-PIPSO	with	siRNAs	generation	
 
As	aforementioned,	WG/GWs	motifs	can	be	related	with	the	anti-silencing	activities	of	
some	RSS	with	different	modes	of	action.	For	example	the	WG/GWs	motifs	of	SPMMV	
P1	mediated	 the	 interaction	with	AGO1	 (Giner	et	al.	 2010),	whereas	 the	unique	WG	
motif	of	PLPV	p37	also	is	involved	in	binding	to	siRNAs	(Pérez-Cañamás	and	Hernández	
2015).		
	
To	test	if	P1N-PISPO	inhibits	siRNAs	generation	and	to	evaluate	if	WG/GWs	are	related	
with	 this	mode	of	 action,	 the	GFP	 siRNAs	 levels	 of	 co-agroinfiltrated	 tissue	with	 the	
different	constructs	 (Fig.	11A)	were	analysed	by	Northern	blotting.	As	expected	from	
previous	 results	 (Giner	 et	 al.	 2010;	 Valli	 et	 al.	 2011)	 CVYV	 P1b	 prevented	 to	 certain	
extent	 the	 generation	 of	 GFP-derived	 siRNAs,	 while	 a	 clear	 similar	 effect	 was	 not	
observed	 for	 P1N-PISPO	 (Fig.	 R21)	 and	 no	 differences	were	 observed	 between	 P1N-
PISPO	and	the	WG/GW	mutants.		
	
	
	
	
	
 
 
	

	

	

Figure	 R21:	 Interference	 of	 P1N-PISPO	with	 siRNAs	 generation.	 Northern	 blot	 analysis	 of	 GFP	 siRNAs	
extracted	 from	 agroinfiltrated	 tissue	 patches	 at	 3	 dpai,	 comparing	 the	 different	 constructs	 indicated	
above	each	lane.	The	bottom	panel	shows	the	ethidium	bromide	staining	of	the	gel	as	loading	controls	

This	 result	 suggested	 that	P1N-PISPO	might	use	 a	mode	of	 action	different	 than	 the	
inhibition	of	siRNAs	generation.	To	evaluate	different	modes	of	action,	as	for	example	
the	interference	with	Argonaute	proteins,	further	experiments	will	be	needed.		
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DISCUSSION	

Among	all	 the	known	members	of	 the	Potyvirus	genus	 (158	species	according	 to	 the	
International	 Committee	 of	 Taxonomy	 of	 Viruses	 [ICTV]	 [2014]	 release),	 SPFMV	
presents	 several	peculiarities.	 First,	 its	 genome	 is	 the	 largest,	with	an	extraordinarily	
long	P1	region	(664	to	724	aa),	which	is	surpassed	in	the	Potyviridae	family	only	by	the	
equivalent	 P1	 product	 of	 the	 ipomovirus	 SPMMV	 (758	 aa),	 which	 shares	 some	
similarity	 with	 SPFMV	 P1	 in	 the	 N-terminal	 region	 (Valli,	 López-Moya,	 and	 García	
2007).	The	bioinformatic	prediction	of	the	additional	ORF	PISPO	within	the	P1-coding	
sequence	(Clark	et	al.	2012;	Li	et	al.	2012)	added	a	further	peculiarity,	although	it	was	
unknown	 until	 now	 whether	 PISPO	 was	 expressed.	 Our	 results	 shed	 light	 on	 these	
aspects	of	SPFMV	biology,	first	by	finding	the	occurrence	of	RNA	slippage	events	in	the	
PISPO	G2A6	conserved	motif,	and	then	by	confirmation	that	the	predicted	trans-framed	
P1N-PISPO	 product	 was	 indeed	 expressed	 during	 SPFMV	 infection.	 Moreover,	 our	
results	 demonstrated	 that	 P1N-PISPO	 contributed	 to	 counteract	 the	 RNA	 silencing-
based	plant	defence	to	viral	infection.		

P1N-PISPO	a	new	gene	product	expressed	through	polymerase	
slippage	as	an	out-of-frame	ORF	
 
The	novel	potyviral	gene	product	P1N-PISPO	(654	aa,	72.7	kDa)	combines	a	P1N	part	
shared	with	the	canonical	P1	(N-terminal	portion	of	422	aa,	equivalent	to	a	46.5-kDa	
protein	fragment)	and	the	PISPO	sequence	(232	aa,	fragment	of	26.1	kDa).	The	product	
is	 similar	 in	 size	 to	P1	 (664	aa,	74.1	kDa)	but	with	notable	differences,	 including,	 for	
instance,	the	predicted	isoelectric	points	of	the	two	proteins:	9.24	for	P1	and	6.17	for	
P1N-PISPO.	 Interestingly,	 an	 isoelectric	 point	 of	 slightly	 below	7	 is	 a	 hallmark	of	 P1s	
displaying	 RNA	 silencing	 suppression	 activity	 in	 other	 potyvirids	 (Valli	 et	 al.	 2007).	
Regarding	 the	 P1N-PISPO	 sequence,	 the	 P1N	 part	 is	 quite	 conserved	 between	 the	
members	of	the	SPFMV-lineage,	and	even	is	related	to	the	homologous	P1N	region	of	
the	 ipomovirus	 SPMMV.	 Instead,	 alignment	 of	 PISPO	 sequences	 revealed	 a	 high	
variability	 between	 them.	 This	 lack	 of	 conservation	 may	 indicate	 that	 PISPO	 has	
evolved	 recently,	 as	 it	 has	 been	 observed	 in	 other	 viral	 overlapping	 reading	 frames	
(Sabath,	 Wagner,	 and	 Karlin	 2012).	 The	 fact	 that	 P3N-PIPO	 is	 expressed	 in	 all	 the	
potyvirids	whereas	P1N-PISPO	 is	 restricted	 to	SPFMV-lineage	members	also	supports	
the	recent	emergence	of	P1N-PISPO.		

The	 expression	of	 P1N-PISPO	 is	 likely	 to	 derive	 from	 the	 translation	of	 RNA	 variants	
with	a	G2A7		sequence,	generated	by	polymerase	slippage	in	the	G2A6		conserved	motif	
situated	 upstream	 of	 PISPO.	 This	 mechanism	 of	 expression	 is	 supported	 by	
examination	 of	 sequences	 corresponding	 to	 different	 potyviruses	 present	 in	 the	
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virome	 of	 the	 AM-MB2	 plant,	 which	 showed	 results	 consistent	 with	 polymerase	
slippage	in	equivalent	G2A6	motifs	for	SPV2	and	SPVC	(Table	R8).		

Polymerase	slippage	as	a	general	mechanism	to	express	
potyviral	out-of-frame	proteins	
 
Analysis	 of	 sequence	 variants	 around	 the	 P3N-PIPO	 gene	 product	 in	 several	
potyviruses	revealed	the	presence	of	polymerase	slippage	events	in	the	G1-2A6-7	motif	
located	 upstream	 of	 PIPO,	 suggesting	 that	 P3N-PIPO	 is	 expressed	 by	 the	 same	
mechanism.	In	our	data,	a	percentage	of	transcripts	with	an	extra	A	in	the	PIPO	G1-2A6-7	

motif,	lower	than	the	one	for	SPFMV	PISPO	G2A6	motif,	has	been	identified	for	SPFMV,	
SPVC,	 SPV2,	 PPV	 and	 SPMMV.	 Although	 this	 possibility	 could	 not	 be	 demonstrated	
when	P3N-PIPO	was	first	identified	in	Turnip	mosaic	virus	(Chung	et	al.	2008),	the	same	
group	 of	 researchers	 from	 the	 University	 of	 Cambridge	 has	 recently	 reported	 that	
polymerase	slippage	also	occurs	at	the	PIPO	motif	of	this	virus	(Olspert	et	al.	2015).			

On	the	other	hand,	a	low	but	significant	number	of	transcripts	with	a	deletion	of	one	
nucleotide	in	the	PIPO	motif,	but	not	in	the	PISPO	one,	were	identified	in	SPFMV,	SPV2	
and	 SPMMV	 samples.	 This	 finding	 suggests	 that	 two	 variants	 in	 addition	 to	 the	 in-
frame	 P3	 product	 (frame	 0)	 can	 be	 produced:	 the	 P3N-PIPO	 variant	 (frame	 -1),	 and	
another	 in	 the	 third	 frame	 (frame	+1),	 characterized	by	 the	presence	of	a	very	short	
overlapping	 sequence	 after	 the	 PIPO	 slippage	 motif,	 which	 would	 lead	 to	 the	
expression	 of	 a	 truncated	 form	 of	 P3.	 The	 existance	 of	 this	 theorically	 predicted	
product	has	been	recently	demonstrated	in	the	case	of	the	potyvirus	Clover	yellow	vein	
virus	(ClYVV).	This	new	gene	product	(named	P3N-ALT	by	the	authors	describing	it)	was	
also	 produced	 by	 a	 polymerase	 slippage	 event,	 and	 it	 has	 been	 proposed	 to	 be	
involved	in	cell-to-cell	movement	function,	along	with	P3N-PIPO	(Hagiwara-Komoda	et	
al.	2016).	

All	 these	data	 strongly	 suggest	 that	 P1N-PISPO	and	P3N-PIPO	are	produced,	 at	 least	
partially,	 through	 polymerase	 slippage	 and	 lead	 us	 to	 propose	 that	 this	 polymerase	
slippage	 is	 a	mechanism	 adopted	 by	 viruses	 in	 certain	 situations	 to	 rapidly	 produce	
new	protein	variants	deriving	from	the	same	sequence,	and	thus	boosting	the	coding	
capacity	of	the	compact	genomes	of	viruses.	However,	several	aspects	remains	unclear	
about	the	mechanism	and	its	regulation,	and	further	work	will	be	necessary	to	propose	
a	complete	model	to	better	explain	how	the	polymerase	slippage	works	 in	potyvirids	
and	 other	 viruses,	 and	 what	 are	 the	 biological,	 pathological	 and	 evolutive	
consequences	of	its	adoption.	

For	example,	the	regulation	of	polymerase	slippage	events	is	still	mostly	unknown.	The	
tendency	 of	 polymerases	 to	 stutter	 when	 encountering	 repetitive	 motifs	 has	 been	
demonstrated	 in	 EBOV,	 HCV,	 Vaccinia	 virus,	 T7	 bacteriophage	 or	 paramyxoviruses	
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(Baulcombe	 2004;	 Kulkarni	 et	 al.	 2009;	 Revers	 and	 García	 2015;	 Valli	 et	 al.	 2015).	
Repetitive	motifs,	 however,	 are	not	 the	 rule	but	 the	exception,	probably	because	of	
selective	 negative	 pressure	 supported	 by	 nonsense-mediated	 decay	 (Garcia,	 Garcia,	
and	Voinnet	2014)	or	other	mechanisms.	Nonetheless,	the	slipping	frequency	of	EBOV	
polymerase,	as	well	as	the	paramyxoviral	one,	has	been	associated	to	the	surrounding	
sequences	and	the	secondary	structures	of	each	specific	repetitive	motif	(Hausmann	et	
al.	1999;	Kulkarni	et	al.	2009;	Mehedi	et	al.	2013;	Shabman	et	al.	2014).	In	SPFMV,	our	
data	reveals	that	viral	polymerase	slips	more	efficiently	in	PISPO	than	in	PIPO	domain,	
but	 no	 clear	 hallmark	 elements	 have	 been	 identified	 that	 can	 explain	 these	
differences.	 Further	 investigations	 will	 be	 required	 to	 elucidate	 if	 sequences	
surrounding	 the	 G1-2A6-7	motifs	 or	 other	 aspects	 in	 the	 virus	 sequence	 context	 are	
involved	in	the	regulation	of	potyviral	polymerase	slippage.	

One	 consequence	 of	 the	 use	 of	 polymerase	 slippage	 mechanisms	 to	 expand	 the	
potyviral	protein	coding	capacity	is	that	it	leads	to	the	accumulation	of	modified	viral	
genomes	 in	 the	 infected	 hosts.	 The	 risks	 derived	 from	 this	 accumulation	 of	 genome	
variants	diverging	from	the	master	genome,	such	as	genomic	modifications	in	the	viral	
progeny	(Olspert	et	al.	2015;	Shabman	et	al.	2014)	or	those	derived	from	mRNA	decay	
(Garcia	 et	 al.	 2014),	may	 have	 important	 consequences	 during	 viral	 infection.	 Thus,	
understanding	 how	 potyvirids	 counteract	 problems	 derived	 from	 this	 peculiar	 gene	
expression	mechanism	will	certainly	deserve	further	experimental	work.	

Considering	 the	 evolutionary	 relationship	 of	 polymerases	 between	 members	 of	 the	
families	Picornaviridae	and	Potyviridae	(Olspert	et	al.	2015),	it	is	reasonable	to	envision	
similar	behaviors	 in	both	viral	families	and,	consistent	with	that	 idea,	the	six-adenine	
repetition	motif	is	underrepresented	in	picornaviruses	(0.67	motif	in	the	coding	region	
per	 viral	 genome	 versus	 the	 expected	 1.9	 motifs),	 as	 it	 was	 the	 case	 in	 the	 family	
Potyviridae.	There	 is	no	previous	 report	of	polymerase	slippage	 in	 the	Picornaviridae	
family;	nonetheless,	when	an	A6	motif	was	present,	as	 in	the	case	of	the	enterovirus	

Human	rhinovirus	C	(SRR363436),	there	were	2,7%	A	residue	insertions	at	this	location.	
These	 data	 suggest	 that	 polymerase	 slippage	 can	 occur	 in	 both	Picorna-like	 families	
but	 that	 Potyviridae	 take	 more	 frequent	 advantage	 of	 this	 mechanism.	 Again,	 the	
important	 differences	 in	 the	 two	 pathosystems	 deserve	 a	 careful	 examination	 to	
dilucidate	 the	 balance	 of	 advantages	 and	 disadvantages	 that	 leads	 to	 the	 divergent	
strategies	adopted.	
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Detection	of	P1N-PISPO	protein	during	viral	infection	and	mass-
spectometry	assays	as	a	method	to	detect	new	viral	proteins	
 
Our	experiments	designed	to	identify	translational	frameshifting	in	WGE	failed	to	show	
a	 noticeable	 production	 of	 truncated	 frameshifted	 protein	 products.	 However,	 the	
presence	of	minor	products	compatible	in	size	with	P1N-PISPO	was	also	detected.	It	is	
well-known	that	the	T7	polymerase	is	prone	to	slip	(Molodtsov,	Anikin,	and	McAllister	
2014;	Olspert	 et	 al.	 2015;	Wons,	 Furmanek-Blaszk,	 and	 Sektas	2015)	 and	our	 results	
revealed	 that	 T7	 is	 also	 able	 to	 slip	 at	 the	 PISPO	 region.	 Thus,	 the	 minor	 products	
detected	in	WGE	experiments	may	be	the	result	of	T7	polymerase	slippage.	Consistent	
with	 our	 view	 that	 viral	 RNA	 polymerase	 slippage	 is	 the	 most	 likely	 mechanism	 of	
production	 of	 out-of-frame	 products	 in	 potyviruses	 during	 infection,	 the	 transient	
expression	of	wild-type	P1	sequence	out	of	the	viral	 infection	context	resulted	in	the	
production	 only	 of	 P1-derived	 peptides	 when	 analyzed	 with	 the	 sensitive	 mass	
spectrometry	technique	(Fig.	R13A).	Altogether,	a	strong	case	can	be	proposed	for	viral	
polymerase	 transcriptional	 slippage	 as	 the	 mechanism	 used	 to	 produce	 the	 trans-
frame	 P1N-PISPO,	 and	 likely	 the	 same	 conclusion	 can	 be	 expanded	 to	 P3N-PIPO	
proteins	 found	 in	 all	 other	 potyvirids.	 The	 combination	 of	 our	 analysis	with	 SPFMV,	
SPVC,	 and	 SPV2	 suggests	 that	 polymerase	 slippage	 might	 occur	 in	 all	 sweet	 potato	
potyviruses	where	the	PISPO	sequence	was	predicted	(Clark	et	al.	2012).		

When	facing	the	challenge	of	detecting	a	previously	unknown	gene	product	that	was	
predicted	 bioinformatically,	 we	 decided	 to	 adopt	 a	 straightforward	 approach	 using	
mass	 spectrometry.	 Similar	 techniques	 have	 been	 used	 previously	 to	 identify	 viral	
infections	 in	plants,	 including	 those	produced	 for	potyviruses	 (Luo,	Wylie,	 and	 Jones	
2010),	but	to	our	knowledge,	this	is	the	first	time	that	it	serves	to	demonstrate	that	an	
out-of-frame	gene	product	is	being	expressed	in	infected	plant	tissues.	We	believe	that	
this	 new	method	 is	 a	 convenient	 approach	 that	 gives	 fast	 and	 unequivocal	 proof	 of	
protein	translation	without	the	need	of	obtaining	specific	antibodies,	which	is	a	time-
consuming	procedure	that	may	fail	depending	on	the	antigenicity	of	the	target	protein.	
In	 fact,	 we	 learnt	 after	 generating	 our	 results	 that	 an	 independent	 team	 was	 also	
searching	for	P1N-PISPO	in	a	different	SPFMV	isolate,	but	their	strategy	based	on	the	
generation	 of	 peptide-specific	 antibodies	 failed	 to	 show	 the	 presence	 of	 the	 out-of-
frame	variant	in	their	analysis	(Untiveros	et	al.	2016,	and	personal	communication	by	
Kreuze,	Firth	and	Valkonen).	On	the	other	hand,	the	Mass	spectrometry	strategy	used	
in	our	assays	allowed	unambiguous	detection	of	both	P1	and	P1N-PISPO	 together	 in	
the	 same	 sample,	 showing	 that	 the	 two	 gene	 products	 coexist	 in	 infected	 plants.	
Although	the	methodology	is	not	quantitative,	the	abundance	and	number	of	peptides	
might	provide	some	indication	of	the	expression	levels	and	the	stability	of	the	mature	
proteins.	For	example,	compared	to	another	large	viral	product,	CI,	the	high	coverage	
obtained	 for	 P1	 and	 P1N-PISPO	 suggests	 that	 these	 two	 proteins	 are	 quite	 stable.	
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While	we	have	shown	mass	spectrometry	to	be	a	useful	method	for	identifying	novel	
gene	products,	further	research	is	required	to	determine	the	turnover	and	subcellular	
localization	 of	 P1N-PISPO	 during	 the	 infection	 cycle	 and	 to	 evaluate	 its	 impact	 in	
pathogenicity.	

P1N-PISPO	as	a	RNA	silencing	suppressor		
 
The	functions	of	potyviral	P1s	have	remained	elusive	for	many	years,	but	recent	results	
are	 revealing	 the	 importance	 of	 P1	 during	 potyvirus	 infection	 (Martínez	 and	 Daròs	
2014;	Pasin	et	al.	2014).	 In	 the	case	of	SPFMV	and	other	potyviruses	 infecting	sweet	
potato,	the	presence	of	P1N-PISPO	adds	a	further	layer	of	complexity	to	the	efforts	to	
unravel	the	role(s)	of	these	gene	products	in	the	infection	context	(Ivanov	et	al.	2014).	
To	start	addressing	this,	our	experiments	show	a	clear	role	 for	P1N-PISPO	as	an	RSS.	
Interestingly,	 for	 all	 the	members	of	 the	Potyvirus	genus	 tested	 so	 far,	 the	 essential	
RNA	 silencing	 suppression	 activity	was	 found	 associated	with	 HCPro,	which	was	 the	
first	characterized	RSS	(Anandalakshmi	et	al.	1998;	Kasschau	and	Carrington	1998).	In	
other	 members	 of	 the	 Potyviridae	 family,	 however,	 the	 RNA	 silencing	 suppression	
function	is	often	shifted	to	P1	products,	as	has	been	observed	in	ipomoviruses	(Giner	
et	al.	2010;	Mbanzibwa	et	al.	2009;	Valli	et	al.	2006),	tritimoviruses	(Young	et	al.	2012),	
and	poaceviruses	 (Tatineni	 et	 al.	 2012).	 These	RSSs	 belong	 to	 a	 distinct	 group	of	 P1	
proteins	 that	 appears	 to	 be	 evolutionarily	 separated	 from	 typical	 P1	 proteins	 of	
members	of	the	genus	Potyvirus	(Rodamilans,	Valli,	and	García	2013;	Valli	et	al.	2007).	
Our	finding	that	the	P1N-PISPO	product	acts	as	an	RSS	would	serve	to	expand	this	list	
of	 known	 P1-related	 sources	 of	 RNA	 silencing	 suppression	 activity	 in	 the	 family	
Potyviridae	 and	 might	 help	 to	 understand	 the	 evolutionary	 acquisition	 of	 this	
important	viral	function.	

Whereas	 the	P1b	protein	 of	 the	 ipomovirus	 CVYV	displays	 a	 strong	RSS	 activity	 that	
depends	on	its	ability	to	bind	small	RNAs	(Valli	et	al.	2011),	the	P1	protein	of	SPMMV	
suppresses	RNA	silencing	by	interfering	with	RISC	activity,	specifically	through	blocking	
Ago	 binding	 via	 WG/GW	 hooks	 (Giner	 et	 al.	 2010).	 In	 SPFMV,	 the	 P1	 present	 two	
WG/WGs	 in	 its	 sequence	 whereas	 4	 WG/GWs	 motifs	 are	 found	 in	 the	 P1N-PISPO	
coding	sequence	(Fig.	R19).	Interestingly,	a	recent	study	showed	that	the	native	SPFMV	
P1,	 which	 shares	 noticeable	 sequence	 similarity	 with	 SPMMV	 P1	 (Valli	 et	 al.	 2007),	
does	not	work	as	an	RSS	but	can	gain	this	functionality	when	mutations	are	introduced	
to	create	additional	WG/GW	motifs	 in	positions	nearly	matching	 the	ones	present	 in	
SPMMV	P1	(Szabó	et	al.	2012).	In	our	experiments,	P1	also	failed	to	show	a	clear	RSS	
activity,	confirming	the	observations	of	Szabó	and	coworkers	(Szabó	et	al.	2012).		

Our	result	that	an	SPFMV	P1N-PISPO	variant	in	which	all	the	WG/GW	motifs	have	been	
mutated	 loses	 RNA	 silencing	 suppression	 activity	 suggests	 that	 P1N-PISPO	 might	
disrupt	 the	RNA	silencing	machinery	by	a	mechanism	 involving	Ago	hooks,	 similar	 to	
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that	described	for	SPMMV	P1	(Giner	et	al.	2010).	The	fact	that	the	silencing	activities	
of	 SPFMV	 P1N-PISPO	 and	 SPMMV	 P1	 are	 both	 quite	 weak	 further	 supports	 the	
hypothesis	that	these	suppressors	share	a	similar	mechanism	of	action.	However,	we	
cannot	rule	out	that	the	correlation	between	functionality	and	presence	of	WG/GW	in	
SPFMV	 P1N-PISPO	 could	 correspond	 to	 Ago-independent	 disturbances	 caused,	 for	
instance,	 by	 conformational	 alterations	 derived	 from	 mutations	 of	 W	 residues,	 as	
might	be	the	case	in	other	RSSs	(Pérez-Cañamás	and	Hernández	2015).		

Giner	and	coworkers	suggested	that	the	expression	of	a	weak	RSS	in	SPMMV	could	be	
a	viral	strategy	to	cause	only	mild	damage	in	the	host,	allowing	sweet	potato	potyvirids	
to	 survive	 in	 infected	 perennial	 plants	 for	 an	 extended	 period	 of	 time	 (Giner	 et	 al.	
2010).	 This	 idea	 will	 be	 also	 in	 agreement	 with	 the	 weak	 RSS	 activity	 observed	 in	
SPFMV	 P1N-PISPO.	 We	 can	 also	 speculate	 that	 sweet	 potato	 potyvirids	 might	 not	
depend	 exclusively	 on	 the	 weak	 RNA	 silencing	 suppression	 activities	 of	 their	 P1N-
PISPO	 variants,	 and	 that	 other	 viral	 products	 could	 also	 help	 to	 counteract	 RNA	
silencing	during	infection.	In	this	regard,	for	instance,	the	VPg	of	the	potyvirus	PVA	has	
been	 found	 to	 counteract	 RNA	 silencing	 (Cuellar	 et	 al.	 2009;	 Rajamäki	 et	 al.	 2014).	
Additionally,	 the	 levels	of	expression	of	HCPro	 in	other	potyviruses	were	reported	to	
be	regulated	by	P1	(Tena	Fernández	et	al.	2013).	 In	the	case	of	SPFMV,	although	our	
transient	agroinfiltration	experiments	with	 individual	gene	products	showed	no	clear	
anti-silencing	 activity	 for	 P1	 or	 HCPro,	 preliminary	 results	 suggested	 that	 P1-HCPro	
might	display	some	activity.	 Indeed,	a	recent	report	based	on	the	analysis	of	another	
SPFMV	isolate	has	showed	that	both	P1	and	P1N-PISPO	have	RNA	silencing	suppressor	
activity	 (Untiveros	et	al.	2016).	Thus,	despite	our	negative	results	with	P1	and	HCPro	
constructs,	the	contribution	of	P1	and/or	HCPro	to	silencing	suppression	during	SPFMV	
infection	cannot	be	ruled	out.	Differences	in	behavior	during	natural	virus	infection	in	
the	 original	 hosts,	 and	 the	 functional	 analysis	 of	 individual	 gene	 products	 in	
experimental	 conditions	 are	 quite	 frequent,	 and	 therefore,	 caution	 needs	 to	 be	
applied	 before	 discarding	 any	 contribution	 of	 P1	 and	 HCPro	 to	 the	 RSS	 activity	 of	
SPFMV.	Also,	the	use	of	different	isolates	of	SPFMV	in	our	work	and	in	the	experiments	
of	Untiveros	and	coworkers	might	reflect	the	natural	variability.	Another	possibility	to	
explain	 the	 somehow	 conflicting	 results	 can	 be	 the	 modulation	 of	 P1N-PISPO	
production	 during	 P1HCPro	 expression.	 Although	 the	 expression	 of	 the	 P1	wild	 type	
construct	by	agroinfiltration	does	not	produce	P1N-PISPO	 in	a	detectable	amount	by	
the	 highly	 sensitive	 LC-MS/MS	 assay	 (Fig.	 R13A),	 a	 contribution	 of	 HCPro	 to	 the	
regulation	of	the	polymerase	slippage	mechanism	can	not	be	discarded.		To	elucidate	
the	 mechanism	 used	 by	 the	 cis	 construct	 P1HCPro	 to	 act	 as	 a	 weak	 RNA	 silencing	
suppressor,	a	P1HCPro	variant	with	the	frame	of	P1N-PISPO	interrupted	by	a	mutated	
stop	codon,	and	a	P1HCPro	variant	with	a	mutation	in	the	FRNK	box	involved	in	HCPro	
anti-silencing	activity	(Shiboleth	et	al.	2007)	were	tested	(Fig.	R18).	Unfortunately,	the	
preliminary	 analysis	 of	 these	 variants	 does	 not	 allow	 us	 to	 exclude	 any	 possibility,	
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because	 the	 level	 of	 activities	 were	 too	 weak	 and	 variable,	 and	 too	 close	 to	 the	
thresholds	used	to	discriminate	the	negative	controls	of	the	experiments.	

Taking	into	account	these	results,	and	knowing	that	the	context	of	the	viral	infection	is	
most	 likely	 quite	 different	 from	 that	 in	 the	 transient	 agroinfiltration	 assays,	 further	
work	will	be	needed	to	fully	understand	the	modes	of	action	and	the	relationships	of	
all	 viral	 factors	 that	might	 be	 participating	 in	 counteracting	 the	 RNA	 silencing-based	
host	defences.	

The	switch	of	the	anti-silencing	role	from	established	suppressors	such	as	HC-Pro	or	P1	
(the	 strength	 of	 which	 could	 be	 adjusted	 through	 regular	 mutation/selection	
processes)	 (Torres-Barceló,	 Daròs,	 and	 Elena	 2010)	 to	 P1N-PISPO	 with	 its	 rather	
peculiar	expression	mechanism	deserves	some	attention	from	an	evolutionary	point	of	
view.	As	mentioned	above,	whereas	 the	main	RNA	 silencing	 suppression	activity	 lies	
with	HCPro	 in	members	of	 the	genus	Potyvirus,	 it	 is	 supplied	by	a	P1-type	protein	 in	
ipomoviruses,	 tritimoviruses,	 and	 poaceviruses,	 likely	 highlighting	 two	 evolutionary	
lineages	 in	the	family	Potyviridae.	Thus,	we	can	speculate	that	the	existence	of	a	P1-
related	 RNA	 silencing	 suppressor	 in	 the	 potyvirus	 SPFMV	 could	 be	 the	 result	 of	 a	
recombination	event	between	a	potyvirus	and	an	ipomovirus	in	sweet	potato,	which	is	
supported	 by	 the	 notable	 similarity	 between	 the	 N	 termini	 of	 the	 P1	 proteins	 from	
SPFMV	and	the	ipomovirus	SPMMV	(Valli	et	al.	2007).		

Importance	of	P1N-PISPO	during	Sweet	potato	viral	disease	
(SPVD)	
 
The	knowledge	generated	in	this	work	about	P1N-PISPO	might	be	especially	relevant	in	
the	context	of	the	devastating	and	widespread	sweet	potato	viral	disease	(SPVD)	(Clark	
et	 al.	 2012;	 Karyeija	 et	 al.	 2000).	 In	 contrast	 to	 many	 other	 synergisms	 involving	
potyviruses	 (Syller	 and	 Grupa	 2015;	 Syller	 2012),	 sweet	 potato	 viral	 disease	 is	
considered	 atypical	 because	 the	 potyvirus	 is	 the	 partner	 with	 a	 boost	 in	 its	
accumulation.	Although	we	have	 confirmed	 this	previous	observation	with	our	plant	
material,	many	 important	 aspects	 still	 remain	 to	 be	 explained.	 For	 instance,	 further	
research	is	needed	to	elucidate	whether	the	rather	peculiar	RNase3	RSSs	from	SPCSV	
(Cuellar	et	al.	2009;	Tugume	et	al.	2013;	Weinheimer	et	al.	2015)	and	P1N-PISPO	are	
involved	 in	 the	 outcome	 of	 this	 complex	 interaction.	 In	 line	 with	 that,	 another	
interesting	 but	 unexpected	 observation	 of	 our	 work	 is	 related	 to	 this	 unusual	
synergism:	 we	 have	 noticed	 a	 specific	 reduction	 in	 RNA	 slippage	 frequency	 at	 the	
PISPO	site,	but	not	in	PIPO,	in	plants	superinfected	with	SPCSV	(Fig.	R12).	The	different	
roles	 of	 P1N-PISPO	 and	 P3N-PIPO	 during	 viral	 infection,	 named	 suppression	 of	 RNA	
silencing	(this	report)	or	viral	movement	(Vijayapalani	et	al.	2012;	Wei	et	al.	2010;	Wen	
and	 Hajimorad	 2010),	 respectively,	 might	 provide	 clues	 not	 only	 to	 explain	 this	
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observation	but	also	to	understand	how	changes	in	the	relative	amounts	of	these	two	
gene	 products	 could	 affect	 the	 outcome	 of	 SPVD	 in	 the	 coinfected	 plants.	 It	will	 be	
certainly	 most	 interesting	 to	 elucidate	 the	 mechanisms	 that	 regulate	 the	 slippage	
frequency,	 and	 how	 the	 virus	 is	 adapting	 such	 complex	 systems	 to	 regulate	 the	
amount	required	for	each	particular	gene	product.	

To	summarize,	our	results	highlight	the	enormous	genomic	flexibility	of	viruses,	which	
allows	them	to	take	profit	from	particular	biochemical	features	of	their	genomes	and	
gene	products,	 such	as	 the	slippage	capacity	of	 the	RNA	polymerase	 in	certain	motif	
sequences,	 in	 order	 to	 expand	 their	 gene	 dotation,	 and	 consequently	 explore	
alternative	 pathways	 to	 improve	 their	 adaptation	 to	 a	 variety	 of	 hosts,	 vectors	 and	
environmental	conditions.		
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CONCLUSIONS	

1. A	 new	 isolate	 of	 the	 virus	 Sweet	 potato	 feathery	 mottle	 virus	 (SPFMV)	 was	
characterized	 from	AM-MB2	plants.	 The	 complete	 sequence	 of	 SPFMV	AM-MB2	
was	 obtained,	 and	 its	 analysis	 suggested	 that	 it	 might	 correspond	 to	 a	
recombination	event	between	two	SPFMV	strains	from	the	RC	and	the	EA	groups.	
SPFMV	 AM-MB2	 complete	 sequence	 presented	 all	 the	 gene	 products	 of	
potyviruses	plus	two	overlapping	open	reading	frames	PIPO	and	PISPO.		

	
2. SPFMV	AM-MB2	largely	increased	its	titer	when	the	plant	was	super-infected	with	

the	 unrelated	 virus	 Sweet	 potato	 chlorotic	 stunt	 virus	 (SPCSV),	 as	 it	 has	 been	
already	reported	for	other	potyviruses	in	sweet	potatoes.	The	increase	in	titer	was	
also	confirmed	for	 the	two	related	potyvirus	 isolates	of	SPVC	and	SPV2	 infecting	
the	 AM-MB2	 plants,	 whereas	 apparently	 the	 titers	 of	 a	 begomovirus	 and	 a	
badnavirus	found	in	these	plants	was	not	altered	by	the	presence	of	SPCSV.	

	
3. An	average	of	11,8%	of	transcripts	with	an	extra	A	were	detected	in	the	G2A6	motif	

upstream	 of	 PISPO	 during	 SPFMV	 viral	 infection,	 a	 feature	 compatible	 with	
polymerase	 slippage	 events	 occurring	 in	 the	 indicated	 motif	 that	 can	 lead	 to	
expression	 of	 an	 out-of-frame	 gene	 product.	 This	 percentage	 decreased	 to	 an	
average	of	6,6%	when	SPCSV	was	present.	The	polymerase	slippage	frequency	for	
the	 G2A6	 motif	 upstream	 of	 PIPO	 in	 SPFMV	 was	 considerably	 lower,	 with	 only	
1,25%	of	transcripts	with	extra	A,	and	this	value	was	not	modified	 in	the	case	of	
co-infection	with	SPCSV.			

	
4. The	 insertion	 of	 an	 extra	 A	 in	 G1-2A6-7	 motifs	 was	 also	 verified	 in	 the	 motifs	

upstream	of	PISPO	in	SPVC	and	SPV2,	and	in	the	motifs	upstream	of	PIPO	in	SPVC,	
SPV2,	PPV	and	SPMMV.	Polymerase	slippage	is	proposed	as	the	main	mechanism	
involved	in	the	production	of	PISPO	and	PIPO	out-of-frame	potyviral	products.	

	
5. Ribosomal	frameshifting	did	not	seem	to	contribute	to	the	synthesis	of	P1N-PISPO,	

at	 least	 as	 detectable	 products	 in	 the	 wheat	 germ	 extract	 in	 vitro	 translation	
system.	

	
6. The	 P1N-PISPO	 gene	 product	 was	 not	 detected	 in	 N.	 benthamiana	 leaves	

agroinfiltrated	with	the	P1	wild-type	construct.	This	suggested	that	the	plant	RNA	
polymerases	were	not	able	to	slip	efficiently	at	the	SPFMV	G2A6	motif.	
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7. In	 mass-spectometry	 assays	 PISPO	 specific	 peptides	 were	 identified	 in	 sweet	
potato	plants	infected	with	the	SPFMV	AM-MB2	isolate.	This	finding	revealed	that	
the	 P1N-PISPO	 gene	 product	 was	 an	 additional	 viral	 protein	 synthetised,	
expressed	and	accumulated	in	a	detectable	form	during	SPFMV	infection.		

	
8. P1N-PISPO	 exhibited	 RNA	 silencing	 suppression	 activity	 in	 transient	 expression	

experiments	in	Nicotiana	benthamiana	leaves.	No	interfere	with	the	dispersion	of	
the	 systemic	 silencing	 signal	 was	 observed	 in	 GFP-expressing	 16c	 transgenic	
plants.	Regarding	other	gene	products,	no	activity	was	observed	for	P1	or	HCPro	
individually	 expressed,	 although	 their	 expression	 in	 cis	 resulted	 in	 a	measurable	
anti-silencing	activity.	

	
9. While	P1N-PISPO	seemed	not	to	interfere	with	the	generation	of	siRNAs,	a	variant	

with	mutated	WG/GWs	motifs	failed	to	maintain	its	silencing	suppression	activity,	
suggesting	that	these	motifs	might	participate	in	the	mode	of	action	of	P1N-PISPO.	
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Modifications of RNA sequences by nucleotide insertions, de-
letions, or substitutions can result in the expression of mul-

tiple proteins in overlapping open reading frames (ORFs). In the
case of viruses, polymerase slippage results in the alteration of
newly synthesized RNA. The mechanism has been well character-
ized in animal RNA viruses such as Ebolavirus (1) (EBOV) or
Hepatitis C virus (HCV) (2). For plant viruses of the Potyviridae
family, polymerase slippage has been proposed as a general pro-
cess of evolution (3), although a lack of experimental systems has
precluded confirmatory data, and most pieces of evidence are in-
direct (4).

Translation of a large ORF that results in a polyprotein, later
processed into mature factors, is the canonical strategy of po-
tyviral protein production. Along with this, in all members of
this family, an overlapping ORF named PIPO was identified in
the middle of the P3 coding region. The translation of PIPO
begins at a specific GA6 motif (5). Interestingly, GA6 and other
An motifs (n ! !6) are misrepresented among members of the
Potyviridae family (1.2 A6 motifs in the coding region per viral
genome versus the expected 8.1 motifs). This additional ORF of
potyviruses produces a P3N-PIPO fusion protein, which was orig-
inally identified in Turnip mosaic virus (5) and was shown to be
essential for cell-to-cell movement during viral infection (6). Re-
cently, another extra ORF located downstream of a GA6 motif was
informatically identified inside the large P1 coding region of
sweet-potato-infecting potyviruses (7, 8). This new ORF, named
PISPO, harbors the possibility of producing a frameshifted P1N-
PISPO gene product, whose existence is still to be determined.

To explore the mechanism by which these additional poty-
viral proteins can be synthesized, we analyzed available RNA
sequencing (RNA-seq) data of two Plum pox virus (PPV) iso-
lates (9). After data filtering (10, 11), sequences were mapped
versus the references (12) allowing a maximum of three mis-
matches per read. The expected indel error was modeled as a
Poisson distribution calculating " from the Illumina indel call-
ing error rate, PCR error rate, and sample indel frequency. This
analysis revealed the presence of A residue additions in the
PIPO GA6 motif in 1.6% of the reads (Fig. 1A). Interestingly,
the presence of an additional A residue in this motif was also
detected in libraries of PPV-derived small RNAs (not shown).
Besides, published data on another potyvirus, Zucchini yellow
mosaic virus, showed a minor variant with an extra A in all samples
of a Cucurbita pepo vine studied by deep sequencing of long RNAs
(13), and our analysis located this modification in the PIPO GA6

motif as well.
To assess the scope among potyviruses of the extra A at the

PIPO junction, we subjected a sample of sweet potato (Ipomea
batatas) infected with the potyvirus Sweet potato feathery mottle
virus (SPFMV) to RNA-seq analysis. SPFMV reconstruction

(SRR1693230 and SRR1693363) showed that there were 1.8% se-
quence variants in this PIPO ORF, with the insertion of an A
residue as the most prominent modification (Fig. 1B).

Altogether, these data strongly suggest that P3N-PIPO is pro-
duced, at least partially, through polymerase slippage. This possi-
bility, previously considered by Chung et al. (5), could not be
demonstrated at that time, likely because of the low rate of nucle-
otide insertion into this site.

Reconstruction of the SPFMV genome confirmed the previ-
ously described PISPO ORF imbedded in the P1 coding sequence.
But more importantly, the RNA-seq data also revealed the pres-
ence of a high proportion of molecules (11.8%) with a single A
nucleotide addition in the upstream GA6 motif, which is indica-
tive of polymerase slippage (Fig. 1B). This change would result in
the production of the hypothetical P1N-PISPO, and these results
not only support the existence of this alternative product but also
suggest that this protein might play an important role during
sweet potato potyvirus infection.

Considering the evolutionary relatedness of polymerases of the
members of the families Picornaviridae and Potyviridae (14), it is
reasonable to envision similar behaviors in both viral families and,
consistent with that idea, the six-adenine repetition motif is un-
derrepresented in picornaviruses (0.67 motif in the coding region
per viral genome versus the expected 1.9 motifs), as was the case in
the family Potyviridae. There is no previous report of polymerase
slippage in the Picornaviridae family; nonetheless, when an A6

motif was present, as in the case of the enterovirus Human rhino-
virus C (SRR363436), there were 2.4% A residue insertions at this
location. These data suggest that polymerase slippage can occur in
both Picorna-like families but that Potyviridae take more frequent
advantage of this mechanism.

A common denominator in RNA slippage is the low fidelity
of viral RNA polymerases and their tendency to stutter when
encountering repetitive motifs. It is known that polymerases of
EBOV, HCV, Vaccinia virus, or T7 bacteriophage, given the ap-
propriate contexts, are prone to slippage (1, 2, 15). Repetitive
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motifs, however, are not the rule but the exception, probably be-
cause of selective negative pressure supported by nonsense-medi-
ated decay (16) or other mechanisms. Nonetheless, in certain sit-
uations, slippage of the polymerase would give rise to the
production of new protein variants that are used by the virus,
opening the door to new ways of adaptation and evolution.
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The P1N-PISPO trans-Frame Gene of Sweet Potato Feathery Mottle
Potyvirus Is Produced during Virus Infection and Functions as an
RNA Silencing Suppressor
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ABSTRACT
The positive-sense RNA genome of Sweet potato feathery mottle virus (SPFMV) (genus Potyvirus, family Potyviridae) contains a
large open reading frame (ORF) of 3,494 codons translatable as a polyprotein and two embedded shorter ORFs in the !1 frame:
PISPO, of 230 codons, and PIPO, of 66 codons, located in the P1 and P3 regions, respectively. PISPO is specific to some sweet
potato-infecting potyviruses, while PIPO is present in all potyvirids. In SPFMV these two extra ORFs are preceded by conserved
G2A6 motifs. We have shown recently that a polymerase slippage mechanism at these sites could produce transcripts bringing
these ORFs in frame with the upstream polyprotein, thus leading to P1N-PISPO and P3N-PIPO products (B. Rodamilans, A.
Valli, A. Mingot, D. San Leon, D. B. Baulcombe, J. J. Lopez-Moya, and J.A. Garcia, J Virol 89:6965– 6967, 2015, doi:10.1128/JVI.00
337-15). Here, we demonstrate by liquid chromatography coupled to mass spectrometry that both P1 and P1N-PISPO are
produced during viral infection and coexist in SPFMV-infected Ipomoea batatas plants. Interestingly, transient expression of
SPFMV gene products coagroinfiltrated with a reporter gene in Nicotiana benthamiana revealed that P1N-PISPO acts as an
RNA silencing suppressor, a role normally associated with HCPro in other potyviruses. Moreover, mutation of WG/GW motifs
present in P1N-PISPO abolished its silencing suppression activity, suggesting that the function might require interaction with
Argonaute components of the silencing machinery, as was shown for other viral suppressors. Altogether, our results reveal a
further layer of complexity of the RNA silencing suppression activity within the Potyviridae family.

IMPORTANCE
Gene products of potyviruses include P1, HCPro, P3, 6K1, CI, 6K2, VPg/NIaPro, NIb, and CP, all derived from the proteolytic
processing of a large polyprotein, and an additional P3N-PIPO product, with the PIPO segment encoded in a different frame
within the P3 cistron. In sweet potato feathery mottle virus (SPFMV), another out-of-frame element (PISPO) was pre-
dicted within the P1 region. We have shown recently that a polymerase slippage mechanism can generate the transcript
variants with extra nucleotides that could be translated into P1N-PISPO and P3N-PIPO. Now, we demonstrate by mass
spectrometry analysis that P1N-PISPO is indeed produced in SPFMV-infected plants, in addition to P1. Interestingly,
while in other potyviruses the suppressor of RNA silencing is HCPro, we show here that P1N-PISPO exhibited this activity
in SPFMV, revealing how the complexity of the gene content could contribute to supply this essential function in members
of the Potyviridae family.

Potyviruses (family Potyviridae) are important viral pathogens
with positive-sense, single-stranded RNA genomes that are

able to infect a wide range of plant species. The genomic RNA of
potyviruses, around 10 kb in size with a viral protein (VPg) at its 5=
end and polyadenylated at the 3= end, contains a large open read-
ing frame (ORF) that encodes a polyprotein comprising the fol-
lowing gene products from the N to the C terminus: P1, HCPro,
P3, 6K1, CI, 6K2, VPg/NIaPro, NIb, and CP (1, 2). Despite the
abundant sequence information available on potyviruses, it was
not until 2008 that the presence of a well-conserved second short
ORF of around 60 codons, termed PIPO (Pretty Interesting Poty-
viral ORF) by its discoverers, was predicted as an overlapping
product within the P3 region in all members of the family. Thus,
this ORF yields a fusion product with the upstream portion of P3
after frameshift (P3N-PIPO), as found in plants infected with tur-
nip mosaic virus (TuMV) (3). More recently, another short ORF
termed PISPO (Pretty Interesting Sweet potato Potyviral ORF)
was predicted by bioinformatics analysis within the P1-coding

sequence of a few members of the Potyvirus genus, all related to
sweet potato feathery mottle virus (SPFMV), including sweet po-
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tato virus G (SPVG) and sweet potato virus 2 (SPV2), with the
notable exception of sweet potato latent virus, a potyvirus de-
scribed as latent (4, 44). In the reference genome of SPFMV
(NC_001841.1) (5), the PISPO sequence is nested in the !1 frame
(relative to the polyprotein ORF) within the P1-coding region
(positions 118 to 2109), which corresponds to the first N-terminal
gene product of the large polyprotein (ORF from position 118 to
10599). The PISPO sequence begins at position 1382 and spans
690 nucleotides from the GGAAAAAA (G2A6) motif. This motif is
identical to the conserved consensus sequence for the PIPO
frameshifting, which in SPFMV gives rise to a shorter coding se-
quence, also in the !1 frame.

Separation of P1 from the other viral products occurs by auto-
proteolysis (6), and except for the conserved C-terminal protease
region, this product is the most variable of the potyvirus proteins
(7). SPFMV P1 is the largest among all potyvirus P1 proteins, with
664 to 724 amino acids (aa), resulting in a protein of 74.1 to 80
kDa. Similarity between the N-terminal parts of the P1 proteins of
SPFMV and the ipomovirus sweet potato mild mottle virus
(SPMMV) has been reported earlier (7). Interestingly, the resem-
blance between these two proteins ends near the predicted frame-
shift point of PISPO.

Since the PIPO coding sequence was first described in potyvi-
ruses, the new gene product P3N-PIPO has attracted much inter-
est, leading to the identification of several important associated
functions (8–12). However, the mechanism by which P3N-PIPO
is produced remained unclear until recently, when we and another
team independently found evidence that PIPO is expressed by a
polymerase slippage mechanism (13, 14). Our previous results
also support the idea that PISPO, if it was expressed, would be
synthesized by an equivalent polymerase slippage event (14).

One of the key functions of RNA silencing in plants is as a
defense barrier against viral infections (15). Viruses, in turn, use
diverse strategies to escape from RNA silencing, such as the ex-
pression of viral proteins with RNA silencing suppression activity
(16). For example, in the Potyviridae family, all members of the
genus Potyvirus described so far express HCPro to counteract
RNA silencing. RNA silencing suppression in plant viruses was
recently reviewed (17).

By using liquid chromatography coupled to mass spectrometry
(LC-MS), we show here that P1N-PISPO is produced in sweet
potato plants infected with SPFMV, demonstrating that the prod-
uct derived from this trans-frame viral ORF is indeed expressed
during virus infection. Next, we describe that P1N-PISPO exhibits
RNA silencing suppression activity, which is associated with the
presence of conserved WG/GW motifs, suggesting a mode of ac-
tion similar to that of other RNA silencing suppressors (RSSs)
(18, 19).

MATERIALS AND METHODS
Plant and virus materials. Commercial sweet potato (Ipomea batatas)
roots were acquired in a local market in Barcelona and were planted on
soil to produce fresh aerial tissue (stems and leaves) that was further
propagated through cuttings at Center for Research in Agricultural
Genomics facilities. The presence of SPFMV in the vegetatively propa-
gated plants was confirmed by reverse transcription-PCR (RT-PCR) of
total RNA extracted with TRIzol reagent following the provider’s instruc-
tions, using primers FMCPFdeg and MFRdeg (see Table S1 in the supple-
mental material for details on all primer sequences), which were designed
to amplify a 389-nucleotide (nt) fragment within the CP-coding region. A
robust plant, denoted AM-MB2, with occasional viral symptoms (weak

mosaic, leaf spots, and distortions) that tested positive for SPFMV pres-
ence was selected for cutting propagation. The complete P1-coding region
was also amplified by RT-PCR with FMP1F and 1PMFR specific primers
and was sequenced to confirm the presence of the embedded PISPO se-
quence. The same infected AM-MB2 plant material described here was
used for previously published experiments (13).

To boost accumulation of SPFMV in sweet potato AM-MB2 plants,
coinfection with isolate Can181-9 of the crinivirus sweet potato chlorotic
stunt virus (SPCSV) strain West African (SPCSV-WA), kindly provided
by Jesús Navas-Castillo (IHSM-UMA-CSIC La Mayora, Málaga, Spain),
was achieved by inoculation with Bemisia tabaci whiteflies. Briefly, groups
of around 50 viruliferous whiteflies that had acquired SPCSV during 48 h
in an infected Ipomea setosa plant were caged on fully expanded leaves of
AM-MB2 cuttings for a 48-h inoculation period. After insect removal and
insecticide treatment, plants were sampled and tested for detection of
both SPFMV and SPCSV, in the later case with oligonucleotides
SPCSVCP and PCVSCPS, which amplify a 790-nt fragment from the CP-
coding sequence of SPCSV.

Isolates of two potyviruses, sweet potato virus C (SPVC) and SPV2, as
well as one begomovirus and one badnavirus (both unclassified), were
found to be coinfecting the sweet potato AM-MB2 plant after deep-se-
quencing analysis (see below).

Extraction of total RNA, construction and sequencing of RNA se-
quencing (RNA-seq) libraries, and preliminary data filtering. Samples
of symptomatic tissue of infected plants were collected for RNA extraction
with TRIzol reagent. Contaminating DNA was removed from RNA sam-
ples with Turbo DNase (Ambion), and RNA was further purified using
the RNeasy minikit (Qiagen). RNA libraries were constructed with the
ScripSeq complete kit (plant leaf) (Epicenter, Illumina), including bar-
coding elements to identify the different samples, according to the pro-
vider’s protocols. Libraries were submitted to BGI (Hong Kong) for
Illumina sequencing on a HiSeq 2000 platform, and 100-bp (average)
paired-end reads were generated. Sequences with an average quality
below 20, as well as sequences with more than 10 nt with quality below
15, were removed using the FASTX toolkit (available from http:
//hannonlab.cshl.edu/fastx_toolkit/index.html). The quality process
was driven with FASTQC (Babraham Bioinformatics) (available at
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).

Alignments and indel analysis. Filtered sequences were mapped ver-
sus the references with Bowtie2 (20), allowing a maximum of 3 mis-
matches, insertions, or deletions (indels) per read. To reduce the number
of sequencing errors, only the central part of reads (80 nt) was used, and
only paired alignments were considered (21). Alignments were analyzed
with SAMtools to create a list of variants in which only indels were in-
cluded. Reads that presented fewer than 3 nonredundant sequences and
reads in which the frameshift caused by the indel was cancelled out by
another indel in the same sequence were discarded. To reduce false posi-
tives caused by sequencing errors or random errors, the expected indel
error was modeled as a Poisson distribution, which was calculated from
Illumina indel calling-error rate, PCR error rate, and sample indel fre-
quency. Indels with a false-discovery rate (FDR) higher than 0.05 were
removed. Analysis was performed with in-house R scripts.

Phylogenetic and recombination analysis. Initial phylogenetic anal-
ysis of the SPFMV, SPVC, and SPV2 isolates found in AM-MB2 was per-
formed with data sets created with the full genome sequences correspond-
ing to 9 SPFMV, 7 SPVC, and 6 SPV2 isolates found in the NCBI
nucleotide database, with no filter by identity redundancy. Also, se-
quences of complete CP regions of all other SPFMV, SPVC, and SPV2
isolates available in the NCBI nucleotide database were considered, after
exclusion of partial CP sequences and application of a filter at 97% of
identity to reduce redundancy, leading to data sets of 63 SPFMV, 46
SPVC, and 6 SPV2 annotated sequences. Phylogenetic trees were created
using the maximum-likelihood algorithm implemented in MEGA6 soft-
ware (22). The bootstrapping test was driven with 1,000 replicates. CP

Mingot et al.

3544 jvi.asm.org April 2016 Volume 90 Number 7Journal of Virology

 on M
arch 13, 2016 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://www.ncbi.nlm.nih.gov/nuccore?term=NC_001841.1
http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://hannonlab.cshl.edu/fastx_toolkit/index.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://jvi.asm.org
http://jvi.asm.org/


sequence-based trees were used to estimate putative recombination events
(see below).

The assembly of SPFMV used the reference genome already described
(13), and was driven with Quasirecomb (23). The same procedure was
applied to SPVC and SPV2. The reconstruction of sequences used cover-
age of !10.000 to reduce errors, thereby excluding both extremes, and the
option to reduce the false positives was activated. The sequences obtained
were used to search for putative recombination events with the software
RDP (24) version 3.45, using a threshold of a P value equal or less than
0.05 with the methods RDP (25), BootScan (26), Geneconv (26), and
MaxChi (27). The recombination points were identified using the SBP
and GARD algorithms (28) implemented in the Datamonkey webserver
(29).

Constructs of viral gene products for in vitro translation and for
transient expression of viral proteins by agroinfiltration. Cloning and
plasmid production were performed using Escherichia coli strain DH5"
and standard procedures. Viral products were RT-PCR amplified with
appropriate primers, and the products were cloned directionally into
pENTR/D-TOPO (Life Technologies). Primers are listed in Table S1 in
the supplemental material, which includes information about their use for
the modifications required to direct and/or force or avoid the expression
of certain gene products in the different frames. Recombinant products
with mutations introduced by PCR with appropriate primers were gener-
ated and were confirmed by sequencing the pENTR clones. The multiple
mutant with the 4 WG/GWs motifs altered was synthesized as follows. A
fragment flanked by NcoI and AscI sites engineered upstream and down-
stream from position 1 to 1964 (Met to Stop) in the P1N-PISPO sequence,
with replacement of W with A residues in the WG/GW motifs located at
positions 73, 1465, 1795, and 1918 (relative to the initial Met codon), was
ordered from GeneScript (USA) and inserted using the unique restriction
sites into the pENTR plasmid, linearized with the same enzymes, and
ligated with T4 DNA ligase. Clones containing inserts were selected and
sequenced to confirm the presence of the mutated motifs. The inserts in
pENTR were mobilized using Gateway into the different destination vec-
tors with LR Clonase II enzyme mix (Life Technologies). Reactions were
performed, and two clones of the different plasmids were verified. For
expression in plants, the pGWB7XX destination plasmid series was used
(30, 31), which placed the construct under control of appropriate ele-
ments.

In vitro translation. pENTR-P1 was used as the template for PCR
amplifications of all constructs used for in vitro translation, including
unmodified wild-type P1 and variants with P1 interrupted by a stop
codon after the slippage site (P1#) and P1 with the PISPO sequence in-
terrupted (P1N-PISPO#) generated by site-directed mutagenesis with the
primers FMP1#F and #1PMFR for P1# and FMPISPO#F and
#OPSIPMFR for P1N-PISPO# (see Table S1 in the supplemental mate-
rial). T7 promoter, 5=untranslated region (5=UTR), and 3=UTR fragments
were prepared as described previously (32). mRNAs were produced by in
vitro transcription using the T7-Scribe Standard RNA IVT kit (Cellscript)
and purified by organic extraction and ammonium acetate precipitation,
and their quality and amount were assessed by NanoDrop (Thermo Fisher
Scientific) and gel electrophoresis. The final concentration was adjusted to
1 g/liter, and in vitro translation was carried out using wheat germ extract
(Promega) according to the manufacturer’s instructions. Labeling of the
synthesized proteins was done by including in the reaction mixture
L-[35S]methionine and L-[35S]cysteine (PerkinElmer). Samples were re-
solved by 12% SDS-PAGE and detected with a PhosphorImager.

Agrobacterium tumefaciens infiltration of Nicotiana benthamiana
leaves. N. benthamiana leaves (fully expanded, from 3- to 4-week-old
plants grown in a greenhouse) were agroinfiltrated as described previously
(33), using A. tumefaciens cultures of strain C58C1 or EHA105 trans-
formed with the relevant plasmids. Growth of bacteria was monitored by
assessing the optical density at 600 nm (OD600) until it reached 0.5 units.
Cultures were induced by acetosyringone and infiltrated with a needle-
less syringe. For sampling material to be analyzed by LC-tandem MS (LC-

MS/MS) (see below), the agroinfiltration was performed with mixed cul-
tures incorporating a construct expressing P1b of CVYV (33) to increase
expression of SPFMV proteins. For silencing suppression experiments
(see below), negative (empty vector, delta) and positive (CVYV P1b and
SPMMV P1) controls were included, following previously described pro-
cedures (34, 35).

SDS-PAGE and fractionation of protein products. Plant samples
were collected, deep-frozen, and homogenized in extraction buffer. After
boiling for 5 min, aliquots were separated by 10% SDS-PAGE. Following
staining with Coomassie blue G-250 (SimplyBlue safe stain; Life Technol-
ogies), the portion above the RuBisCO was excised and processed.

MS and protein identification by LC-MS/MS analysis. Gel-excised
fragments containing protein samples were washed with 25 mM
NH4HCO3 and acetonitrile (ACN), reduced for 60 min at 60°C with 20
mM dithiothreitol (DTT), and alkylated for 30 min at 30°C with 55 mM
iodoacetamide in the dark before being digested for 16 h at 37°C with 0.9
$g trypsin (porcine sequence-grade modified trypsin; Promega). Peptides
were extracted from the gel matrix with 10% formic acid and ACN, dyed,
and desalted with a C18 Top-tip (PolyLC), following the procedure of the
provider. Dried-down tryptic peptides mixtures resuspended in 1% for-
mic acid were injected for chromatographic separation in a nanoAcquity
liquid chromatograph (Waters) coupled to an LTQ-Orbitrap Velos
(Thermo Scientific) mass spectrometer. Peptides were trapped on a Sym-
metry C18 trap column (5 $m by 180 $m by 20 mm; Waters) and sepa-
rated with a C18 reverse-phase capillary column (75 $m, 10 cm nanoAc-
quity; 1.7-$m BEH column; Waters). The gradient for elution was
prepared with 0.1% formic acid in ACN and consisted of 1 to 30% for 60
min, 35 to 45% for 10 min, and 45 to 85% for 5 min, with a flow rate of 250
nl/min. Eluted peptides were subjected to electrospray ionization in an
emitter needle (PicoTip; New Objective) with 2,000 V applied. Peptide
masses (m/z 350 to 1700) were analyzed in full-scan MS data-dependent
mode in the Orbitrap with 60,000 full width at half maximum (FWHM)
resolution at 400 m/z. Up to the 10 most abundant peptides (minimum
intensity of 500 counts) were selected for each MS scan and fragmented
using collision-induced dissociation in a linear ion trap with helium as the
collision gas and 38% normalized collision energy. The targeted mode was
used to analyze the presence of predicted peptides in the ORF that con-
tains PISPO (the seven peptides underlined in the sequence LVWEKTG
RTIGHKERDQKRSQSKMEVGTLQTSQEDQEGQPKTAPTEAHGE
GTAIIDGYATSSSDGHLHCWGSIGESGNDSNSEWEDFLHAFHEEEE
NFKISQINTRENSRAHAGSSENCVQEKDEHRIGGQEVHKRAVQEISR
SKLFVPSFKTYGRLKRVSGFKNSHNNSKPRTSSCQGWSMEKTCKD
NNVVQRFKWHGAESRQTVGPKRSCTTRNARGAWGFTRSAIRRTN
ETW) or in the C-terminal part of the P1 (the three peptides underlined in
the sequence KLDEQLATRNEIRKGLKVKWRWGLYRLVKKTRKD
NQRQRRQRRMEKEQQLLMAMPPQVLTGISIAGGPSASLEMTPTPN
GKIFCTPSMKKKKTLKSPKLTQEKIHELTQAVLKIACRKRMSIELV
GKKSTKGQYRKFQGANYLFLHLKHMEGLRESVDLRIHTTTQNLV
LQAAKVGAWKRPVKTTMLSKGSSGMVLNPDKLLGPRGHAPHGM
LVVRGALRGVLYDARMKLGRSVLPYIIQY). Generated raw data were
collected with Thermo Xcalibur (v.2.2). For database searching, custom
databases were created merging all UniProt entries (as of December 2014)
for I. batatas plus the predicted list of mature protein sequences from
SPFMV plus a list of predicted mature gene products deriving from
viruses present in the AM-MB2 sample or for N. benthamiana and A.
tumefaciens plus P1 and P1N-PISPO. Entries from common laboratory
contaminants were also added. Sequest search engine searches were
performed with Thermo Proteome Discoverer software (v.1.3.0.339), us-
ing a target and a decoy database to obtain a false-discovery rate (FDR)
(strict, 0.01; relaxed, 0.05) and to estimate the number of incorrect pep-
tide spectrum matches exceeding a given threshold (peptide tolerances of
10 ppm and 0.6 Da, respectively, for MS and MS/MS), with parameters for
trypsin allowing up to 2 missed cleavages, considering cysteine carbam-
idomethylation as fixed and methionine oxidation as variable modifica-
tions. Validation was based on FDR, using Percolator (a semisupervised
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learning machine) to discriminate peptide spectrum matches. Only pro-
teins identified with at least 2 high-confidence peptides (FDR of !0.01)
were considered.

RNA silencing suppression activity assays: GFP imaging, Northern
blotting, and RT-qPCR analysis. Leaves of N. benthamiana plants were
coagroinfiltrated with a green fluorescent protein (GFP)-expressing con-
struct together with constructs of the different viral products or adequate
controls. The infiltrated patches were visualized under UV light with a
Black Ray B 100 AP lamp, and photographs were taken with a Nikon
D7000 digital camera.

Total RNA from N. benthamiana tissue was isolated using TRIzol and
treated with Turbo DNase (Ambion) to remove contaminating DNA. For
Northern blot analysis of mRNAs and small interfering RNAs (siRNAs),
approximately 10 and 15 !g of total RNA were resolved on 1.2% agarose
(containing 2% formaldehyde) or 15% denaturing polyacrylamide (con-
taining 7 M urea) gels, respectively, and transferred to nylon Hybond-N"
membranes (Amersham) by capillary blotting for the agarose gels or using
a transfer apparatus (XCell SureLock; Invitrogen) for the acrylamide gels.
Ethidium bromide staining was used to verify equal loading of lanes and
monitor the transference processes. After UV cross-linking and prehy-
bridization in UltraHyb buffer (Ambion), blots were hybridized in the
same solution with probes specific to the GFP sequence, using a 32P-
labeled DNA probe (33) in the case of mRNAs or a 32P-labeled RNA probe
(36) in the case of small RNAs. Hybridization signals were detected with a
PhosphorImager.

For quantitative real-time reverse transcription-PCR (RT-qPCR)
analysis, 1 !g of total RNA was reverse transcribed using the SuperScript
III first-strand synthesis system (Invitrogen), and RT-PCRs were per-
formed in a 20-!l volume with gene-specific primers and LightCycler 480
SYBR green I master mix (Roche). A 102-bp GFP fragment was amplified
with primers described by Leckie and Stewart (37). Ubiquitin was selected
as a reference gene, amplifying a 88-bp fragment using the primers de-
scribed by Lacomme and coworkers (38) (see Table S1 in the supplemen-
tal material). The average cycle threshold (CT) value for triplicate PCRs
was normalized to the average CT value for the reference gene, yielding the
#CT value. An analysis of variance (ANOVA) for at least three indepen-
dent biological replicates was performed using the Tukey-Kramer test.

Nucleotide sequence accession numbers. Data corresponding to
virus sequences are available in GenBank under accession numbers
KU511268, KU511269, KU511270, KU511271, and KU511272.

RESULTS
Sequencing the virome of the sweet potato plant AM-MB2. AM-
MB2 sweet potato plants, which are naturally infected with several
viruses, including SPFMV, were used. With the aim of boosting
the load of potyviruses, plants were superinfected with the crini-
virus SPCSV, which is known to cause a synergistic effect with
potyviruses (39). As shown in Fig. 1A, the superinfection of AM-
MB2 plants with SPCSV resulted in a strong enhancement of dis-
ease symptoms.

Total RNA isolated from samples of the plants coinfected with
SPCSV and SPFMV was analyzed by RNA-seq using Illumina
technology (SRA references SRR1693374 and SRR1693416) and
compared to equivalent samples deriving from AM-MB2 plants
not superinfected with the crinivirus (13). Abundant SPFMV-de-
rived reads were found, together with a smaller number of reads
from two additional potyviruses, SPV2 and SPVC. In addition,
reads corresponding to a begomovirus and a badnavirus were
identified, but in insufficient number to obtain complete coverage
of the genomes of these viruses. As expected, the number of reads
for potyviruses increased notably after superinfection with SPCSV, as
shown in Fig. 1B, whereas no major change in the accumulation of
reads was observed for the begomovirus and badnavirus.

Total or partial assemblies of the different viruses were depos-
ited in GenBank, and their preliminary annotations are provided
in Tables S2 to S6 in the supplemental material.

Boosting of SPV2 and SPVC accumulation in the crinivirus-
superinfected samples allowed us to analyze the presence of inser-
tions/deletions in their genomes. As predicted from our previous
findings (13), most of the indels in SPV2 and SPVC genomes were
found in the G2A6 motifs upstream of trans-frame PISPO and
PIPO (see Table S7 in the supplemental material).

The assembly of the genomic sequence from SPFMV (see Table
S2 in the supplemental material) spanned 10,814 nt, representing
almost all of its genome, except for a short region at the 5= end of
$6 nt. The sequence of SPFMV AM-MB2 encoded the canonical
potyvirus gene products in the polyprotein, i.e., P1, HCPro, P3,
6K1, CI, 6K2, VPg/NIaPro, NIb, and CP, as well as the predicted
P1N-PISPO and P3N-PIPO, in both cases preceded by G2A6 mo-
tifs. The genomic organization is summarized in Fig. 1C. Positions
in the genome were numbered after alignment with other pub-
lished SPFMV sequences to facilitate comparison of regions with
the reference genome (5) (95.12% identity).

Our data also showed that superinfection with SPCSV resulted
in a decrease in the relative proportion of RNA-seq reads with an
additional A in the G2A6 motifs at the PISPO site (so-called RNA
slippage frequency) in SPFMV, while there was no change in slip-
page at the PIPO site where a less frequent slippage was observed
(Fig. 1D).

Phylogenetic analyses were performed with all potyviral se-
quences in AM-MB2 using whole-genome sequences (Fig. 2A)
and selected CP sequences of individual viruses. In the case of
the SPFMV isolate, a comparison of trees constructed with
whole-genome and CP sequences suggested that it can be
placed in the group of recombinant isolates, a frequent occur-
rence among SPFMV isolates (40, 41). Comparison of our se-
quence with those of two selected isolates (Piu3 and RC-ARg,
accession numbers FJ155666.1 and KF386014.1, respectively) is
illustrated in Fig. 2B, where a crosspoint upstream from the CP
region is noticeable. Application of adequate analysis tools pre-
dicted a recombination site located at position 7227 in the NIa
region, further confirming the recombinant nature of the SPFMV
AM-MB2 isolate.

Absence of detectable production of P1N-PISPO by frame-
shifting in in vitro translation experiments. To evaluate the pu-
tative contribution of translational frameshifting to the produc-
tion of P1N-PISPO, the SPFMV P1-coding region was cloned
after RT-PCR amplification (P1 construct), and appropriate mu-
tations were designed to express truncated proteins in each of the
frames. In the P1# construct, a stop codon interrupted the main
ORF of the polyprotein downstream of the G2A6 motif to generate
a 54-kDa variant, whereas in the P1N-PISPO# construct, the stop
was introduced in the PISPO sequence (%1 frame), leading to a
putative 47-kDa product without altering the P1-coding se-
quence. P1, P1#, and P1N-PISPO#, together with a luciferase
control, were used for in vitro transcription. The analysis showed a
band with a mobility corresponding to $70 kDa in the P1 sample,
compatible with both P1 and P1N-PISPO (expected sizes of 74.1
kDa and 72.7 kDa, respectively) (Fig. 3). However, major protein
products derived from translational frameshifting were not
detected in the analysis of the two other constructs designed to
yield products of different sizes in the P1 and PISPO frames: in
P1#, the major band was compatible with the expected size of
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the truncated P1 (54 kDa), while in P1N-PISPO!, the pattern
was similar to that for the unaltered P1 (compare first and third
lanes in Fig. 3, and note the absence of evident products at the
expected region for the truncated 47-kDa protein). The results
of this experiment support the hypothesis that viral RNA poly-
merase slippage is the main mechanism that produces the out-
of-frame product.

Identification of virus-derived proteins in agroinfiltrated
plant tissue by LC-MS/MS analysis. A construct containing the
wild-type P1-coding sequence and a construct designed to pro-
duce only P1N-PISPO (by insertion of a nucleotide in the G2A6

motif) were expressed by agroinfiltration in N. benthamiana

leaves in the presence of P1b RSS from the unrelated ipomovirus
cucumber vein yellowing virus (CVYV) (33). The P1b RSS was
included to enhance protein expression levels. Total proteins
present in the infiltrated patches were extracted and separated by
SDS-PAGE, and the fraction above 50 kDa (to avoid the highly
abundant RuBisCO) was excised and analyzed by LC-MS/MS.

The analysis identified more than 180 and 200 proteins in sam-
ples expressing the wild-type P1 and the mutant forced to produce
P1N-PISPO, respectively. Most of the proteins corresponded to
the host plant or to the A. tumefaciens bacteria used as the expres-
sion vector. In each sample, the overexpressed viral gene products
were readily identified with high scores and coverage: for P1, a

FIG 1 Synergism between SPFMV and SPCSV. (A) Appearance of AM-MB2 plants propagated vegetatively, with a representative original plant (top) and
another superinfected with SPCSV (bottom). Pictures were taken 4 months after whitefly-mediated inoculation of the crinivirus. (B) Normalized number of
virus-derived RNA-seq reads in AM-MB2 plants (gray bars) compared to those plants superinfected with SPCSV (salmon bars). Individual viruses are indicated,
and for each one the average and standard deviation are plotted. The inset with an extended scale was included to accommodate the large differences between the
conditions. (C) Genomic organization of the SPFMV genome assembled from the RNA-seq data. The RNA genome of SPFMV is represented as a solid line
flanked by a covalently linked VPg (solid circle) and the poly(A) tail, with the three ORFs corresponding to the polyprotein, PISPO, and PIPO depicted as boxes
(details of the conserved G2A6 motifs are shown). Boxes with names represent the different gene products. (D) Percentages of RNA-seq reads with insertion of
1 nucleotide at the slippage sites in SPFMV. No other alterations were observed at these points, and the numbers show the values for two independent samples
used for the RNA-seq analysis (see Table S7 in the supplemental material).
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FIG 2 Taxonomic characterization of potyviruses from the AM-MB2 sweet potato plant. (A) Phylogenetic analysis of the complete nucleotide sequences
corresponding to the three potyviruses found in AM-MB2 (highlighted in bold), compared to full-length sequences of SPFMV, SPVC, and SPV2 available in
GenBank, using alignments and the maximum-likelihood algorithm to generate a tree with 1,000 replications for the bootstrapping test. (B) Plot of nucleotide
identities between SPFMV isolate AM-MB2 and isolates Piu3 (EA strain) and RC-ARg (RC strain), after comparison with a sliding window of 100 nt. The
recombination site detected by the SBP and GARD analysis is indicated with an arrowhead and the position number in the viral genome. The dashed horizontal
lines correspond to a highly divergent region (between the indicated positions in the viral genome) with abundant gaps, which was eliminated to facilitate the
global comparison. A schematic drawing of the expected gene products of SPFMV is shown above the plot to facilitate comparison of the recombination site.
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score of 97.38, 13 unique peptides, and 31.33% coverage; for P1N-
PISPO, a score of 173.38, 25 unique peptides, and 46.02% cover-
age. Intriguingly, no peptides corresponding to the PISPO frame
were found in the sample that expressed the wild-type P1 gene
products.

In order to maximize the chance of detecting P1N-PISPO in
further analysis of infected samples, a targeted search mode was
adopted by using the information about true peptides derived
from overexpression. The detected peptides corresponding to the
transiently expressed viral gene products; their distributions along
the amino acid sequences are shown in Fig. 4A and B, and com-
plete details are provided in Table 1. The application of this tar-
geted approach confirmed the absence of PISPO-derived peptides
in plants transiently expressing wild-type P1. In addition, it also
confirmed the identity of the expressed P1N-PISPO protein, as an
identified peptide overlapped the frameshifted region and showed
the amino acid introduced to force the frameshift (sequence,
LVWEK [mutation in bold]) (Table 1).

Detection of SPFMV P1N-PISPO in infected sweet potato
plants. Total proteins were extracted from plants infected with
SPFMV AM-MB2, and the fraction corresponding to protein
products of !50 kDa was subjected to LC-MS/MS analysis. The
list of peptides corresponding to viral proteins included several
gene products expected to accumulate during infection, such as
P1, HCPro, CI, and NIb (all of them with sizes above the exclusion
limit selected and translated from the long viral ORF). Detection
was also positive for 4 peptides corresponding exclusively to the
PISPO region of P1N-PISPO and thus derived from a trans-frame
protein that incorporated PISPO (21.3% coverage). Along with

these peptides, peptides corresponding to the P1 protein were
detected from upstream of the polymerase slippage signal (11 dif-
ferent peptides, 39% coverage of the P1N region), and therefore
common to P1 and P1N-PISPO, and from the C-terminal part (2
peptides, 10% coverage). Scores were 116.56 (13 peptides, 28.46%
coverage) for P1 and 196.2 (15 peptides, 32.72% coverage) for
P1N-PISPO.

Figure 4C summarizes the coverage and location of the pep-
tides corresponding to the two alternative gene products from the
P1 region, P1 and P1N-PISPO, which were present in infected
sweet potato samples. Details on all identified virus-derived pro-
teins and the individual peptides found in the analysis are pro-
vided in Table 2. Considering the exclusion limit (!50 kDa) used
for sampling and that no smaller viral proteins, including the
abundant CP (35.1 kDa), were detected by this analysis, our re-
sults are compatible with the simultaneous expression and accu-
mulation of both P1 and P1N-PISPO (predicted to be 74.1 and
72.7 kDa, respectively).

P1N-PISPO is an RNA silencing suppressor. Once we de-
termined that P1N-PISPO is produced in plants infected with
SPFMV, we investigated putative functions for the novel gene
product. Based on our previous experience with proteins en-
coded at the 5= ends of potyviral genomes, we tested whether P1N-
PISPO exhibits RNA silencing suppression activity. Constructs
suitable for the transient expression of selected gene products (Fig.
5A) were coagroinfiltrated with a GFP-expressing construct, and
the GFP fluorescence was monitored over time under UV light. Both
positive and negative controls were included side-to-side with the
tested constructs in the same leaves following the design depicted in

FIG 3 In vitro expression of P1-related products. Wild-type and variant constructs were designed to express selected proteins. Arrowheads and asterisks indicate
the translation initiation sites (AUG) and stop codons, respectively. Truncated forms with stop codons introduced by mutagenesis are indicated by asterisks in
gray. The expected sizes (in kDa) of the anticipated translated protein products are indicated below each construct, with italics used to indicate the trans-frame
products expected in the case of translational frameshifting. Wheat germ extract was programmed with RNA transcripts, including a luciferase mRNA and water
as controls. Each construct is connected to the lanes on the SDS-PAGE analysis of the proteins synthesized after in vitro translation and detected by autoradiog-
raphy. The electrophoretic mobilities of molecular mass markers are shown at the right.
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FIG 4 Identification of viral proteins by LC-MS/MS in plant samples. (A) Detection of peptides corresponding to proteins transiently expressed in N.
benthamiana leaves agroinfiltrated with a construct that contains the wild-type P1 sequence of SPFMV under control of the appropriate promoter for overex-
pression. The plasmid construct is schematically drawn inside a leaf outline, with a detail of the expected RNA sequence corresponding to the G2A6 motif
upstream of the PISPO starting point and the detected protein P1. A question mark besides the P1N-PISPO name indicates that no peptides corresponding to the
PISPO domain were found in the analysis. The peptides detected are shown (as gray boxes) distributed along the P1 protein sequence in the right panel, and the
percentage of coverage is indicated. The sequences of the detected peptides are shaded in gray on the sequence of the P1 gene product, and the frameshift point
is underlined. (B) Detection of peptides as in panel A but in the sample agroinfiltrated with the P1N-PISPO construct, which ensures expression of the
trans-frame product. The PISPO region is highlighted and is depicted in italic lettering in the sequence, starting at the underlined frameshift point. Peptides found
in the analysis are shown as boxes (gray for P1N and black for PISPO) in the graphic and shaded in the sequence below, using a gray background in the case of
peptides corresponding to the P1N or a black background with white letters for the PISPO region. (C) Detection of viral peptides in the AM-MB2 I. batatas plant.
The virus SPFMV is represented by a schematic virion inside the outline of the sweet potato leaf, and two variants of viral RNAs with the G2A6 or G2A7 motifs are
indicated (13). Peptides deriving from the common P1N region, from the P1 C-terminal region, and from PISPO are shown in the protein schemes, using gray
for the common P1N part and the rest of P1, while the peptides found in the PISPO frame are represented by black boxes. The sequences of peptides are also
highlighted in the sequence, with the two variants shown after the frameshift point (underlined), represented in the upper lines for P1 or in the lower (in italic)
for PISPO and using as above a gray or black background in the sequence detail, respectively.
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Fig. 5B. The experiment was repeated several times, using at least
three independent Agrobacterium cultures of each construct.

Compared to other individual SPFMV gene products, only
P1N-PISPO showed clear RNA silencing suppression activity at 3
and 5 days postagroinfiltration (dpai) in the visual assay (Fig. 5C),
which correlated with higher accumulation of GFP mRNA as ob-
served by Northern blotting (Fig. 5D) and RT-qPCR (Fig. 5E).
Differences in GFP fluorescence and accumulation of GFP mRNA
between the CVYV P1b positive control and P1N-PISPO suggest

that the last is a weaker RSS. This was confirmed by the RT-qPCR
analysis, which showed around 5-times-higher levels of GFP
mRNA in the presence of P1b (Fig. 5E).

As expected from previous results (18, 36) CVYV P1b pre-
vented to certain extent the generation of GFP-derived siRNAs,
while a clear similar effect was not observed for P1N-PISPO
(Fig. 5D), suggesting that these two viral proteins might use
different mechanisms to suppress the RNA silencing, as we
propose below.

FIG 5 RNA silencing suppression activity of SPFMV P1N-PISPO. (A) The constructs used are represented with the same conventions as in the other figures for
AUG and stop codons. The distribution of the four WG/GW motifs present in the sequence (positions in parentheses) in the mutant in which the four W residues
were replaced by A residues is indicated. (B) Patch design used for coagroinfiltration in N. benthamiana leaves of a GFP-expressing construct together with other
constructs expressing SPFMV products (indicated by X), a CVYV P1b positive control (c!), or an empty vector (", c#). (C) Pictures of representative
agroinfiltrated leaves taken at 3 (top row) or 5 (bottom row) days postagroinfiltration (dpai) under UV light. (D) Northern blot analysis of GFP mRNA and
siRNA extracted from agroinfiltrated tissue patches at 3 dpai, comparing the different constructs indicated above each lane. The bottom panels show the ethidium
bromide staining of the gels as loading controls. (E) Relative accumulation of GFP mRNAs measured by specific RT-qPCR and normalized against the mean value
corresponding to the negative control. The average values $ standard deviations from several experiments, each performed with at least three independent
Agrobacterium cultures, are plotted. Significant difference in pairwise comparisons and after applying the Tukey-Kramer test were found only for the positive
control CVYV P1b (shown with a broken axis to accommodate the large difference) and for the P1N-PISPO samples.
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Constructs expressing P1 (wild-type P1 sequence) and P1 only
(P1 with an out-of-frame stop codon precluding any expression of
PISPO) failed to exhibit enough noticeable RNA silencing sup-
pression activity in our assays. Interestingly, the construct ex-
pressing HCPro also failed to exhibit RSS activity, with quantita-
tive values always below those obtained for P1 (Fig. 5C, D, and E).
The same P1 and P1N-PISPO constructs tested for RSS activity
were used in the LC-MS/MS experiments described above. Al-
though it is not a quantitative assay, the detection of similar num-
bers of specific peptides in both cases (Table 1) suggests that P1
and P1N-PISPO accumulated at comparable levels in agroinfil-
trated leaves in the presence of a heterologous RSS. Hence, these
results support the idea that the absence of noticeable silencing
suppression activity by the P1 construct is not due to problems in
protein expression, accumulation, or stability.

WG/GW motifs play important roles in interactions with Ar-
gonaute (Ago) proteins and small RNA binding necessary for ac-
tivity of some RSSs (18, 19, 42, 43). All four WG/GW motifs pres-
ent in P1N-PISPO were mutated to AG/GA. The mutated variant
(P1N-PISPOmut) was agroinfiltrated in N. benthamiana leaves,
along with the GFP-expressing construct, to evaluate its activity as
an RSS. The mutated product failed to counteract the RNA silenc-
ing, as shown by GFP fluorescence under UV light, GFP mRNA
Northern blots, and RT-qPCR quantification of GFP mRNA (Fig.
5C to E).

DISCUSSION
Among all the known members of the Potyvirus genus (158 species
according to the International Committee of Taxonomy of Vi-
ruses [ICTV] [2014] release), SPFMV presents several peculiari-
ties. First, its genome is the largest, with an extraordinarily long P1
region (664 to 724 aa), which is surpassed in the Potyviridae family
only by the equivalent P1 product of the ipomovirus SPMMV
(758 aa), which shares some similarity with SPFMV P1 in the
N-terminal region (7). The bioinformatic prediction of the addi-
tional ORF PISPO within the P1-coding sequence (4, 44) added a
further peculiarity, although it was unknown until now whether
PISPO was expressed. Our results shed light on these aspects of
SPFMV biology, first by demonstrating that the predicted trans-
framed P1N-PISPO product is expressed during SPFMV infection
and then by finding that P1N-PISPO contributes to counteract the
RNA silencing-based plant defense to viral infection.

These results might be especially relevant in the context of the
devastating and widespread sweet potato viral disease (SPVD) (4,
39). In contrast to many other synergisms involving potyviruses
(see reference 45 and references therein), sweet potato viral dis-
ease is considered atypical because the potyvirus is the partner
with a boost in its accumulation. Although we have confirmed this
previous observation with our plant material, many important
aspects still remain to be explained. For instance, further research
is needed to elucidate whether the rather peculiar RNase 3 RSSs
from SPCSV (46–48) and P1N-PISPO are involved in the out-
come of this complex interaction. In line with that, another inter-
esting but unexpected observation of our work is related to this
unusual synergism: we have noticed a specific reduction in RNA
slippage frequency at the PISPO site, but not in PIPO, in plants
superinfected with SPCSV (Fig. 1). The different roles of P1N-
PISPO and P3N-PIPO during viral infection, named suppression
of RNA silencing (this report) or viral movement (9–11), respec-
tively, might provide clues not only to explain this observation but

also to understand how changes in the relative amounts of these
two gene products could affect the outcome of SPVD in the coin-
fected plants.

The novel potyviral gene product P1N-PISPO (654 aa, 72.7
kDa) combines a P1N part shared with the canonical P1 (N-ter-
minal portion of 422 aa, equivalent to a 46.5-kDa protein frag-
ment) and the PISPO sequence (232 aa, fragment of 26.1 kDa).
The product is similar in size to P1 (664 aa, 74.1 kDa) but with
notable differences, including, for instance, the predicted isoelec-
tric points of the two proteins: 9.24 for P1 and 6.17 for P1N-
PISPO. Interestingly, an isoelectric point of slightly below 7 is a
hallmark of P1s displaying RNA silencing suppression activity in
other potyvirids (7).

The expression of P1N-PISPO is likely to result from the trans-
lation of RNA variants with a G2A7 sequence, generated by poly-
merase slippage in a G2A6 conserved motif (13). This mechanism
of expression is supported by examination of sequences corre-
sponding to different potyviruses present in the virome of the
AM-MB2 plant, which showed results consistent with polymerase
slippage in equivalent G2A6 motifs for SPV2 and SPVC (see Table
S7 in the supplemental material). Moreover, our experiments de-
signed to identify translational frameshifting in WGE failed to
show a noticeable production of truncated frameshifted protein
products, and the presence of minor products compatible in size
could be also generated by T7 polymerase slippage, as shown by
others (14, 49, 50). Consistent with our view that viral RNA poly-
merase slippage is the most likely mechanism of production of
out-of-frame products in potyviruses, the transient expression of
wild-type P1 sequence out of the viral infection context resulted in
the production only of P1-derived peptides when analyzed with
the sensitive mass spectrometry technique (Fig. 4A). Altogether, a
strong case can be proposed for viral polymerase transcriptional
slippage as the mechanism used to produce the trans-frame P1N-
PISPO, and likely the same conclusion can be expanded to P3N-
PIPO proteins found in all other potyvirids. The combination of
our analysis with SPFMV, SPVC, and SPV2 suggests that polymer-
ase slippage might occur in all sweet potato potyviruses where the
PISPO sequence was predicted (4).

When facing the challenge of detecting a previously unknown
gene product that was predicted bioinformatically, we decided to
adopt a straightforward approach using mass spectrometry. Sim-
ilar techniques have been used previously to identify viral infec-
tions in plants, including those produced for potyviruses (51), but
to our knowledge, this is the first time that it serves to demonstrate
that an out-of-frame gene product is being expressed in infected
plant tissues. We believe that this new method is a convenient
approach that gives fast and unequivocal proof of protein transla-
tion without the need of obtaining specific antibodies, which is a
time-consuming procedure that may fail depending on the anti-
genicity of the target protein. Mass spectrometry allowed unam-
biguous detection of both P1 and P1N-PISPO together in the
same sample, showing that the two gene products coexist in in-
fected plants. Although the methodology is not quantitative, the
abundance and number of peptides might provide some indica-
tion of the expression levels and the stability of the mature pro-
teins. For example, compared to another large viral product, CI,
the high coverage obtained for P1 and P1N-PISPO suggests that
these two proteins are quite stable. While we have shown mass
spectrometry to be a useful method for identifying novel gene
products, further research is required to determine the turnover

Mingot et al.

3554 jvi.asm.org April 2016 Volume 90 Number 7Journal of Virology

 on M
arch 13, 2016 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


and subcellular localization of P1N-PISPO during the infection
cycle and to evaluate its impact in pathogenicity.

The functions of potyviral P1s have remained elusive for many
years, but recent results are revealing the importance of P1 during
potyvirus infection (32, 52). In the case of SPFMV and other
potyviruses infecting sweet potato, the presence of P1N-PISPO
adds a further layer of complexity to efforts to unravel the
role(s) of these gene products in the infection context (53). To
start addressing this, our experiments show a clear role for
P1N-PISPO as an RSS. Interestingly, for all the members of the
Potyvirus genus tested so far, the essential RNA silencing sup-
pression activity was found associated with HCPro, which was
the first characterized RSS (54, 55). In other members of the
Potyviridae family, however, the RNA silencing suppression
function is often shifted to P1 products, as has been observed in
ipomoviruses (18, 33, 56), tritimoviruses (57), and poacevi-
ruses (58). These RSSs belong to a distinct group of P1 proteins
that appears to be evolutionarily separated from typical P1
proteins of members of the genus Potyvirus (7, 59). Our finding
that the P1N-PISPO product acts as an RSS would serve to
expand this list of known P1-related sources of RNA silencing
suppression activity in the family Potyviridae and might help in
our understanding of the evolutionary acquisition of this impor-
tant viral function.

Whereas the P1b protein of the ipomovirus CVYV displays a
strong RSS activity that depends on its ability to bind small RNAs
(36), the P1 protein of SPMMV suppresses RNA silencing by in-
terfering with RISC activity, specifically through blocking Ago
binding via WG/GW hooks (18). Interestingly, a recent study
showed that the native SPFMV P1, which shares noticeable se-
quence similarity with SPMMV P1 (7), does not work as an RSS
but gains this functionality when mutations are introduced to
create additional WG/GW motifs in positions near the ones pres-
ent in SPMMV P1 (60). In our experiments, P1 also failed to show
a clear RSS activity, confirming the observations of Szabó and
coworkers (60).

Our result that an SPFMV P1N-PISPO variant in which all
the WG/GW motifs have been mutated loses RNA silencing
suppression activity suggests that P1N-PISPO disrupts RNA
silencing by a mechanism involving Ago hooks, similar to that
of SPMMV P1 (18). The fact that the silencing activities of
SPFMV P1N-PISPO and SPMMV P1 are both quite weak fur-
ther supports the hypothesis that these suppressors share a
similar mechanism of action. However, we cannot rule out that
the correlation between functionality and presence of WG/GW
in SPFMV P1N-PISPO could correspond to Ago-independent
disturbances caused, for instance, by conformational altera-
tions derived from mutations of W residues, as might be the
case in other RSSs (42).

Giner and coworkers suggested that the expression of a weak
RSS in SPMMV could be a viral strategy to cause only mild dam-
age in the host, allowing sweet potato potyvirids to survive in
infected perennial plants for an extended period (18). This idea is
in agreement with the weak RSS activity of SPFMV P1N-PISPO.
We can also speculate that sweet potato potyvirids might not
depend exclusively on the weak RNA silencing suppression ac-
tivities of their P1N-PISPOs found here and that other viral
products could help to counteract RNA silencing during infec-
tion. In this regard, for instance, the VPg of the potyvirus PVA
has been found to counteract RNA silencing (46, 61). Addi-

tionally, the levels of expression of HCPro in other potyviruses
were reported to be regulated by P1 (62). In the case of SPFMV,
although our transient agroinfiltration experiments with indi-
vidual gene products showed no clear antisilencing activity for
P1 or HCPro, preliminary results suggest that P1-HCPro might
display some activity. Taking into account that the expression
of the P1 construct by agroinfiltration does not produce P1N-
PISPO (Fig. 4), contributions of P1 and/or HCPro to silencing
suppression during SPFMV infection cannot be ruled out. In-
deed, the context of the viral infection is quite different from
that in the transient agroinfiltration assays, and therefore fur-
ther work will be needed to fully understand the modes of
action and the relationships of all viral factors that might be
participating in counteracting the RNA silencing-based host
defenses.

The switch of the antisilencing role from established suppres-
sors such as HC-Pro or P1 (the strength of which could be ad-
justed through regular mutation/selection processes) to P1N-
PISPO with its rather peculiar expression mechanism deserves
some attention from an evolutionary point of view. As mentioned
above, whereas the main RNA silencing suppression activity lies
with HCPro in members of the genus Potyvirus, it is supplied by a
P1-type protein in ipomoviruses, tritimoviruses, and poacevi-
ruses, likely highlighting two evolutionary lineages in the family
Potyviridae. Thus, we can speculate that the existence of a P1-
related RNA silencing suppressor in the potyvirus SPFMV could
be the result of a recombination event between a potyvirus and an
ipomovirus in sweet potato, which is supported by the notable
similarity between the N termini of the P1 proteins from SPFMV
and the ipomovirus SPMMV (7).

Importantly, the fact that all members of the potyvirids pro-
duce P3N-PIPO suggests that this gene product appeared very
early in the evolutionary history of these viruses. Potential strate-
gies developed to deal with risks associated with RNA polymerase
slippage, such as genomic modifications in the viral progeny (14,
63) or those derived from mRNA decay (64), could have favored
the more recent emergence of P1N-PISPO in a subset of potyvi-
ruses. Thus, understanding how potyvirids counteract problems
derived from this peculiar gene expression mechanism will cer-
tainly deserve further experimental work.

To summarize, our results highlight the enormous genomic
flexibility of viruses, which allows them to profit from particular
biochemical features of their gene products, such as the slippage
capacity of the RNA polymerase, to expand their gene dotation
and explore alternative pathways to improve adaptation to a vari-
ety of host and environmental conditions.
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ADDENDUM IN PROOF
During the preparation of this work, we became aware that an-
other paper on the same subject arrived at equivalent conclusions
(Untiveros M, Olspert A, Artola K, Firth AE, Kreuze JF, Valkonen
JP, Mol Plant Pathol, http://dx.doi.org/10.1111/mpp.12366, in
press).
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