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!"#"$%&"#"'()*

*
Je souhaite tout d’abord remercier mes deux directeurs de thèse, Perla Hamon et 

Romain Guyot, pour m’avoir acceptée en tant que doctorante dans leurs équipes respectives*

à l’IRD. Merci pour vos conseils tout au long de la thèse et votre soutien. Merci Perla pour tes 

"')"&+'"#"'()* $&%,")* )-$* .")* %/01&"$)2* (")* 3/$(/+")* )-$* (")* "431$&"'%")* 5"* $"%,"$%,"* "(*

d’enseignement et bien sûr tes paroles motivantes quand j’en avais bes6&'7*8"$%&*!6#/&'*

pour ton accueil au Brésil au début de la thèse, tes réponses toujours rapides quand j’avais 

-'"*9-")(&6'*6-*-'*3$6:.;#"*:&6<&'06$#/(&9-"*"(*36-$*."*($;)*:6'*%/01*5"*=6.6#:&"7*
*

8"$%&*>*?./&'*@,")9-&;$"*"(*>*A/.1$&"*A"$5&"$*36-$*."-$*/%%-"&.*/-*)"&'*5")*B8!*C&?CD*

"(*EF8D7*8"$%&*>*(6-)*.")*#"#:$")*5")*19-&3")*DG6@"=*"(*=600""?5/3(7*B'*G&0*#"$%&*>*#6'*

/'%&"'*H*%6<:-$"/-*I*D##/'-".*=6-(-$6'*9-&*#"*$/%6'(/&(* )")*#&))&6')*3/))&6''/'(")*"'*

Afrique, à bientôt j’espère*! Merci à Serge Hamon pour m’/G6&$*3$J(1*)6'*6$5&'/("-$*"(*/&')&*

)/-G1* ."* 3$1)"'(*#/'-)%$&(7*8"$%&* >* K"$G1* L(&"''"* 36-$* )6'* /%%-"&.* >* =600""?5/3(* "(* .")*

réunions vivantes avec toute l’équipe.*
*

M"* $"#"$%&"* #")* $/336$($&%")* 8/$&"<?'+;."* @$/'5:/)(&"'* "(* N$151$&9-"* F".)O2* /&')&*

9-"*#")*"4aminateurs Abdelkader Aïnouche et Michel Lebrun, pour avoir accepté d’évaluer 

#/*(,;)"7*
*

B'*+$/'5*#"$%&*/-4*#"#:$")*5"*#")*%6#&(1)*5"*)-&G&*5"*(,;)"2*C6#&'&9-"*P,&)2*8/$&"*

8&$6-Q"*"(*=$&)(&/'*=,/3/$$62*36-$*/G6&$* /%%"3(1*5"* 0/&$"*3/$(&"*5"* %"* %6#&(17*8"$%&*36-$*

(6-)*G6)*%6')"&.)*"(*"'%6-$/+"#"'()*36-$*./*(,;)"7*
*

8"$%&*>*C6#&'&9-"*=$6-Q&../(*"(*?."4/'5$"*5"*R6%,S62*3.-)*./$+"#"'(*.")*#"#:$")*5-*

%6')ortium ACGC, pour m’avoir fourni*.")*56''1")*5"*)19-"'T/+"*-(&.&)1")*5-$/'(*#/*(,;)"7*
*

8"$%&*/-4*%,"$%,"-$)*9-&*m’ont chaleureusement accueillie au Brésil au tout début de 

ma thèse. Un merci particulier à Doug et André pour m’avoir fait découvrir un peu de 

culture brésilienne. Merci aux doctorantes Renata, Joana et Aline pour m’avoir permis de 

0J("$*5&+'"#"'(*#6'*513/$(*5"*U6'5$&'/7*
*

M"*$"#"$%&"*1G&5"##"'(*(6-)*.")*56%(6$/'()*V"(*36)(<doctorants) de l’IRD sans qui les 

W6-$'1")*5"*($/G/&.*"(*%"$(/&'")*)6&$1")*/-$/&"'(*1(1*:&"'*#6$6)")7*

Merci à Chloé qui m’a introduite dans le cercle privé des belettes louches. Merci 36-$*(/*W6&"*

"(*.")*X""S<"'5)*>*./*#6'(/+'"*V-'*#"$%&*>*U&6'".*/-*3/))/+"*36-$*.")*,&)(6&$")*5"*0$/&)")*

)6-)*./*'"&+"*#"*56''/'(*du courage lors d’une certaine randonnée).*

8"$%&*>*=1%&."*36-$*(6'*/%%-"&.*3/$#&*.")*56%(6$/'()2*.")*06-)*$&$")*5&G"$)*"(*G/$&1)*"(*(6-(")*

'6)*5&)%-))&6')*3.-)*6-*#6&')*H*)1$&"-)")*I*Y*8"$%&*36-$*."*)1W6-$*"'*?.."#/+'"*"(*36-$*(6'*

%6/%,&'+*)36$(*9-&*#"*#/'9-"*:"/-%6-37*
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Merci à Hélène qui partage mon admiration pour les félins d’appartement et pour nous avoir 

/%%-"&..&)* 5/')* .")* #/+'&0&9-")* K/-(")<?.3")2* >* Z&%"* "(* >* [-"5.&':-$+7* 8"$%&* 36-$* (")*

phrases rigolotes de Banane d’Or et tes critiques «*%65"*5"*./*$6-("*I*Y*

8"$%&*>*L#&.&"*36-$* .")*3"(&(")*/(("'(&6')*9-&* $"#6'(/&"'(* ."*#6$/.2* .")* &'%6#3$1,"')&6')*

9-&*51%."'%,/&"'(*-'*06-*$&$"*%6'(/+&"-42*@.6:64*./*(6#/("*"(*.")*)6&$1")*3&QQ/*"(*:/$:"%-"7*

8"$%&* >* N/:&"'* 36-$* .")* 3/-)")* 3/36(/+"* /'(&<)/(-$/(&6'2* (/* +"'(&.."))"* "(* :&"'* )\$* .")*

&')(/'()*%6-$)")*9-&*1(/&"'(*56'%*#6&')*"''-O"-)")*Y*

8"$%&* >* =1.&'"* 36-$* .")* )6&$1")* %6'06$(/:.")* >* 5&)%-("$* 5"* 3."&'* 5"* %,6)")2* .")* %6')"&.)*

)6-("'/'%"*"(*36)(<56%2*/&')&*9-"*pour m’avoir fait voyager un peu en Belgique.*

8"$%&*>*#6'*,6#6'O#"*3$"#&;$"*5-*'6#*36-$*./*:/./5"*>*=/))&)2*(")*)6-$&$")*%,/."-$"-4*"(*

.")*$1%&()*5"*(")*/G"'(-$")*/-*P6+6*"(*>*E(,/%/7*

B'*#"$%&*(6-(*3/$(&%-.&"$*/-4*5"-4*3"$)6''")*$1/.&)/'(*."-$*(,;)"*"'*#J#"*("#3)*9-"*#6&7*

8"$%&* !1#&* 36-$* .")* 5&)%-))&6')* 3,&.6)63,&9-")2* .")* $/'56''1")* V)-$(6-(* %".."* 9-&* 0-(*

./:6$&"-)"]2*."*X""S<"'5*>*UO6'*"(*:&"'*)\$*(6'*)6-(&"'*36-$*%"(("*5"$'&;$"*/''1"*5"*(,;)"7*

8"$%&*U-%&."*!"#!$*P6%<P6%*36-$*(")* &..6+&)#")*$&+6.6)2* (")*9-")(&6')*3/$06&)*+J'/'(")*#/&)*

#&+'6''")2*.")*5&)%-))&6')*G"$'&)*"(*%6#3/+'&"*"(*(6'*$&$"*$"%6''/&))/:."*"'($"*#&.."7*

8"$%&*>*8/(,&"-*36-$*.")*)6&$1")*%-.&'/&$")*"'*(/*5"#"-$"2*.")*,&)(6&$")*5"*(")*G6O/+")*9-&*

06'(*$JG"$*"(*(/*:6''"*,-#"-$7*

8"$%&*>*M1$1#O*36-$*."*X""S<"'5*'&T6&)2*.")*51:/()*36.&(&%6</+$6'6#&9-")*"(*.")*)6&$1")*9-&*

'6-)*G&5/&"'(*./*(J("7*

8"$%&* >*8/$&.O'"* 36-$* (")* "'%6-$/+"#"'()2* .")* $&$")* 36)(<#6#"'()* 06-06-)* "(* (/* 3/))&6'*

&'1+/.1"*36-$*."*%/01*V./*:6&))6']7*

8"$%&*>*8/^$/*36-$*."*)6-(&"'*$15/%(&6'2*.")*%6')"&.)*)6-("'/'%"*"(*.")*)6&$1")*3&'(")7*

8"$%&*/-4*H*3$"#&;$"*/''1"*I*V3$")9-"*"'*5"-4&;#"*/''1"*Y]2*D6+,/'*36-$*(/*06.&"*/((&(-5"*

"(*D5&(,*36-$*(/*)O#3/(,&"7*

8"$ci aux doctorants, stagiaires ou salariés en séjour plus ou moins long à l’IRD*_*E/.O*36-$*

(")* :6')* )/#6-))/)2* M/%S&"* 36-$* (")* %6#3.&#"'()2* !"'/(/* 36-$* '6)*#6#"'()*#/9-&../+"2*

`"/$* 36-$* (6'* :/-#"* /'(&<56-."-$2* a&'/$/* 36-$* (/* +"'(&.."))"2* ?-$6$"* C7* 36-$* (/*

bienveillance, Alix pour les pauses thé ou café, Sunao pour m’avoir rappelé que j’aimerais 

G&)&("$* ."* M/36'2* =O$&.* 36-$* (")* H*O6-,6-*Y*I* W6O"-47* B'*#"$%&* )31%&/.* >*?-$6$"*!7* 36-$* (")*

"'%6-$/+"#"'()2*.")*)6$(&")*:&"'0/&($&%")*"(*'6)*5&)%-))&6')*>*$/..6'+"7*
*

M"* $"#"$%&"* .")* E!C&"'V'"])*9-&*6'(* $"'5-*#6'* ($/G/&.* "(*#6'* )1W6-$*56%(6$/.*3.-)*

/+$1/:."*_* =/$6."* `"))&;$"2* `$-'6* `/$(,1.1#O2* Z56#/))&* P/'562* 8O$&/#* =6..&'2* aO.G&"*

Doulbeau, Isabelle Hérault, Alexis Dereeper, Nathalie Pujet et celles/ceux que j’oublie 

)\$"#"'(7*
*

Aux autres personnes que j’ai rencontrées à Montpellier*_*#"$%&*>*81.&))/2*./*%6/%,*>*

./* 3./%"* 5"* ./* %6/%,* 5"* P/"<SX6'<562* 36-$* .")* )6&$1")* U&/$* @/#"2* "'($")* /-($")7* 8"$%&* >*

Hélène (deuxième du nom) pour m’avoir fait d1%6-G$&$* M7<F7* M/X6$)S&*"(*3/$.1* ./* ./'+-"*5-*

thé. Merci à ma petite Berfin pour ta gentillesse, nos sorties ciné et le soutien que j’espère 

t’apporter également.*
*
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B'* +$/'5*#"$%&* >*#/*#/$$/&'"* 5-* 3$6+$/##"* 5"*#"'(6$/(* H*N"##")ba%&"'%")*I**

!6)"#/$O*R&"$'/'7*8"$%&*36-$*'6)*1%,/'+")*)-$* la thèse, les doutes et les craintes qu’elle 

3"-(*3$6G69-"$2*.")*36)(<doctorats et d’autres sujets autour d’un bon déjeuner.*
*

Je n’aurais pas pu aller jusque là sans ma famille. Mille mercis à mes parents, d’un 

soutien sans faille, qui m’ont toujours pous)1"* >* ($/G/&.."$* 36-$* 36-G6&$* 0/&$"* H*%"* 9-"*

j’aime*» dans la vie. Merci d’avoir toujours été et d’être encore là pour moi. Merci à mon 

frérot adoré, on est là l’un pour l’autre, même à presque 1000 km de distance. Merci à ma 

+$/'5<#;$"*36-$*'6)*.6'+-")*5&)%-))&6')*(1.13,6'&9-")*6-*0/%"*>*0/%"*"(*)6'*)6-(&"'7*8"$%&*

à mes cousins et leurs escapades montpelliéraines qui m’ont permis de les voir un peu plus 

9-"*H*3$1G-*I7*8"$%&*>*#")*+$/'5)<3/$"'()*#/("$'".)*3/$(&)*($63*(c(7**
*

M"* )6-,/&(/&)* $"#"$%&"$* .")* #"#:$es du laboratoire d’Écologie et Biologie des 

E'("$/%(&6')*5"*F6&(&"$)2*)/')*9-&*W"*'"*)"$/&)*3/)*.>*'6'*3.-)7*8"$%&*>*=.1#"'(*@&.:"$(*36-$*

m’avoir emportée dans l’addiction aux éléments transposables et permis de faire un 

"4%".."'(*)(/+"*5"*8/)("$*d7*8"$%&*>*!&%,/$5*=6$5/-4*36-$*/G6&$*3$&)* ."*("#3)*5"*5&)%-("$*

lors de mon stage et plus récemment à l’ICTE. Merci à Isabelle G&$/-5*36-$*(6-(*(6'*)6-(&"'*

"(*(on amitié. Même s’il ne fait plus partie de ce laboratoire, merci à Mathieu Sicard qui m’a 

H*)-&G&"*I*5"puis la L1 jusqu’à l’Université de Montpellier.*
*

Comment ne pas remercier mes plus proches amis qui sont d’un soutien 

&'510"%(&:."*e*

8"$%&*/-4*H*=harentaises à l’aise*I*R/(&/2*=./&$"*"(*L.&)"*5"*#"*)-336$("$*5"3-&)*."*.O%1"7*

Merci évidemment à Camille et Mariette (je n’oublie pas Sylvain et Tony*Y]* 36-$* '6)*

/G"'(-$")* 36&("G&'")* V"'($"* /-($")]* "(* (6-("* G6($"* /00"%(&6'* 5/')* .")* #6#"'()* 5&00&%&.")*

%6##"*5/')*.")*3"(&(")*W6&")*5-*9-6(&5&"'7*

8"$%&*1+/."#"'(*>*8/$&"*a72*fg*/')*9-"*.’on se connaît*Y*

8"$%&* >*L.6* VW"* G/&)* 0&'&$*3/$*G"'&$* ("* G6&$* >*86'($1/.*Y]2*8/hG/2*8/$&"*F7* "(*?''"*36-$* .")*

moments trop rares que l’on a partagé ces trois dernières années et pour tous les bons 

)6-G"'&$)*5-*.O%1"7*

Merci Thomas pour m’avoir aidée lors de* #6'* "##1'/+"#"'(* >* 86'(3"..&"$2* 36-$* (")*

)6&$1")*avec beaucoup d’ambiances*V#"$%&*L.65&"*"(*3"(&(*U-%/)*Y]*"(*36-$*(6'*)6-(&"'*#6$/.7*

8"$%&* =/$6*36-$* (/* W6&"*5"* G&G$"2* .")* G&)&(")* )-5&)(")* "(* '6)*5&)%-))&6')* &'("$#&'/:.")*3/$*

sms quand ça ne va pas…mais q-/'5*T/*G/*/-))&*Y*

Merci Lulu pour nos causeries et soirées geekettes, ainsi que pour m’avoir accueillie 

$1+-.&;$"#"'(*5/')*.")*iG".&'")*"(*J($"*G"'-"*>*86'(3"..&"$7*

8"$%&* a1G"$&'"* "(* ?'/j)* 36-$* '6)* $&%,")* 5&)%-))&6')* "(* :/./5")* >* F6&(&"$)2* ?'+6-.J#"* "(*

86'(3"..&"$7*

*

Même s’il ne pourra pas lire ceci, merci à mon chat Gaston (aussi bavard que moi) 

dont les ronronnements du soir m’apaisent.*

*

Enfin, merci à la ou les personnes que j’ai pu oublier, avec toutes mes excuses.*
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=,/3&($"*f*–*EZP!kCB=PEkZ*@LZL!?UD*

*

*

C"3-&)*.")*51%6-G"$(")*#/W"-$")*5")*nEn*"(*nn;#"*)&;%.")*%6'%"$'/'(*./*:&6.6+&"*5")*

6$+/'&)#")2* .")* )%&"'(&0&9-")*G6'(* (6-W6-$)*3.-)* .6&'*5/')* ."-$)*9-")(&6''"#"'()*36-$*

comprendre leur complexité. Se basant d’abord sur des observations macroscopiques, 

l’&'G"'(&6'* 5-* #&%$6)%63"* 63(&9-"* 3-&)* 5")* #&%$6)%63")* 1."%($6'&9-")* ."-$* 3"$#&(*

d’étudier le vivant à l’échelle de la cellule. Par la suite et relativement récemment, 

l’avènement de la génétique autorisa l’étude de cette fabuleuse molécule qu’est l’/%&5"*

désoxyribonucléique (ADN). Enfin, aujourd’hui, toutes ces c6''/&))/'%")* 3"-G"'(* J($"*

organisées, détaillées et complétées par l’examen minutieux des génomes, que l’on peut 

définir comme l’ensemble du matériel génétique d’une cellule. U"*)19-"'T/+"*5"*%"-4<%&*

ne cesse de s’/#1.&6$"$* "(* ./* 9-/'(&(1* 5")* 56''1")* +1'6#&9-")* /-+#"'("*

%6')&51$/:."#"'(2* 3"$#"((/'(* .")* $"%,"$%,")* )-$* 5")* %6')(&(-/'()* /-))&* %6#3."4")* "(*

#O)(1$&"-4*9-"*.")*1.1#"'()*($/')36)/:.")2*%")*36$(&6')*d’ADN capables de se déplacer 

/-*)"&'*5-*+1'6#"*,c("7*

 
 

*2 L’origine de l’étude des éléments XKRZ[WY[R_TL[)
*

-PNYJ`LKXL)
 

?-*51:-(*5-*nn;#"*siècle, l’observation de phénotypes variés (notamment au niveau 

5"* ./* %6-."-$]*5"* %"$(/&'")*3./'(")* %-.(&G1")* /.&#"'(/&$")* 6-*6$'"#"'(/.")* /#"'/*5")*

)%&"'(&0&9-")* %6##"* K-+6* C"* A$&")* "(* !7* ?7* D#"$)6'* >* $"%,"$%,"$* l’origine de telles 

G/$&/(&6')* V5"* A$&")* /'5* 8/%C6-+/.* ftrgv* D#"$)6'* ftfl]7* C")* ,O36(,;)")* 0-$"'(*

soulevées sur l’idée qu’un facteur s’activerait, puis serait inhibé pour s’/%(&G"$*>*'6-G"/-*

%,"Q*%"$(/&')*&'5&G&5-)2*/#"'/'(*/&')&*>*5&001$"'(")*H*G/$&1(1)*I*36-$*-'"*#J#"*")3;%"7*

?G"%*l’ère de la génétique <*l’étude des lois de l’hérédité –*./*'6(&6'*5"*H*+;'")*&')(/:.")*I*

56''/'(*%")*3,1'6(O3")*G/$&1)*)".6'*5")*$"./(&6')*5"*56#&'/'%"*"(*$1%"))&G&(1*/&')&*9-"*

selon l’environnement, fut mise au jour* VC"#"$"%*ftpg]7*8/$%-)*87*!,6/5")* ($/G/&../*

)-$* ./* )1+$1+/(&6'* 5")* +;'")* $")36')/:.")* 5-* 3,1'6(O3"* H*8966:8*I* V3"(&(")* (/%,")*

%6.6$1")]*de l’/."-$6'"*5-*#/j)*V!,6/5")*ftpo]7*U"*+;'"*-;2*$")36')/:."*5"*./*%6.6$/(&6'*
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de l’aleurone, provoquerait l’absence de coloration sous sa forme récessive !;* "(* ."*

3,1'6(O3"*H*56(("5*» se présenterait lors de l’interaction de !;*/G"%* ."*+;'"*%6* )6-)*)/*

06$#"*56#&'/'("*V!,6/5")*ftpq]*VN&+-$"*f]7*

C’est grâce aux travaux révolutionnaires de Barbara McClintock que l’on compris que 

d’autres composés génétiques que les gènes, activés par certains mécanismes comme la 

$-3(-$"*de l’extrémité terminale des chromosomes chez le maïs, pouvaient provoquer 

.")* G/$&/(&6')* 3,1'6(O3&9-")* 6:)"$G1")* V8%=.&'(6%S* ftgr]7* P$;)* #/.* $"T-)* 5/')* .")*

/''1")*ftgr2*.")*($/G/-4*5"*`7*8%=.&'(6%S*)-$*./*($/')36)&(&6'*5")*1.1#"'()*%$*"(*-<*5-*

#/j)2* furent ignorés par une communauté scientifique attachée à l’idée de «*0&4&(1*I*5-*

+1'6#"7*Pire, l’idée que des «*1.1#"'()*5"*%6'($c."*I*3-&))"'(*modifier l’expression des 

+;'")* n’était pas envisageable, surtout durant le développement embryonnaire* ($;)*

6$+/'&)1* d’un organisme7* Le terme d’élément transposable* VDP]* 1(/&(* 3.-)* 0/%&."#"'(*

/%%"3(12* '1+.&+"/'(* ./* '6(&6'* 5"* %6'($c."7*Ce n’est que dans les* /''1")* ftor2* /3$;)* ./*

découverte des séquences d’insertion chez les bactéries* '6(/##"'(2* 9-"* )")* ($/G/-4*

%6##"'%;$"'(*>*J($"*$"%6''-)*V=6#06$(*fttt]7*U")*1.1#"'()*+1'1(&9-")*#6:&.")*0-$"'(*

"')-&("* 51%6-G"$()* "(* 1(-5&1)* 5/')* 3.-)&"-$)* 6$+/'&)#")2* 5")* 3$6%/$O6(")* /-4*

"-%/$O6(")*&'%.-/'(*.")*3./'(")2*.")*%,/#3&+'6')*"(*.")*/'&#/-47*

*

L’HQWYKXRZNL)SJ)ZYQQP)i)XYKX)n)#-+)WYJ_LTTL)o)
*

8/.+$1* ."-$* 3$1G/."'%"* 5/')* .")* +1'6#")* 1(-5&1)2* .")* DP* 6'(* .6'+("#3)* 1(1*

considérés comme de l’?CZ* &'-(&."2* 36-:".."* 6-* "'%6$"* 1+6j)("* Vk,'6*ftsdv*C66.&((."*

/'5*a/3&"'Q/*ftqrv*k$+".*/'5*=$&%S*ftqr]7*Il était difficile de concevoir à l’époque que l/*

majorité de l’ADN, humain notamment, ne soit pas ce qu’on appelle des gènes, 

indispensables au bon fonctionnement de l’organisme7*8J#"*"'%6$"*$1%"##"'(2*.")*DP*

0-$"'(*%6')&51$1)*%6##"*5")*3/$/)&(")*Vm",*"(*/.7*drrt]2*#/.+$1*5"*'6#:$"-4*&'5&%")*5"*

%61G6.-(&6'*/G"%* ."*+1'6#"*6-* ./*51#6')($/(&6'*5"*+;'")*,-#/&')*51$&G1)*5‘éléments 

($/')36)/:.")7*E.*1(/&(*&#36$(/'(*36-$*#6&*5"*3$1%&)"$*%"%&2*/G/'(*5"*$"'($"$*H*5/')*."*G&0*

5-*)-W"(*I*/G"%*%"*9-&*G/*)-&G$"7*U")*/''1")*ftqr*>*drrr*6'(*1(1*$&%,")*"'*51%6-G"$(")*

)-$*%")*1.1#"'()2*/../'(*5"*%6'%"$(*/G"%*.’amélioration 5")*#1(,656.6+&")*"(*5")*



 3 

7HIJKL)*)M)3NOPQR)SL)TULVWTHNRXHYZ)SL)TR)[PIKPIRXHYZ)SL[)I\ZL[)%-)LX)&.)NOL])TL)QR^[)NYQQL)Y_[LK`P)
WRK)42)'OYRSL[2)D’après www.bio.miami.edu/dana/250/250SS16_17print.html.)

)
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technologies permettant l’étude toujours plus préci)"* 5")* +1'6#")2* /-+#"'(/'(*

également la complexité de l’examen des données obtenues.*

*

62 -PaHZHXHYZ8)QY_HTHXP)LX)NTR[[HaHNRXHYZ)
*

-PaHZHXHYZ)
*

k'* 3"-(* 510&'&$* -'* DP* %6##"* une séquence d’ADN contenant une machinerie 

"'QO#/(&9-"* .-&* 3"$#"((/'(* 5"* )"* 513./%"$* "(* )"* 5-3.&9-"$* 5/')* -'* +1'6#"7* E.* "4&)("*

plusieurs types d’ET, contenant des enzymes différentes selon le mécanisme de 

($/')36)&(&6'7* U")* DP* 6'(* 1(1* 51("%(1)* "'* 9-/'(&(1* G/$&/:."* 5/')* (6-)* .")* 6$+/'&)#")*

1(-5&1)2*3$6%/$O6(")*%6##"*"-%/$O6(")7*U"-$*#6:&.&(1*3"-(*/G6&$*5"*+$/'5)*&#3/%()*)-$*

.a structure, la dynamique et l’évolution des génomes, faisant de leur étude une 

%6#36)/'("* &'5&)3"')/:."* >* ./* %6#3$1,"')&6'* 5")* #1%/'&)#")* /))6%&1)* 6-*

responsables de l’évolution des espèces hôtes7*

*

4PNRZH[QL[)SL)XKRZ[WY[HXHYZ)
*

C-$/'(*.")*/''1")*fttr*"(*drrr2*5")*1(-5")*5"*3.-)*"'*3.-)*'6#:$"-)")*6'(*."G1*."*

G6&."*'6'*)"-."#"'(*)-$*./*5&G"$)&(1*5")*DP2*#/&)*/-))&*)-$*."*06'%(&6''"#"'(*0/)%&'/'(*

5"*./*($/')36)&(&6'7*K6$#&)*."*#1%/'&)#"*5"*($/')36)&(&6'*5")*K1.&($6')2*3.-)*%6#3."4"*

"(*51%$&(*3.-)*$1%"##"'(*VR/3&(6'6G*/'5*M-$S/*drrf]2*&.*"4&)("*5"-4*+$/'5)*#1%/'&)#")*

5"* ($/')36)&(&6'*56'(* .")* 1(/3")*3$&'%&3/.")* )6'(* &'5&9-1")*5/')* ./* N&+-$"*d* V&))-"*5"*

U&)%,*drfp/]7*

U/* $1($6($/')36)&(&6'* ")(* ."* 3$"#&"$* #1%/'&)#"* 51%$&(2* 3"-(<être parce qu’il est 

3$6%,"*5-*06'%(&6''"#"'(*5")*$1($6G&$-)2*"(*qu’il -(&.&)"*-'*)O)(;#"*H*?CZ<?!Z<?CZ*I*

V`6"S"* "(* /.7* ftqg]7* C"* #/'&;$"* )&#3.&0&1"2* ./* )19-"'%"* 5-* $1($6($/')36)6'* ")(*

($/')%$&("2*3-&)*./*($/')%$&3(/)"*$1G"$)"2*6-*!P2*$1/.&)"*./*($/')%$&3(&6'*$1G"$)"7*D')-&("2*

l’intégrase (ou INT) insère la nouvelle copie formée à un nouveau )&("7* ="*#1%/'&)#"*

5&00;$"*.1+;$"#"'(*"'($"*.")*$1($6($/')36)6')*>*UP!*VU6'+*P"$#&'/.*!"3"/()*–* .6'+-")*

$131(&(&6')* ("$#&'/.")]* "(* %"-4* )/')* UP!2* '6(/##"'(* /-* 'iveau de l’intégration de la 

'6-G".."* %63&"7* U")* $1($6($/')36)6')* '6'<autonomes, c’est<><5&$"* 9-&* '"* %6'(&"''"'(*
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*

7HIJKL)6)M)&KYH[)SHaaPKLZX[)XbWL[)SL)XKRZ[WY[HXHYZ2)D’après U&)%,*drfp7)
UP!*_*U6'+*P"$#&'/.*!"3"/(2*PE!*_*P"$#&'/.*E'G"$("5*!"3"/()2*!*_*3-$&'")*?*6-*@7*
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3.-)* .")* "'QO#")* '1%"))/&$")* >* ."-$* #6:&.&(12* $"9-&;$"'(* %"..")* %6'("'-")* 5/')* .")*

$1($6($/')36)6')* /-(6'6#")7* k'* '6##"* /-))&* %"* #1%/'&)#"* H*%63&1<%6..1*I* %/$* -'"*

'6-G".."*%63&"*")(*%$11"*>*3/$tir d’une copie pré<"4&)(/'("7*

U/* ($/')36)&(&6'* 5")* DP* 5"* %./))"* d2* 6-* H*>* ?CZ*», consiste en l’excision de la 

)19-"'%"*3-&)*)6'*&'(1+$/(&6'*>*-'*'6-G"/-*)&("7*="%&*")(*36))&:."*+$w%"*>* l’action de la 

($/')36)/)"2* -'"* "'QO#"* %651"* 3/$* .")* 1.1#"'()* /-(6'6#")7* U")* 1.1#"'()* '6'<

/-(6'6#")* 51$&G"'(* 5")* /-(6'6#")7* E.)* 3"-G"'(* )"* #6-G6&$* "'* -(&.&)/'(* .")* "'QO#")*

3$65-&(")* 3/$* .")* 1.1#"'()* /-(6'6#")* Va%,-.#/'* drfd]. L’excision de l’élément 

3$6G69-"* -'"* %/))-$"* 56-:."<:$&'* en amont et en aval de l’élément7* U/* %/))-$"* ")(*

$13/$1"* 3/$* ."* #1%/'&)#"* 5"* H*Z6'* ,6#6.6+6-)* "'5* W6&'&'+*I* 6-* 3/$* $"%6#:&'/&)6'*

,6#6.6+-"* VK/:"$* drrr]7* ="* #1%/'&)#"* 5"* #6:&.&(1* ")(* '6##1* H*%6-31<%6..1*I2* 3/$*

6336)&(&6'*/-*#1%/'&)#"*5"*./*$1($6($/')36)&(&6'7*

D'0&'2*-'*#1%/'&)#"*5&001$"'(*5")*5"-4*3$1%15"'()*")(*%".-&*5")*K1.&($6')2*9-&*)6'(*

(6-("06&)*%./))1)*/G"%*.")*DP*5"*%./))"*d7*Il implique la coupure du brin sens de l’ADN où 

se trouve la séquence de l’élément, dont le terminus va servir de base à la synthèse 5-*

brin d’ADN7* ="(("* '6-G".."* %63&"* s’insèrera à un nouveau locus, form/'(* "')-&("* -'*

,1(1$65-3."4*56'(*./*$13.&%/(&6'*%6'5-&$/*>*.’insertion.*

*

&KRZ[aLKX[)OYKH]YZXRJV)
*

U&1*>*."-$*%/3/%&(1*5"*($/')36)&(&6'2*.")*DP*6'(*)6-G"'(*1(1*$"($6-G1)*&#3.&9-1)*5/')*

5")* ($/')0"$()* ,6$&Q6'(/-4* VPK], c’est<><dire le passage de matériel génétique d’un 

6$+/'&)#"*>*-'*/-($"2*)/')*&'("$G"'(&6'*5-*#1%/'&)#"*5"*./*$"3$65-%(&6'*VR"".&'+*/'5*

F/.#"$*drrqv*a%,//%S*"(*/.7*drfr]7* Jusqu’à récemment, la majorité des événements de 

PK* d’ET* "'($"* +1'6#")* "-%/$O6(")* /* 1(1* 51%$&("* %,"Q* .")* /'&#/-4*v* ($;)* 3"-*

d’évènements* 6'(* 1(1* 51%$&()* %,"Q* .")* %,/#3&+'6')* "(* .")* 3./'(")7* ="./* 1(/&(*

3$6:/:."#"'(*5\*/-*0/&(*9-"*#6&')*5"*56''1")*+1'6#&9-")*1(/&"'(*5&)36'&:.")*36-$*.")*

3./'(")*9-"*36-$*.")*/'&#/-4*à l’époque*(mais ce n’est pas le cas pour les champignons)2*

9-"*%")*6$+/'&)#")*)6'(*3"-*)-W"()*/-4*1G1'"#"'()*5"*PK*ou qu’il y /G/&(*-'*:&/&)*5/')*

l’étude des transferts horizontaux en faveur d’espèces animales modèles comme la 

C$6)63,&."*Vx/../-*"(*/.7*drfd]7*F/$*"4"#3."2*5"-4*5")*($6&)*%$&(;$")*36-G/'(*/#"'"$*>*

l’hypothèse d’1G1'"#"'()*5"*PK*%6'%"$'"'(*./*$13/$(&(&6'*5")*DP*%6')&51$1)*/-*)"&'*5-*

+$6-3"* (/46'6#&9-"* 1(-5&12* /&')&* 9-"* ./* %6#3/$/&)6'* 5"* ./* 3,O.6+1'&"* 5")* DP*
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%6')&51$1)*/G"%*%".."*5")*6$+/'&)#")*&#3.&9-1)*5/')*.")*($/')0"$()*36("'(&".)*Va%,//%S*

"(*/.7*drfr]7*Si une phylogénie résolue n’est pas disponible pour un groupe d’espèce)2*&.*

devient difficile, si ce n’est impossible, d’inférer des 1G1'"#"'()*5"*TH d’ET entre ces 

")3;%")7*

C/')*-'"* 1(-5"* $1%"'("*basée sur l’analyse*d’un large jeu de 56''1")* +1'6#&9-")*

5&)36'&:.")2*5"s conservations nucléotidiques importantes d’ET* V-'&9-"#"'(*5")*UP!<

$1($6($/')36)6')]2* %6')&51$1")* %6##"* 5")* 1G1'"#"'()* 36("'(&".)* 5"* PK* 5/')* 5"*

'6#:$"-4* (/46')* 6'(* 1(1* $"%,"$%,1")* V`/&56-$&* "(* /.7* drfl]7* [-/$/'("* ")3;%")* 5"*

3./'(")* )19-"'%1")* /33/$("'/'(* /-4* 86'6%6(O.156'")* "(* /-4* C&%6(O.156'")* 6'(* 1(1*

"4/#&'1")7*?-*(6(/.*-'*1G;'"#"'(*5"*PK*/*1(1*)-++1$1*"'($"*-'"*#6'6%6(O.156'"*"(*-'"*

5&%6(O.156'"2* ,-&(* "'($"* 6$5$")* 5&001$"'()* "(* dp* "'($"* +"'$")* 5"* ./*#J#"* 0/#&.."7* U")*

1G1'"#"'()* 5"*TH seraient donc bien plus fréquents chez les plantes que ce que l’on 

/-$/&(*3-*3"')"$7*E.*0/-(*%"3"'5/'(*#65-."$*%"(("*%6'%.-)&6'7*D'*"00"(2*/-%-'*#1%/'&)#"*

ou vecteur impliqué dans des TH chez les plantes n’a été découvert*>*%"*W6-$7*E.*0/-(*/-))&*

3$"'5$"*"'*%6#3("*./*'1%"))/&$"*)O#3/($&"*5")*")3;%")*V)&*6'*%6')&5;$"*9-"*."*G"%("-$*

/+&(* >* %6-$("* 36$(1"]7* C"* 3.-)2* 5’autre)* #1%/'&)#")* 5"* %6')"$G/(&6'* 5")* )19-"'%")*

36-$$/&"'(* /-))&* J($"* &#3.&9-1)* 5/')* %"$(/&')* PK* &5"'(&0&1)7* D'* "00"(2* ."* 3,1'6#;'"*

d’introgression, très fréquent chez les plantes, peut montrer les mêmes incongruences 

9-"* %"..")*3$6G69-1")* 3/$* .")* 1G1'"#"'()*5"*PK7* U/* H*56#")(&%/(&6'*I*d’un ET par le 

génome, c’est à dire l/*)1."%(&6'*d’une partie ou de toute sa*)19-"'%"*%6##"*)19-"'%"*

%65/'("2*3"-(*/#"'"$*%"(*1.1#"'(*)6-)*-'"*)1."%(&6'*3-$&0&/'("*>*J($"*($;)*%6')"$G17*B'*

taux d’identité nucléotidique important avec d’autres ET non domestiqués V"(*'6'*)6-)*

)1."%(&6'*3-$&0&/'("]*3$1)"'()*5/')*5")*+1'6#")*($;)*1.6&+'1)2*36-$$/&"'(*/.6$)*)-++1$"$*

-'*1G;'"#"'(*5"*PK*VN6$(-'"*"(*/.7*drrq]7*Nace à des conservations importantes d’ET 

"'($"* ")3;%")2* "n l’absence d’un faisceau d’analyse)* %6'%6$5/'(* /G"%* -'* 36))&:."*

1G1'"#"'(*5"*PK2*&.*%6'G&"'(*5"*$")("$*3$-5"'(7*

*

:2 !TR[[HaHNRXHYZ)SL[)PTPQLZX[)XKRZ[WY[R_TL[)
*

D'* ftqt2* N&''"+/'*3$636)/* ./* 3$"#&;$"* %./))&0&%/(&6'* 5")* DP* :/)1"* )-$* .")* 5"-4*

#1%/'&)#")*3$&'%&3/-4*5"*($/')36)&(&6'*_*./*%./))"*f*%6#36$(/'(*.")*$1($6($/')36)6')*"(*

./*%./))"*d*$"3$1)"'(1"*3/$*des ET contenant une transposase, d’autres avec de longues 

$131(&(&6')*("$#&'/.")*&'G"$)1")*5"*(/&.."*G/$&/:."*VN&''"+/'*ftqt]7*?G"%*5"*3.-)*"'*3.-)*
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de type d’DP*51%6-G"$()2*%"(("*%./))"*fy%./))"*d*:&'/&$"*/*5-*J($"*%6#3.1(1"*%/$*".."*'"*

)-00&)/&(* 3.-)* >* $"'5$"* %6#3("* 5"* ./* +$/'5"* 5&G"$)&(1* 5"* )($-%(-$"* 5")* DP* 5/')* .")*

6$+/'&)#")7* =/3O* "(* /.7* Vftts]* 6'(* 3$636)1* -'"* %./))&0&%/(&6'* &'(1+$/'(* 5"* %"* 0/&(* -'"*

($6&)&;#"* %./))"2* %6$$")36'5/'(* /-4* DP* 56'(* 6'* '"* %6''/&))/&(* 3/)* ."* #65"* 5"*

($/')36)&(&6'2* "'*3.-)*5")*5"-4*3$"#&;$")7*U")* $1($6($/')36)6')*>* .6'+-")* $131(&(&6')*

terminales et ceux n’en contenant pas formaient des*)6-)<%./))")*v*5"*./*#J#"*#/'&;$"2*

.")*($/')36)6')*5"*%./))"*d*%6'("'/'(*5"-4*(O3")*5"*($/')36)/)"2*1(/&"'(*/-))&*5&G&)1)*"'*

5"-4* )6-)<%./))")7* =")* )6-)<%./))")* %6'("'/&"'(* .")* )-3"$0/#&..")2* %6$$")36'5/'(* >*

3.-)&"-$)*1.1#"'()*5"*)($-%(-$")*3/$(&%-.&;$")2*"..")<#J#")*1(/'(*%6#36)1)*5"*3.-)&"-$)*

0/#&..")*VU"$/(*drrf]7*P6-Wours plus d’ET étant découverts dans les génomes séquencés, 

-'* )O)(;#"* 5"* %./))&0&%/(&6'* ,&1$/$%,&9-"* $/))"#:./'(* .")* %./))&0&%/(&6')* 3$1%15"'(")2*

0acilitant l’annotation des ET "(* &'(1+$/'(* .")* 5&001$"'()* #1%/'&)#")* 5"* ($/')36)&(&6'*

51%$&()*W-)9-"<.>*/*1(1*3$636)1*Vx&%S"$*"(*/.7*drrs]7*

U/*N&+-$"*p*3$1)"'("*-'* $1)-#1*5"* %"(("* %./))&0&%/(&6'7*B'*)O)(;#"*5"* %65"*>* ($6&)*

."(($")* 3"$#"(* 5"* $/3&5"#"'(* .")* /))&+'"$* >* ."-$)* %./))")* V!* 36-$* %./))"* f* –*

$1($6($/')36)6')* "(*C*36-$* %./))"* d* –* ($/')36)6')* >*?CZ]2* 6$5$"* "(* )-3"$0/#&.."7* U")*

éléments aujourd’hui appelés «*'6'</-(6'6#")*I2*%6##"*.")*8EPD*V#&'&/(-$"*&'G"$("5*

transposable elements), sont rattachés à l’une des deux grandes classes puisqu’ils 

semblent dérivés d’ET autonomes 5")*5&001$"'(")*0/#&..")*51%$&(")*Vx&%S"$*"(*/.7*drrs]7*

="*)6'(*%"-4*9-&*0/&)/&"'(*3/$(&"*5"*./*%./))"*p*5/')*./*%./))&0&%/(&6'*5"*=/3O*"(*/.7*Vftts]7*

La structure d’un ET détermine donc actuellement sa classification, nécessaire pour les 

($/G/-4* 5"* $"%,"$%,"* /%(-".)7* D.."* &'5&9-"* 1+/."#"'(* 9-".* 3"-(* J($"* ."*#1%/'&)#"* 5"*

transposition de l’élément en question.*

U")*%./))&0&%/(&6')*que je viens de présenter ne correspondent qu’à une partie de ce 

9-&* ")(* 3$636)1* /%(-".."#"'(* 3/$* ./* %6##-'/-(1* )%&"'(&0&9-", d’autre)* %./))&0&%/(&6')*

1(/'(* $1/.&)1")*plus finement sur un type particulier d’ET* VF&1+-* "(* /.7* drfg]* 6-* :&"'*

)".6'* .")*"'QO#")*#/W"-$")*5")*#1%/'&)#")*5"* ($/')36)&(&6'*5")*3$6%/$O6(")* V=-$%&6*

/'5*C"$:O),&$"*drrp]7*=".."*5"*x&%S"$*"(*/.7* Vdrrs]*3"-(*1G&5"##"'(*J($"* %$&(&9-/:."*

#/&)* ".."* a l’avantage d’essayer de rassembler tous les ET existants 5")* 6$+/'&)#")*

"-%/$O6(")*"'*-'"*6$+/'&)/(&6'*-'&G"$)".."*-(&."*/-4*%,"$%,"-$)*9-".*9-"*)6&(*."*#65;."*

d’étude7* L’augmentation des données génomiques permett$6'(* 5"* %6')6.&5"$* "(*

d’adapter cette classification, particulièrement pour les séquences d’ET non</-(6'6#")*

3/$(&%-.&;$"#"'(*5&00&%&.")*>*%./))"$*5/')*5")*familles d’éléments autonomes.*
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 *

7HIJKL):)M)3b[X\QL)SL)NTR[[HaHNRXHYZ)SL[)PTPQLZX[)XKRZ[WY[R_TL[)WKYWY[P)WRK)cHNdLK)LX)RT2)LZ)6<<;2)
DIRS : Dictyostelium intermediate repeat sequence ; LINE : Long Interspersed Nuclear Element ; PLE : 
Penelope-like éléments : SINE : Short Interspersed Nuclear Element. 
)
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92 ,KHIHZL)SL[)PTPQLZX[)XKRZ[WY[R_TL[))
*

L’origine des ET est particulièrement complexe à 51("$#&'"$* %/$* ./* 5&G"$)&(1* 5"*

)($-%(-$"* 5")* 1.1#"'()* ($/')36)/:.")* ")(* ($;)* &#36$(/'("7* U&1)* >* ./* %./))&0&%/(&6'* 5"*

N&''"+/'* Vftqt]2* .")* 5"-4* #1%/'&)#")* 5"* ($/')36)&(&6'* 51%$&()* 36-$* .")*

rétrotransposons et les transposons à ADN ont d’abord suggéré l’existence d’un ancêtre 

%6##-'*>*%")*5"-4*+$/'5")*%./))")7**

U"*56#/&'"*5"*./*($/')%$&3(/)"*&'G"$)"*V6-*$"G"$)"*($/')%$&3(/)"*–*!P]*#6'($"*-'"*

+$/'5"*)&#&./$&(1*"'($"*.")*$1($6($/')36)6')*"(*.")*$1($6G&$-)2*%"*9-&*)-++;$"*-'*/'%J($"*

commun à l’ensemble de ces éléments. C")* /$:$")* 3,O.6+1'1(&9-")* :/)1)* )-$* %"*

56#/&'"*ont montré l’existence 5"*5"-4*+$6-3")*: l’un contenant les introns bactériens 

de type 2, l’autre 06$#1*3/$*.")*$1($6G&$-)*"(*.")*UP!<$1($6($/')36)6')7*C"*%"*0/&(2*&.*/*1(1*

)-++1$1* 9-"* .")* G&$-)* >* ?!Z* "(* .")* $1($61.1#"'()* 3/$(/+"/&"'(* -'* /'%J($"* %6##-'* "(*

plusieurs hypothèses sur l’origine des rétrovirus et des rétrotransposons ont vu le jour*

Vn&6'+*/'5*D&%S:-),*fttr]7*

F/$*./*)-&("2*%"$(/&')*#6(&0)2*%6##"*./*)&+'/(-$"*CCD*V5"-4*/%&5")*/)3/$(&9-")*–*C*–*

retrouvés à un nombre variable de paires de bases d’écart et un acide glutamique –*D*–*

$"($6-G1*pl*>*pg*:/)")*/3$;)* ."*5"-4&;#"*/%&5"*/)3/$(&9-"]2*6'(*3"$#&)*./*3$636)&(&6'*

de modèles d’évolution 3.-)* 51(/&..1)* 5")* DP* V=/3O* "(* /.7* fttsv* D&%S:-),* /'5* 8/.&S*

drrd]7*U.6$"')*"(*/.7*Vdrrq]*6'(*/-))&*("'(1*5"*3$1%&)"$*.")*$"./(&6')*"'($"*.")*+$6-3")*5"*

rétrotransposons et les rétrovirus, n’utilisant pas tout à fait la classification 

'6-G".."#"'(*3$636)1"*3/$*x&%S"$*"(*/.7*Vdrrs]7*="%&*)6-.&+'"*./*5&00&%-.(1*>*%6#3$"'5$"*

l’évolution des ET dans leur ensemble, y compris leurV)]* 6$&+&'"V)]2* #/.+$1* .")*

)($-%(-$")* %6##-'")* $"($6-G1")* "(* .")* '6#:$"-)")* 1(-5")* 3,O.6+1'1(&9-")* $1/.&)1")7*

B'"* %./))&0&%/(&6'* %6##"* %".."* 5"*x&%S"$* "(* /.7* Vdrrs]* ")(* '1%"))/&$"* 36-$* -'&0&"$* .")*

("$#")*"(*%65")*-(&.&)1)*36-$*%,/9-"*DP*5/')*%,/9-"*")3;%"2*#/&)*".."*'"*$"3$1)"'("*3/)*

06$%1#"'(* .’,&)(6&$"* 1G6.-(&G"* 5"* %")* 1.1#"'()7* E.* ")(* 3/$(&%-.&;$"#"'(* 5&00&%&."2* /G"%* ."*

nombre croissant d’ET découvert)*9-&*'"*%6$$")36'5"'(*3/)*>*-'"*)"-."*0/#&.."*51%$&("2*

5"*%6#3$"'5$"*."-$V)]*6$&+&'"V)]*"(*."-$*1G6.-(&6'2*56'%*5"*3$636)"$*-'"*%./))&0&%/(&6'*

)/(&)0/&)/'(*(6-("*%"(("*%6#3."4&(1*Vx&%S"$*drfd]7**

U"* .&"'*"'($"*."s virus à ARN et les rétrotransposons font de l’origine de ceux<%&*-'*

#O)(;$"*5&+'"*5"*H*qui de l’œuf ou de la poule*")(*/$$&G1*"'*3$"#&"$*e*I7*E.)*6'(*5"*3.-)*

-'*.&"'*/G"%*.")*($/')36)6')*>*?CZ*9-&*%6'(&"''"'(*1+/."#"'(*./*)&+'/(-$"*CCD*"(*56'(*
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%"$(/&')*)"#:."'(*.&1)*>*5")*G&$-)7*E.*")(*3/$*%6')19-"'(*&#36))&:."*"'%6$"*/%(-".."#"'(*

de proposer un modèle d’évolution complet et comportant tous les ET décrits*>*%"*W6-$2*

)-$(6-(*9-"*%"$(/&'")*0/#&..")*6'(*3"-*5"*#6(&0)*"'*%6##-'*/G"%*.")*1.1#"'()*5"*%./))"*

1 ou de classe 2. Il est ainsi nécessaire de compléter et d’unifier les classifications 

3$636)1")*(6-(*"'*./&))/'(*./*36$("*6-G"$("*>*5"*'6-G"..")*0/#&..")*"(*,&)(6&$")*1G6.-(&G")*

V?$"'):-$+"$*"(*/.7*drfo]7*

L’un des 510&)* encore d’actualité )-$* .")* 1.1#"'()* ($/')36)/:.")* %6'%"$'"* ."-$*

51("%(&6'* 5/')* .")* +1'6#")* )19-"'%1)7* =".."<ci nécessite d’être toujours plus précise2*

'6(/##"'(*36-$*.")*$/&)6')*1G69-1")*3.-)*,/-(2*%"*9-&*5"G&"'(*36))&:."*/G"%*./*9-/.&(1*

5")*)19-"'T/+")*"(*/))"#:./+")*et la disponibilité d’outils 5"*3.-)*"'*3.-)*3"$06$#/'()7*

*

=2 ,JXHT[)SL)SPXLNXHYZ)SL[)(&)
*

E.*"4&)("*#/&'("'/'(*5"*'6#:$"-4*6-(&.)*36-$*51("%("$*les ET. Le choix d’en utiliser 

un plutôt qu’un autre dépend principalement du type de données de séquençage 

disponibles et de l’organisme c6')&51$17* k'* 3"-(* 51+/+"$* 9-/($"* +$/'5")* #1(,65")*

/-49-"..")* %6$$")36'5"'(* 3.-)&"-$)* 6-(&.)* V`"$+#/'* /'5* [-")'"G&.."* drrs]7* M"* G/&)*

3/$."$* 5"* %")* 9-/($"* #1(,65")* 5"* 0/T6'* '6'<"4,/-)(&G"* "(* 3$1)"'("$* .")* 3$&'%&3/-4*

6-(&.)*"4&)(/'()2*'6(/##"'(*ceux que j’ai pu utiliser au cours de #")*($/G/-47*

*

1R)QPXOYSL)A9+47>7)
*

Cette méthode consiste, comme son nom l’indique, à rechercher des séquences d’ET 

3/$#&* .")*$131(&(&6')*5"*)19-"'%")*/'6'O#")*5/')* .")*+1'6#")2*)/')*)"*:/)"$*)-$*5")*

caractéristiques particulières (structure) propres aux ET ou sur l’existence de séquences 

51W>*%6''-")*"(*51%$&(")7*C"*%"* 0/&(2*".."*513"'5*,/-("#"'(*5")*)($/(1+&")*"(*9-/.&(1*5"*

séquençage et d’assemblage du génome d’étude. L’un des outils connus pour ce genre de 

#1(,65"* ")(* 3/$* "4"#3."* !"3"/(N&'5"$2* 9-&* -(&.&)"* ./* )6$(&"* 5"* $131(&(&6')* "4/%(")*

V%6$$")36'5/'(* >* 5")* %66$56''1")* 5/')* ."* +1'6#"]* 56''1"* 3/$* !"3"/(8/(%,* 6-*

!DF-("$7*=")*%66$56''1")*)6'(*$/))"#:.1")*)".6'*."-$*3$64&#&(1*3,O)&9-"*3-&)*%./))1")*

)".6'* ."* (O3"*5"*$131(&(&6'* VA6.06G)SO*"(*/.7*drrf]. D’autres outils comme RECON V`/6*

/'5*D55O*drrd]*6-*@!kBFD!*V[-")'"G&.."*"(*/.7*drrd]*)"*:/)"'(*)-$*5")*/.&+'"#"'()*5"*

séquences répétées et leurs bordures dans la séquence d’ADN génomique, puis filtren(*
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%"..")*9-&*'"*%6$$")36'5"'(*3/)*>*5")*DP7*D'0&'2*%"$(/&')*%6##"*!"3"/(a%6-(*VF$&%"*"(*/.7*

drrg]* /'/.O)"'(* .")* S<#"$)* V5")* 3"(&(")* )19-"'%")* 5"* .6'+-"-$* S2* 5/')* .")* ."%(-$")*

:$-(")* +1'1$1")* 3/$* ."* )19-"'T/+"]* $"($6-G1)* >* ($;)* ,/-(")* 0$19-"'%")2* &'5&9-/'(* ./*

3$1)"'%"*5"*)19-"'%")*$131(1")*36("'(&"..")7*

*

La méthode d’hYQYTYIHL)SL)[PhJLZNL)
*

="(("* #1(,65"2* ($;)* -(&.&)1"2* %6')&)("* >* rechercher de nouvelles séquences d’ET 

d’après leur homologie avec des protéines d’ET déjà connues*6-*5")*:/)")*5"*)19-"'%")*

d’ET annotés dans différentes espèces7*D.."*")(*($;)*3$/(&9-"*36-$*6:("'&$*$/3&5"#"'(*./*

%./))&0&%/(&6'* 5")* DP* 51("%(1)* V/-*#6&')* "'* $1($6($/')36)6')* 6-* ($/')36)6')* >* ?CZ]*

#/&)*")(* .&#&(1"*3/$* ./*3$1)"'%"*5"*$1+&6')*%65/'(")*5/')* .")*1.1#"'()*>*/''6("$*6-*>*

-'"* %"$(/&'"* %6')"$G/(&6'* '-%.16(&5&9-"* "'($"* .")* 1.1#"'()* 5"* $101$"'%")* "(* %"-4* >*

/''6("$* V`"$+#/'* /'5* [-")'"G&.."* drrs]7*De ce fait, elle n’est pas adaptée pour les 

1.1#"'()*'6'</-(6'6#")7*="')6$*VM-$S/*"(*/.7*ftto]*"(*!"3"/(8/)S"$*Va#&(*"(*/.7*ftto<

drfr]* )6'(* 5"-4* 6-(&.)* 363-./&$")* 5"* 51("%(&6'* 5")* DP* 3/$* ,6#6.6+&"* 36-G/'(* J($"*

-(&.&)1)*/G"%*5&001$"'()*/.+6$&(,#")*d’alignements2*56'(*`U?aPz*VG"$)&6'*/%%"))&:."*)-$*

."*)&("*Z=`E]7*="')6$*")(*&#3.1#"'(1*)-$*."*)&("*5"*!"3:/)"*V`/6*"(*/.7*drfg]*9-&*%6'(&"'(*

/-))&*-'*+$/'5*'6#:$"*5’DP*/''6(1)7*="(*6-(&.*")(*1+/."#"'(*(1.1%,/$+"/:."*"(*-(&.&)/:."*

en ligne de commande, avec la possibilité d’indiquer sa base 3"$)6''".."*5"*)19-"'%")7*

!"3"/(8/)S"$* /* 1(1* 51G".6331* /G"%* %6##"* 3$"#&;$"* &'("'(&6'* 5"* #/)9-"$* .")*

)19-"'%")*$131(1")*V?CZ*H*36-:".."*I]*"(*il est devenu par la suite l’outil de détection de 

référence pour l’/''6(/(&6'*5")*+1'6#")7**

La méthode de détection d’ET par homologie de séquence )"*$1G;."*($;)*-(&."2*.6$)9-"*

l’on possède une base de données expertisée et développé"*5/')*-'"*")3;%"*3$6%,"*5"*

celle à analyser. C’est aussi une méthode très rapide avec les algorithmes d’alignement*

:/)1)* )-$* `U?aP7* P6-("06&)2* ".."* ")(* &'/5/3(1"* 36-$* &5"'(&0&"$* 5"* '6-G"/-4* DP* 6-* 5"*

'6-G"..")*)($-%(-$")*'6'</-(6'6#")7**

*

*

*

*
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La méthode d’HSLZXHaHNRXHYZ)SL)TR)[XKJNXJKL)
*

U/* 3.-3/$(* 5")* DP* 36));5"'(* 5")* %/$/%(1$&)(&9-")* )($-%(-$/.")* 3/$(&%-.&;$")* .")*

$"'5/'(*51("%(/:.")*+$w%"*>*5")*/.+6$&(,#")*3$1%&)7*F/$*"4"#3."2*.")*$1($6($/')36)6')*>*

UP!* 36));5"'(* 5"-4* $1+&6')* 5-3.&9-1")* V.")* UP!* 56'(* ./* .6'+-"-$* G/$&"* "'($"* frr* "(*

lrrr*3/&$")*5"*:/)")]2*"..")*#J#"*"'(6-$1")*3/$*5")*$131(&(&6')*%6-$(")*5"*%&'9*3/&$")*

de bases (les TSD ou Target Site Duplication). Proche d’un LTR, dans la région interne de 

l’élément, se trouve une région similaire à un ARN de transfert cellulaire (ARNt) appelée 

PBS ou Primer Binding Site et proche de l’autre LTR2*)"*($6-G"*-'"*%6-$("*$1+&6'*$&%,"*

"'*:/)")*3-$&9-")*V/33".1"*FFP*6-*36.O<3-$&'"*($/%(*<*N&+-$"*d]7*F6-$*.")*($/')36)6')2*

%"*)6'(*5")*$1+&6')*5-3.&9-1")*&'G"$)1")*V5"*g*>*3.-)*5"*frrr*3/&$")*5"*:/)")]2*:6$5/'(*

la région interne de l’élément* "(* "'(6-$1")* 5"* %6-$(")* 5-3.&%/(&6')* VPaC]* 5"* d* >* ff*

3/&$")*5"*:/)")*"'*06'%(&6'*5")*)-3"$0/#&..")*Vx&%S"$*"(*/.7*drrs]7*C/')*%"$(/&')*%/)2*5")*

$1+&6')* )-:<("$#&'/.")* $131(1")* "'* (/'5"#* 6-* 5-3.&9-1")* &'G"$)1")2* )31%&0&9-")* 5"*

%,/9-"* 0/#&.."* )6'(* 3$1)"'(")7* U/* $"%,"$%,"* 5"* %")* )($-%(-$")* )31%&0&9-")* >* %,/9-"*

)-3"$0/#&.."* 3"-(* J($"* 3$6+$/##1"* 5/')* -'* /.+6$&(,#"* 5"* 51("%(&6'* "(* 3.-)&"-$)*

3$6+$/##")*)6'(*/%(-".."#"'(*5&)36'&:.")7*?&')&2*6'*3"-(*%&("$*UP!{aP!B=*V8%=/$(,O*

/'5*8%C6'/.5*drrp]2*UP!{NEZCD!*Vn-*/'5*x/'+*drrs]*6-*UP!K?!ADaP*VD..&'+,/-)*"(*

/.7* drrq]* 36-$* ./* 51("%(&6'* 5")* $1($6($/')36)6')* >* UP!* VUP!<!P]2*8EPD<K-'("$* VK/'*

/'5*x"))."$* drfr]* 36-$* .")* ($/')36)6')* '6'* /-(6'6#")2* "(*K".&($6'N&'5"$* VC-* "(* /.7*

drrq]*36-$*.")*K1.&($6')7*

*

1R)QPXOYSL)SL)IPZYQHhJL)NYQWRKRXH`L)
)

Cette dernière méthode n’implique pas d’outils spécifiques à la détection d’ET mais 

nécessite d’avoir des données de séquençage de plusieurs génomes d’espèces proches 

V=/)3&* /'5*F/%,("$* drro]7* Il s’agit de détecter* "(*d’/'/.O)"$* les sites d’insertion* "(* 5"*

51.1(&6'* d’ET en alignant plusieurs génomes d’espèces proches. ="(("* #1(,65"* )"*

rapproche d’une autre méthodologie de recherche d’insertion d’ET impliquant des 

("%,'&9-")*5"* $"<séquençage d’individus et de comparaison directe "'($"*5")* ."%(-$")*

)&#3.")* 6-* 5")* ."%(-$")* 3/$* 3/&$"* /G"%* ."* +1'6#"* 5"* $101$"'%"* VDX&'+* drfg]7*

=6')&51$/'(*."*0/&:."*%6\(*/%(-".*5-*)19-"'T/+"*,/-(<débit et l’accessibilité d’outils bio<

&'06$#/(&9-")*5"*51("%(&6'*VN&)(6'<U/G&"$*"(*/.7*drfr]2*cette méthode permet d’analyser 

la présence d’insertion)*5’ET*dans des centaines d’individus ou de variétés.*
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E.*"4&)("*56'%*5"*'6#:$"-)")*#1(,65")*36-$*&5"'(&0&"$*.")*DP*5/')*.")*+1'6#")7*=")*

6-(&.)*5"*51("%(&6'*3.-)*6-*#6&')*3$1%&)2*3"-G"'(*J($"*%6#:&'1)*>*5")*6-(&.)*3"$#"((/'(*

./* %./))&0&%/(&6'* 5")* 1.1#"'()* ($6-G1)2* 36-$* 1G&("$* 5"* ."* 0/&$"* #/'-".."#"'(7* U"-$*

utilisation et choix dépendent des données que l’on a et de la précision de détection d’ET 

que l’on recherche*VU"$/(*drfr]7*

*

>2 %QWRNX[)SL[)(&)[JK)TL[)IPZYQL[)
*

U")*DP*)6'(*3$1)"'()*5/')*(6-)*.")*6$+/'&)#")*/G"%*5")*G/$&/(&6')*&#36$(/'(")*5-*

'6#:$"* 5"* %63&")* _* )"-."#"'(* p|* %,"Q* ./* ."G-$"* V=/$$* "(* /.7* drfd]2* dr|* %,"Q* ./*

5$6)63,&."* V?5/#)*"(* /.7*drrr]2* /-*#6&')*pg|*%,"Q* ."* $&Q* VE'("$'/(&6'/.*!&%"*@"'6#"*

a"9-"'%&'+*F$6W"%(*drrg]2*45% chez l’Homme VU/'5"$*"(*/.7*drrf]*et jusqu’à 85% chez 

."*#/j)* Va%,'/:."* "(* /.7* drrt]7*L’accumulation des éléments dans les génomes est un 

#1%/'&)#"*+$/5-".*#/&)*3"-(*/-))&*J($"*-'*#1%/'&)#"*:$-(/.*3"$#"((/'(*5’augmenter 

"(* 5/')* %"$(/&')* %/)* 5"* doubler la taille d’un génome en quelques millions d’année)*

VF&1+-*"(*/.7*drro]7*U"-$)*%/3/%&(1)*à se déplacer ainsi qu’à multiplier le nombre de leurs 

%63&")* )-++;$"'(* 9-"* .")* DP* 6'(* 5"* '6#:$"-4* &#3/%()* '1+/(&0)* 6-* 36)&(&0)* )-$* .")*

+1'6#")7**

U"-$* 3$1)"'%"* 5/')* 5")* $1+&6')* %6#36$(/'(* 5")* +;'")* 3"-(* 3$6G69-"$* 5")*

&'("$/%(&6')* /G"%* %"-4<%&* 6-* /G"%* .")*#6.1%-.")* $")36')/:.")*5"* ."-$* $1+-./(&6'7*?&')&2*

-'"* '6-G".."* &')"$(&6'* 3"-(* 3$6G69-"$* 5")* 51$1+-./(&6')* #"'/'(* 3/$* "4"#3."* >* 5")*

#/./5&")*chez l’Homme* VU"G&'*/'5*86$/'*drff]*6-*>*5")*3,1'6(O3")*3$6:.1#/(&9-")*

"'* /+$6'6#&"2* %6##"* ./* #-(/(&6'* H*=!56":8*I* %,"Q* ."* 3/.#&"$* >* ,-&."* 3$6G69-/'(*

l’avortement des fruits, donc de très bas rendements en huile* Vk'+<?:5-../,* "(* /.7*

drfg]. Les ET sont aussi des moteurs incroyables de l’évolution, puisqu’ils peuvent 

/336$("$*5")*&''6G/(&6')*1G6.-(&G")*"(*06'%(&6''"..")*/-4*+1'6#")2*%$1/'(*5"*'6-G"/-4*

+;'")*%"..-./&$")*VA6.00*drrov*N"5"$600*drfd]7*Par exemple chez l’Homme, ."*+;'"*>#5?;2*

G$/&)"#:./:."#"'(*&#3.&9-1*5/'s la répression de l’expression d’ET,*./$+"#"'(*"43$&#1*

dans plusieurs tissus et présent chez d’autres mammifères (souris, rat, vache…), est 

dérivé d’une &'(1+$/)"* d’un rétrotransposon à LTR VU.6$"')* /'5* 8/$^'* drrf]7* F.-)*

&#3$"))&6''/'(* "'%6$"2* %,"Q* .")* #/##&0;$")* 3./%"'(/&$")2* ."* 56#/&'"* :5@:"9AA:*

d’éléments rétroviraux endogènes* V@/+]*/* 1(1* %/3(-$1*"(* H*56#")(&9-1*I*3.-)&"-$)* 06&)*

(phénomène d’évolution convergente) p6-$* 06$#"$* .")* +;'")* H*$B5<B6#5:*I* '1%"))/&$")*
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au développement du placenta et à la survie de l’embryon VU/G&/.."* "(* /.7* drfp]7*

`"/-%6-3*5"*$1($6($/')36)6')*6'(*/-))&*1(1*$"($6-G1)*5/')*5")*&'($6')*"(*)6'(*-(&.&)1)*

%6##"*'6-G"/-4*"46')*5"*%")*+;'")*VZ"S$-("'S6*/'5*U&*drrf]7*=,"Q*./*5$6)63,&."2* ."*

+1'6#"*'"*%6'(&"'(*3/)*5"*(1.6#1$/)"2*"'QO#"*36-$(/'(*3$1)"'("*%,"Q*./*#/W6$&(1*5")*

"-%/$O6(")*"(*&#3.&9-1"*5/')*./*$1+-./(&6'*5"*./*.6'+-"-$*5")*(1.6#;$")7*P$6&)*DP)*5"*./*

0/#&.."* C9<D:B* V$1($6($/')36)6')* '6'<UP!)]* W6-"'(* %"* $c."* 5"*#/&'(&"'* 5")* (1.6#;$")*

3/$* 5")* $1($6($/')36)&(&6')* /-4* "4($1#&(1)* %,$6#6)6#&9-")* VF/$5-"* /'5* C"`/$O),"*

drff]7*=,"Q*-E!F#89A$#$'6G!"#!5!2* -'*+;'"* ($;)* )&#&./&$"*/-4* ($/')36)/)")*5"* (O3"*G-H*

(grande famille d’ETs de classe 2) est indispensable au développement normal de la 

plante, il provient vraisemblablement d’une transposase «*56#")(&9-1"*I*V`-'56%S*/'5*

K66OS//)*drrg]7*

U")* +1'6#")* H*,c(")*I* '"* )6'(* 3/)* )/')* 510"')"* 0/%"* >* l’activité des ET. L’activité 

($/')%$&3(6#&9-"* 5")* DP* 3"-(* J($"* $1+-.1"* 3/$* 5")* #1%/'&)#")* 13&+1'1(&9-")2*

%6$$")36'5/'(* >* 5")* %hangements dans l’expression des gènes (par extension, des 

éléments transposables), n’impliqu/nt pas de changements dans la séquence d’ADN 

V8/$(&"'))"'* /'5* =,/'5."$* drfp]7* U/* #1(,O./(&6'* 5")* %O(6)&'")2* par l’ajout de 

+$6-3"#"'()*#1(,O."*=Kp*empêchant l’accès des enzymes de transcription*à l’ADN2*")(*

l’un de ces mécanismes. E.*"4&)("*-'*#1%/'&)#"*5&001$"'(2*%".-&*5-*H*!Z?*)&."'%&'+*I*6-*

siRNA. Il consiste en l’utilisation de petits ARN d"* df* >* pg* '-%.16(&5")* 36-$* %&:."$* ./*

51+$/5/(&6'* 5")* ?!Z2* %6##"* %"-4* d’ET (Rigal & Mathieu 2011). Enfin, il existe un 

#1%/'&)#"*13&+1'1(&9-"*"4&)(/'(*-'&9-"#"'(*%,"Q*.")*3./'(")*_*%".-&*5"*./*#1(,O./(&6'*

de l’ADN dirigée par des ARN («*!Z?<5&$"%("5* CZ?*#"(,O./(&6'* –* !5C8]7* C"-4* ?!Z*

36.O#1$/)")* V3$1)"'(")*-'&9-"#"'(*%,"Q* .")*3./'(")]*"(*dl*3"(&()*?!Z* &'("$01$/'()*)"*

.&/'(* /-4* 3$6(1&'")* 5"* ./* 0/#&.."* -EI95!76:*modifient l’état de méthylation de l’ADN*

VN"56$600*drfd]7*

*

J’ai voulu présenter ici les généralités sur tous les ET, quel)*9-"*)6&"'(*.")*+1'6#")*

%6')&51$1)7* 8/* (,;)"* 36$(/'(* )-$* .")* UP!<$1($6($/')36)6')* 5/')* .")* +1'6#")* 5"*

%/01&"$)2* W"* G/&)* #/&'("'/'(* "436)"$2* 5/')* -'"* &'($65-%(&6'* 3.-)* %&:.1"2* .")* DP* V3.-)*

3/$(&%-.&;$"#"'(*5")*UP!<$1($6($/')36)6')]*5/')*.")*+1'6#")*5")*3./'(")7*

*
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=,/3&($"*d*–*ÉTAT DE L’ART*

*
*

*2 !YQWY[HXHYZ)SL[)IPZYQL[)SL[)WTRZXL[)LZ)(&)
*

C"3-&)* .")* ($/G/-4* 5"* `7* 8%=.&'(6%S* )-$* ."* +1'6#"* 5-* #/j)2* :"/-%6-3* 5"*

$"%,"$%,")* 6'(* 1(1* $1/.&)1")* )-$* .")* '6#:$"-)")* ")3;%")* 5"* 3./'(")* %-.(&G1")7* U")* DP*

1(/'(*3$1)"'()*5/')*%")*+1'6#")*3"-G"'(*'6-)* &'06$#"$*)-$* ."-$*,&)(6&$"*1G6.-(&G"2* )&*

l’on étudie leur diversité et l")* #1%/'&)#")* ayant amené à ce que l’on observe 

/%(-".."#"'(7*

*

&RHTTL)SL[)IPZYQL[)`PIPXRJV)LX)1&'?'&)
*

Les génomes des plantes contiennent un grand nombre d’ET, 3/$(&%-.&;$"#"'(*5")*

$1($6($/')36)6')* >* UP!* VUP!<!P]2* %/$* ."-$*#1%/'&)#"* 5"*#6:&.&(1* 3"-(* "'($/}'"$* -'*

/%%$6&))"#"'(* 5-* '6#:$"* 5"* ."-$)* %63&")7* Si l’on considère la variation de la +<G/.-"*

V)O'6'O#"* 5"* +1'6#"* 5"* :/)"* -'&9-"#"'(* %,"Q* .")* ")3;%")* 5&3.6j5")]* "'($"* ."* 3.-)*

3"(&(* "(* ."* 3.-)* +$/'5* +1'6#"* 5&3.6j5"* 5"* 3./'("* %6''-)* >* %"* W6-$2* 6'* 6:(&"'(* -'"*

G/$&/(&6'*5"*dprr*06&)*V`"''"((*/'5*U"&(%,*drfd]7*="(("*3$1G/."'%"*5"*+1'6#")*G1+1(/-4*

5"* (/&.."* &#3$"))&6''/'("* /* 1(1* /33".1"* H*6:1)&(1* +1'6#&9-"*I* "(* ")(* /(($&:-1"* >* -'"*

9-/'(&(1* &#36$(/'("* 5"* )19-"'%")* $131(1")* /%%-#-.1")* "(* 3/$#&* %"..")<%&* d’ET*

V`"''"(Q"'*/'5*R"..6++*ftts]7*D'*"00"(2*.")*%63&")*5"*UP!<!P*3/$(&%&3"'(*#/))&G"#"'(*>*

./* (/&.."*5")*+1'6#")*5")*3./'(")* VR"W'6G)SO*"(*/.7*drfd]*"(* $"3$1)"'("'(*3/$*"4"#3."*

sg|*5-*+1'6#"*5-*#/j)*Va%,'/:."*"(*/.7*drrt]7*

U")* )-3"$0/#&..")* >BA$B* "(* +9A#!* )6'(* .")* DP* .")* 3.-)* 3$1)"'()* 5/')* .")* +1'6#")*

G1+1(/-4*VN&+-$"*l]7*="..")<%&*)6'(*06$#1")*5"*3.-)&"-$)*+$/'5")*.&+'1")*)-$*./*:/)"*5"*./*

)($-%(-$"*5")*1.1#"'()*"(*)-$*./*3,O.6+1'&"*5")*56#/&'")*%65/'(*%6##"*./*($/')%$&3(/)"*

$1G"$)"*V!P]*VU.6$"')*"(*/.7*drrq2*drrt]7*=6##"*(6-("*%./))&0&%/(&6'2*%".."*3$636)1"*3/$*

U.~$"')*3"-(*J($"*5&)%-(/:."2*"(*#/.+$1*9-".9-")*56''1")*#/'9-/'(")*".."*)"$/*-(&.&)1"**



! "#!

!

LTR 5’ LTR 3’ gag Pol (PR-INT-RT-RH) 
PBS PPT 

LTR 5’ LTR 3’ gag Pol (PR-RT-RH-INT) 
PBS PPT 

LTR 5’ LTR 3’ gag Pol  
PBS PPT 

env-like 

Ty1/Copia family 

Ty3/Gypsy family 

Rétrotransposons 

avec une ORF de 

type env 

!"#$%&'(')'*+,-./'0&1'23454-6%76%/81971781'9%-1&861'0/81':&1'#-87.&1'0&1'9:/86&1;'$%&'()*!+,$-.!

/01!2!/345!06(784&9!16'6&:*!;!<-=!2!<(876(!-84>845!=8:6!;!<1!2!'(3:?84&*6!;!@A0!2!84:?5(&*6!;!10!2!(6B6(*6!:(&4*C(8':&*6!;!1D!2!1A&*6!D!;!<<0!2!

<39,'E(846!0(&C:!;!F1G!2!F'64!16&>845!G(&76.!

'
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5/')*.")*chapitres suivants pour l’identification et l’annotation d")*UP!<!P7*

=,"Q*.")*"-%/$O6(")2*.")*>BA$B*)6'(*%6')(&(-1)*5"*dd*.&+'1")2* 06$#/'(*5"-4*:$/'%,")*

3$&'%&3/.")* –* l’une correspondant uniquement /-4* +GE9=9@#E7$2* 9-&* 6'(* -'*

%,$6#656#/&'"*V&#3.&9-1*5/')*5")* &'("$/%(&6')*/G"%* ./*%,$6#/(&'"]*5/')* ./*$1+&6'*=<

terminale de l’intégrase7* U")* +9A#!* )6'(* "-4* %6#36)1)* 5"* fl* .&+'1")2* 5&)($&:-1")*

1+/."#"'(* 5/')* 5"-4* :$/'%,")* #/W"-$")7* =,"Q* .")* 3./'(")* V56'(* .")* /.+-")* G"$(")2*

%6')&51$1")* %6##"* *#E#8#A"!56!:]2* .")* .&+'1")* &5"'(&0&1")* )6'(* 36-$* .")* >BA$B*_* +0J'

V="'($6#"$&%* !"($6($/')36)6'* 60* 8/&Q"]2*%:"2*>!"!8E#:"2*0:#5!* "(*0&J?;* V:$/'%,"* f* –*

+GE9=9@#E7$]*"(*-6G#"!*"(*H!6*V:$/'%,"*d]*"(*36-$*.")*+9A#!*_*.#E:2*0:6E9K#62*H9ED2*)EB<9*"(*

)$$:E* V:$/'%,"*d]7*U/*:$/'%,"*f*5")*+9A#!* %6'(&"'(*5")*1.1#"'()*3$1)"'()*-'&9-"#"'(*

%,"Q*5")*/'&#/-42*5")*5&/(6#1")*6-*5")*%,/#3&+'6')7*=")* .&+'1")*)6'(*51%$&(")*)-$* ."*

)&("* H*@OC`*I* V,((3_yy+O5:76$+y&'5"473,3y8/&'{F/+"]7* E.* O* /* %"3"'5/'(* -'"* 56''1"*

#/'9-/'("*5/')* .")* 1(-5")*5"*U.~$"')* "(* %6../:6$/("-$)7* U’1(-5"*5")* UP!<!P*+9A#!* "(*

."-$* 1G6.-(&6'* %,"Q* .")* P$&(&%"/"* V3.-)* ."* $&Q* "(* ?$/:&563)&)]* 3"$#&(* 5"* 51("%("$* -'"*

'6-G".."*.&+'1"2*4#!5<!'Vx&%S"$*/'5*R".."$*drrs]2*9-&*n’est pas référencée dans la base 

5"* 56''1")* 5"* @OC`7* J’ai 56'%* -(&.&)1* .")* )19-"'%")* 5"* $101$"'%"* 5"* %"(("* 1(-5"* 36-$*

l’inclure dans #")*($/G/-47*

*

Cycle de vie d’un LTR?'&)
*

Le cycle de vie d’un LTR<!P* ")(* /))"Q* %6#3."4"2* "(* $1/.&)1* 3/$* -'* "')"#:."*

d’enzymes ."* 3.-)* )6-G"'(* )O'(,1(&)1")* 3/$* l’élément .-&<#J#"2* 6-* 5/')* %"$(/&')* %/)2*

)O'(,1(&)1")* 3/$* -'* /-($"* 1.1#"'(7* U/* N&+-$"* g*#6'($"* ."* %O%."* 5"* $1($6($/')36)&(&6'*

d’un LTR<!P*Va%,-.#/'*drfd]7*

Ua séquence de l’élément est transcrite*>*3/$(&$*d’un promoteur situé*5/')*."*UP!*"'*5’2*

$1)-.(/'(*"'*-'*?!Z#*36.O</5"'O.1*Vf*"(*d]7*="*($/')%$&(*"436$(1*,6$)*5-*'6O/-*/*5"-4*

06'%(&6')*_* &]* ./* ($/5-%(&6'* "'* 3$6(1&'")* '1%"))/&$")* /-* %O%."* 5"* $1($6($/')36)&(&6'2* &&]*

-'"*#/($&%"*'1%"))/&$"*>*./*($/')%$&3(&6'*$1G"$)"*Vp]7*U/*($/5-%(&6'*3$65-&(*-'"*3$6(1&'"*

d’encapsidation, la Gag et -'"*36.O<3$6(1&'"*VF6.]*%6'("'/'(*./*3$6(1&'/)"2*./*!Z/)"*K2*./*

($/')%$&3(/)"*$1G"$)"*V!P]*et l’&'(1+$/)"*VEZP]*Vl]7*L’encapsidation des ARN*#"))/+"$)*

V?!Z#]* %6-3.1)* 3"$#"(* .’initiation des mécanismes de transcription inverse* Vg]7* U/*

3/$(&%-."*3)"-56virale contient également la RNase H, l’INT et la RT* Vo]7* U"* %6#3."4"*
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3$6(1&9-"*"'%/3)&51*")(*"')-&("*$"5&$&+1*G"$)*."*'6O/-*6�*l’INT*3$6%;5"*>*)6'*&')"$(&6'*

5/')*."*+1'6#"*Vs*"(*q]7*

* *

7HIJKL)=): Cycle de rétrotransposition d’un LTR?KPXKYXKRZ[WY[YZ)VD’après Schulman 2012).)U"*($/&(*
%6-$:1*13/&)*$"3$1)"'("*./*#"#:$/'"*%"..-./&$"2*%".-&*3.-)*0&'*./*#"#:$/'"*'-%.1/&$"7*=,/9-"*%,&00$"*
$"3$1)"'("*.")*1(/3")*3$&'%&3/.")*5"*./*$1($6($/')36)&(&6'2)"43.&%&(1")*%&<%6'($"7*
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1YNRTH[RXHYZ)SL[)1&'?'&)
*

U/* $13/$(&(&6'* 5")* UP!<!P* 5/')* .")* +1'6#")* G1+1(/-4* )"#:."* J($"* $"./(&G"#"'(*

%6##-'"* /-4*?'+&6)3"$#")7*k'* .")* ($6-G"* +1'1$/."#"'(* /%%-#-.1)* 5/')* .")* $1+&6')*

31$&<%"'($6#1$&9-")*"(*5&)(/.")*5")*%,$6#6)6#")*VU""*/'5*R&#*drfl]7*="3"'5/'(2*%"(("*

$13/$(&(&6'*+.6:/."*G/$&"*)".6'*.")*DP)*%6')&51$1)*"(*.")*+1'6#")7*D'*"00"(2*.")*>BA$B*6'(*

-'"* ("'5/'%"* /* J($"* 3.-)* )6-G"'(* /%%-#-.1)* 5/')* 5")* $1+&6')* d’hétérochromatine 

%6##"*%"..")*3$1%15"##"'(*%&(1")2*/.6$)*9-"* .")*+9A#!*)"#:."'(*5&)($&:-1)*1+/."#"'(*

."*.6'+*5")*%,$6#6)6#")*5/')*.")*$1+&6')*,"(1$6%,$6#/(&9-")*"(*"-%,$6#/(&9-")7*="(("*

5&)($&:-(&6'*")(*+1'1$/."#"'(*6:)"$G1"*36-$*.")*+1'6#")*5"*3"(&("*"(*5"*#6O"''"*(/&.."7*

F6-$*.")*+1'6#")*5"*($;)*+$/'5"*(/&.."*%6##"*%"-4*5-*#/j)*6-*5-*:.12*.")*UP!<!P*)6'(*

$"($6-G1)* /%%-#-.1)* "'* ($;)* +$/'5* '6#:$"* 5/')* (6-(")* .")* $1+&6')* &'("$+1'&9-")2*

./&))/'(*.")*+;'")*$"+$6-31)*"'*3"(&(*'6#:$"*5/')*5")*H*}.6()*» géniques au milieu d’un 

H*6%1/'*» d’ET VN"56$600* /'5* `"''"(Q"'* drfp]7* ="(("* )($-%(-$"* ")(* 6:)"$G1"* 36-$* ."*

+1'6#"* 5-* #/j)* Va%,'/:."* "(* /.7* drrt]2* 5-* )6$+,6* VF/("$)6'* "(* /.7* drrt]* "(* 5-* :.1*

Vx&%S"$*"(*/.7*drrf]7*U")*}.6()*5"*+;'")*)"#:."'(*5"*3.-)*"'*3.-)*%6'($/%(1)*.6$)9-"*.")*

génomes contiennent un très grand nombre d’ET VN"56$600* /'5* `"''"(Q"'* drfp]7* U/*

très grande quantité d’ET dans ces génomes cré"*5")*"#3&."#"'()*6-*H*36-31")*$-))")*I*

d’ET &')1$1)* .")*-')*5/')* .")*/-($")2*%6##"*%"./*/*1(1*51#6'($1*36-$* ./*3$"#&;$"* 06&)*

5/')*./*$1+&6'*!8G;?,*5-*#/j)*Va/'8&+-".*"(*/.7*fttq]7*="(("*5&)($&:-(&6'*)-++;$"*9-"*.")*

$1+&6')* +1'&9-")* )6'(* $"./(&G"#"'(* 3$1)"$G1")* de l’insertion des ET, ou 9-"* %")*

&')"$(&6')*3$6:/:."#"'(*51.1(;$")*5/')*%")*+1'6#")*)6'(*)6-#&)")*>*-'"*06$("*)1."%(&6'*

'1+/(&G"*V56'%*'"*)6'(*3/)*6:)"$G/:.")]7**

U")* $13/$(&(&6')* +1'6#&9-")* )"')&:."#"'(* 5&001$"'(")* 5")* >BA$B* "(* 5")* +9A#!*

3"-G"'(* /-))&* 0/&$"* 3"')"$* 9-’ils 6'(* 5")* sites d’insertion* 3$10"$"'(&".)* VN"56$600* /'5*

`"''"(Q"'*drfp]7*="3"'5/'(2*l’insertion des nouvelles copies requiert la reconnaissance 

5"* )19-"'%")* ($;)* %6-$(")* 3/$* l’intégrase des LTR<!P7* C"* ("..")* )19-"'%")*

)(/(&)(&9-"#"'(*($;)*0$19-"'(")*5/')*.")*+1'6#")*5")*3./'(")*%6'($&:-"$/&"'(*56'%*3"-*

/-4*3/($6')*5"*5&)($&:-(&6'*6:)"$G1). Bien sûr, d’autres paramètres comme le niveau de 

compaction de l’ADN peuvent influencer l’intégration des nouvelles*%63&")*5")*UP!<!P7*

=,"Q*.")*1.1#"'()*HB*5"*./*."G-$"2*l’intégrase interagit avec des protéines membranaires 

9-&* 6'(* ."* $c."* 5"* 0/%("-$)* 5"* .&/&)6'7* =")* 3$6(1&'")* $"%6''/&))"'(* 5")* #/$9-")*

d’histones spécifiques* ou se lient directement à l’ADN selon la con06$#/(&6'* 5"* ./*

%,$6#/(&'"7*="%&*3"-(*1+/."#"'(*influencer l’intégration des nouvelles copies Va-.(/'/*"(*
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/.7*drfs]7*P6-W6-$)*%,"Q*./*."G-$"2*5")*&')"$(&6')*3$101$"'(&"..")*6'(*1(1*6:)"$G1")*36-$*

HB;* 5/')* -'"* 0"'J($"* 5"* sgr* 3/&$")* 5"* :/)")* "'* /#6'(* 5")* +;'")* ($/')%$&()* 3/$* ./*

F6.O#1$/)"* EEE7* U"* +1'6#"* 5"* ./* ."G-$"* 1(/'(* ($;)* 5"')"* "'* $1+&6')* %65/'(")2* %")*

&')"$(&6')* 3$101$"'(&"..")* 3"-G"'(* ($/5-&$"* -'"* 3$"))&6'* 5"* )1."%(&6'* %6'($"* -'"*

&')"$(&6'*51.1(;$"*5/')*5")*$1+&6')*%65/'(")*V`-),#/'*drrp]7**

Il est donc important de considérer tous ces paramètres lorsque l’on étudie la 

5&)($&:-(&6'*%,$6#6)6#&9-"*5")*UP!<!P*5/')*.")*+1'6#")*5")*3./'(")7*U"-$*.6%/.&)/(&6'*

"(*.")*36("'(&"..")*H*3$101$"'%")*» de sites d’insertion impactent le génome, tout c6##"*

."-$*%/3/%&(1*>*/-+#"'("$*."*'6#:$"*5"*."-$)*%63&")7*

*

62 %QWRNX[)SL[)1&'?'&)[JK)TL[)IPZYQL[)SL[)WTRZXL[)
*

U"* #1%/'&)#"* 5"* #6:&.&(1* 5")* UP!<!P* 3"-(* 3$6G69-"$* '6'* )"-."#"'(*

l’augmentation 5"*."-$*'6#:$"*5"*%63&")2*#/&)*-'"*'6-G".."*&')"$(&6'*3"-(*#"'"$*>*5")*

#-(/(&6')* 51.1(;$")* 6-* -'"* /.(1$/(&6'* 5"* ./* ($/')%$&3(&6'* 5")* +;'")* 36-G/'(* /-))&*

&#3.&9-"$* 5")* #65&0&%/(&6')* épigénétiques de l’ADN environnant* V=/)/%-:"$(/* /'5*

@6'Q�."Q*drfp]7*C"*%"* 0/&(2* ./*+$/'5"*5&G"$)&(1*5")*DP*%,"Q* .")*3./'(")2* ."-$)*#65")*5"*

#6:&.&(1* "(* ."-$* /%%-#-./(&6'* 3/$06&)* :$-(/."* 6'(* -'* &#3/%(* &#36$(/'(* )-$* ./*

composition, la structure et l’évolution des génome)*"(*5")*+;'")*%,"Q*.")*3./'(")7**

*

GRKHRXHYZ)SL)TR)XRHTTL)SL[)IPZYQL[)
*

L’augmentation du nombre de copies menant à l’«*6:1)&(1*I* +1'6#&9-"* 6:)"$G1"*

%,"Q* :"/-%6-3* 5"* 3./'(")* 3"-(* )"* 0/&$"* 3/$* /%(&G/(&6')* $1+-.&;$")* de l’ensemble des 

0/#&..")*5"*UP!<!P2*6-*&$$-3(&6')*3.-)*)6-5/&'")*"(*&'("')&G")*V/-))&*/33".1")*H*:-$)(*I]2*

5"*9-".9-")* 0/#&..")*5"*UP!<!P7*U")*+1'6#")*5"*3"(&(")*"(*#6O"''")* (/&..")*)"#:."'(*

36))15"$* .")*6-(&.)*3"$#"((/'(*de contrôler la transcription et d’1.&#&'"$*"00&%/%"#"'(*

.")*DP7*C")*#1%/'&)#")*13&+1'1(&9-")*3$1*"(*36)(<($/')%$&3(&6'".)*V8&$6-Q"*"(*/.7*drrt]*

3"-G"'(*%6'($c."$*./*#6:&.&(1*5")*1.1#"'()*/.6$)*9-"*.")*#1%/'&)#")*5"*$"%6#:&'/&)6')*

&..1+&(&#")*V&'($/*6-*&'("$#6.1%-./&$"]*6-*5"*$"%6#:&'/&)6')*,6#6.6+-")* &'1+/.")*)6'(*

responsables du maintien de la taille des génomes du riz ou d’-E!F#89A$#$*VR"W'6G)SO*"(*

/.7*drfdv*U""*/'5*R&#*drfl]7*=")*#1%/'&)#")*"4&)("'(*5/')*.")*+1'6#")*5"*+$/'5"*(/&.."*

%6##"* ."*#/j)* 6-* ."* :.12*#/&)* '"* )"#:."'(* 3/)* /G6&$* 1(1* )-00&)/'()* 36-$* %6'($c."$* ./*
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#6:&.&(1* 5")* 1.1#"'()7* C/')* ."* +"'$"* )EBL!2* 3.-)&"-$)* "4"#3.")* #6'($"'(* 5")*

/#3.&0&%/(&6')* "(* 5")* %6'($c.")* 5"* ./*#6:&.&(1* 5")* UP!<!P* (6(/."#"'(* 5&001$"'()7* ?.6$)*

9-"*./*#6:&.&(1*5")*UP!<!P*)"#:."'(*$1+-.1"*3/$*5")*#1%/'&)#")*36)(<&')"$(&6'*%,"Q*."*

$&Q*%-.(&G1*/)&/(&9-"*V)3'$!6#@!*G/$*M!A95#<!]*VR"W'6G)SO*"(*/.7*drfdv*U""*/'5*R&#*drfl]2*

."* 3.-)* +$6)* +1'6#"* 5&3.6j5"* 5-* +"'$"2* )EBL!' !7$6E!"#:5$#$' Vtog* 8:]* #6'($"* -'"*

/#3.&0&%/(&6'* "4%"3(&6''".."* 5"* ($6&)* 0/#&..")* 5"* UP!<!P* _* 0/0&;* V+9A#!]2*N!""!F#* "(*

O!5I97E97* V>BA$B]7* �* "-4* )"-.)2* &.)* $"3$1)"'("'(* environ 60% du génome d’)3'

!7$6E!"#:5$#$* VF&1+-* "(* /.7* drro]* "43.&9-/'(* ./* 5&001$"'%"* 5"* (/&.."* /G"%* .")* $&Q* %-.(&G1)*

/)&/(&9-")*"(*/0$&%/&')7*a&#&./&$"#"'(2*)3'IE!57"!6!P*-'"*")3;%")*)/-G/+"*5"*$&Q*/)&/(&9-"2*

36));5"*-'*+1'6#"*5"*+$/'5"* (/&.."* Vqqd*8:]2* %6#36)1*>*"'G&$6'*dg|*3/$*-'"* )"-."*

0/#&.."* 5"* UP!<!P* >BA$B*_* >E!5Q* V?##&$/W-* "(* /.7* drrs]7* =,"Q* .")* ")3;%")* 5"* $&Q*

5&3.6j5")2*./*(/&.."*5")*+1'6#")*)"#:."*%6$$1.1"*>*./*9-/'(&(1*5"*)19-"'%")*5"*UP!<!P)*

Vm-%%6.6*"(*/.7*drrs]. Il en est généralement de même avec d’autres plantes appartenant 

/-4* F6/%1")*%6##"* ."*#/j)2* 56'(* ."* +1'6#"* /* 56-:.1* "'* (/&.."* Vfdrr* >* dlrr*8:]* "'*

quelques millions d’années dû à l’activité des LTR<!P)*Va/'8&+-".*"(*/.7*fttq]7*=,"Q*.")*

5&%6(O.156'")2* .")* UP!<!P* 3"-G"'(* 1+/."#"'(* W6-"$* -'* +$/'5* $c."* 5/')* ./* (/&.."* 5")*

+1'6#")7* =,"Q* .")* `$/))&%/%1")2* -E!F#89A$#$' 6G!"#!5!* 3$1)"'("* -'"* 5O'/#&9-"* 5"*

rétrotransposition différente de celle d’-3' "BE!6!* 6-* -3' !"A#5!2* 9-&* 6'(* 5"* 3.-)* +$6)*

+1'6#")*"(*-'"*3$636$(&6'*:&"'*3.-)*&#36$(/'("*5"*UP!<!P*V?+$"'*/'5*x$&+,(*drfg]7*

U")*")3;%")*5"*%6(6'*5&3.6j5")*#6'($"'(*-'"*G/$&/(&6'* &#36$(/'("*5"* ./* (/&.."*5"* ."-$)*

+1'6#")2*%"(("*G/$&/(&6'*1(/'(*3$&'%&3/."#"'(*5-"*/-4*UP!<!P7* E%&2*-'"* 0/#&.."*>9EI:Q*

V>BA$B]* /* )-:&* 5")* /#3.&0&%/(&6')* &#36$(/'(")* "(* 5&001$"'(")* )".6'* .")* +1'6#")* 5"*

>9$$BA#7=*/-*%6-$)*5")*5 à 10 derniers millions d’années VK/XS&')*"(*/.7*drro]7*

C/')*."*%/)*5"*+1'6#")*/..636.O3.6j5")*%6##"*%"-4*5-*%6(6'*%-.(&G12*5-*(/:/%*6-*

"'%6$"*5-*:.12*6'*6:)"$G"*-'"*G/$&/(&6'*5"*(/&.."*5")*+1'6#")*"(*5"*%6'("'-*"'*DP*9-&*'"*

%6$$")36'5*3/)*>*./*)&#3."*/55&(&6'*5"*%".."*5")*+1'6#")*3$6+1'&("-$)*"(*5")*/.(1$/(&6')*

13&+1'1(&9-")*VF/$&)65*/'5*a"'"$%,&/*drfd]7*=")*G/$&/(&6')*)-++;$"'(*5")*#1%/'&)#")*

de variation du nombre de copies d’ET %6'%6#&(/'()*/-*3$6%"))-)*5"*36.O3.6j5&)/(&6'*

(‘Revolutionary changes’) ou !' A9$6:E#9E#* sur un plus long terme (‘Evolutionary 

changes’]2* 9-"* %"* )6&(* -'"* 3"$("* 6-* /-* %6'($/&$"* -'"* /-+#"'(/(&6'* 5-* '6#:$"* 5")*

%63&")7* F/$* "4"#3."2* 3.-)* 5"* lr|* 5")* %63&")* 5"* H56;* 6'(* 1(1* 1.&#&'1)* 5/')* ."* )6-)<

+1'6#"*3/("$'".*5"*(#<96#!5!'6!F!<7=*VF/$&)65*/'5*a"'"$%,&/*drfd]7*E.*"'*")(*5"*#J#"*

%,"Q*."*:.1*"(*."*%6(6'*/G"%*-'"*3"$("*&#36$(/'("*)-$*."*.6'+*("$#"*5-*'6#:$"*5"*%63&")*
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5"* 5&G"$)* DP* VD&./#* "(* /.7* drrqv* K-* "(* /.7* drfr]7* C/')* ."* +"'$"* 2!5!R* V@&')"'+]* -'"*

)&(-/(&6'*%6'($/)(1"*")(*6:)"$G1"7*C/')*.")*+1'6#")*5&3.6j5")2*3.-)&"-$)*0/#&..")*5"*%:"*

V>BA$B]*)6'(*$")36')/:.")*5"* ./*G/$&/(&6'*5"* (/&.."*5")*+1'6#")*VU""*"(*/.7*drfs]2*#/&)*

2I%:";P'-'"* 0/#&.."* 3/$(&%-.&;$"* %,"Q*%:"* /-$/&(* )-:&* -'"* /#3.&0&%/(&6'* 5-* '6#:$"* 5"*

%63&")* 5/')* l’")3;%"* /..6(1($/3.6j5"* 2!5!R' S7#5S7:K9"#7$* et pas dans l’")3;%"*

/..6(1($/3.6j5"*23'I#5$:5I7*Ces mécanismes de variation du nombre d’éléments suggèrent 

9-"* ./* 36.O3.6j5&)/(&6'* 36-$$/&(* J($"* %6')&51$1"* %6##"* -'* %,6%* +1'6#&9-"* /O/'(* -'*

&#3/%(*)&+'&0&%/(&0*)-$*.")*DP*VF/$&)65*"(*/.7*drfr]7**

=")*#1%/'&)#")*1G6.-(&0)*6'(*1(1*51%$&()*-'&9-"#"'(*%,"Q*5")*3./'(")*/''-"..")7*

Ua dynamique des taille des génomes et l’impact des ET*sur l’évolution des génomes*6'(*

1(1*3"-*1(-5&1")*%,"Q*.")*3./'(")*31$"''")*.&+'"-)")*VA&%&"'(*b*=/)/%-:"$(/*drfs]7*U")*

9uelques études concernant les rétrotransposons dans ce type d’espèces n’ont pas pu 

#"(($"* %./&$"#"'(* "'* 1G&5"'%"* -'* .&"'* "'($"* .")* G/$&/(&6')* 5"* (/&.."* 5"* +1'6#")*

observées (quand de telles variations ont été observées) et l’activité des LTR<!P*VN/&G$"*

!/#3/'(*"(*/.7*drffv*?.G")*"(*/.7*drfdv*M&/'+*"(*/.7*drfov*!6%S&'+"$*"(*/.7*drfo]7**

*

'PRKKRZILQLZX[)NOKYQY[YQHhJL[)
*

L’activité des LTR<RT provoque des bouleversements génétiques jusqu’au niveau 

%,$6#6)6#&9-"7*D'*"00"(2*5")*#1%/'&)#")*(".*9-"*./*$"%6#:&'/&)6'*,6#6.6+-"* &'1+/."*

/#"'/'(*>*./*06$#/(&6'*5")*)6.6<UP!*VN&+-$"*o]2*3"-G"'(*/-))&*provoquer l’élimination 

5"*36$(&6')*%,$6#6)6#&9-")*"'(&;$")*5/')*5")*Q6'")*6�*)6'(* /%%-#-.1)*:"/-%6-3*5"*

$1($61.1#"'()7* U/* $"%6#:&'/&)6'* "'($"*5"-4*UP!<!P*>*5")*36)&(&6')* %,$6#6)6#&9-")*

5&001$"'(")* 3$6G69-"* -'"* H*%/))-$"*I* 5")* %,$6#6)6#")7* C")* $1($6($/')36)&(&6')*

/G6$(1")* 3"-G"'(* 1.&#&'"$* l’ADN adjacent. Des délétions plus ou moins grandes sont 

ainsi observées dans les génomes d’-3' 6G!"#!5!2* 5-* :.12* 5-* #/j)* 6-* "'%6$"* 5-* $&Q*

V`"''"(Q"'*drrg]7*

=")*#1%/'&)#")*5"*$"%6#:&'/&)6'*)6'(*"'*3/$(&"*$")36')/:.")*5"*./*$16$+/'&)/(&6'**

/&')&* 9-"* 5")* 3,1'6#;'")* 5"* %6'($/%(&6'* 5")* +1'6#")7* C")* 3"$(")* 0$19-"'(")* 5"*

)19-"'%")*5"*3"(&(")*(/&..")*6'(*/-))&*-'*$c."*5/')*./*%6'($/%(&6'*5")*3"(&()*+1'6#")7*F/$*

"4"#3."2*-3'6G!"#!5!*perd des introns six fois plus vite qu’-3'"BE!6!2*9-&*/*-'*+1'6#"*3.-)*
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7HIJKL)>)M)4PNRZH[QL[)SL)aYKQRXHYZ)SUJZ)[YTY?1&')WRK)KLNYQ_HZRH[YZ[)OYQYTYIJL[)HZPIRTL[2)C"*A&(("*b*F/'/-5*drrg7*
)



 25 

+$6)* "(* -'"* 3$636$(&6'* 3.-)* &#36$(/'("* 5"* UP!<!P)* VU""* /'5* R&#* drfl]7* =,"Q* .")*

/..6poplyploïdes, l’hybridation &'("$)31%&0&9-"* 3$6G69-"$/&(* d’importants 

$1/$$/'+"#"'()* %,$6#6)6#&9-")* VF/$&)65* "(* /.7* drfr]7* U/* 3"$("* 5"* )19-"'%")* 3/$*

$"%6#:&'/&)6'* &..1+&(&#"* 6-* "'%6$"* ./* #6:&.&)/(&6'* 5"* %"$(/&')* DP* W-)("* /3$;)* ./*

36.O3.6j5&)/(&6'*#;'"$/&"'(* >* -'"* $16$+/'&)/(&6'* 5")* +1'6#")2* 3/$06&)* 3.-)*#/$9-1"*

pour l’un des deux sous<+1'6#")*3/$"'(/-4*5/')*."*%/)*5")*/..6(1($/3.6j5")*VA&%&"'(*/'5*

=/)/%-:"$(/* drfs]7* B'"* #6:&.&)/(&6'* "(* -'"* 3"$("* /))"Q* &#36$(/'("* 5"* )19-"'%")* 5"*

3.-)&"-$)* 0/#&..")* 5’ET* 6'(* /&')&* 1(1* 6:)"$G1")* 5/')* ."* )6-)<génome paternel d’)EBL!'

=#576!P' -'* $&Q* )/-G/+"* /..6(1($/3.6j5"* originaire d’Asie7* =")* $1/$$/'+"#"'()*

+1'6#&9-")* 6'(* 1+/."#"'(* -'* &#3/%(* &'5&$"%(* )-$* .")* +;'")2* 3-&)9-"* %"-4<ci, s’ils se 

trouvent près d’insertions de rétroéléments, peuvent être «*"#36$(1)*I* V5-*#6&')* "'*

partie) lors d’un processus d’élimination VF/$&)65*"(*/.7*drfr]7*

*

'PIJTRXHYZ)SL[)I\ZL[)
*

On peut déterminer différents types d’impacts des ET sur les gènes. Ceux<%&* )6'(*

$1)-#1)*"'*N&+-$"*s7*Chaque numéro indique un endroit possible d’insertion d’un LTR<

!P*3$;)*6-*5/')*-'*+;'"2*3-&)*%"*9-&*3"-(*"'*$1)-.("$*/-*'&G"/-*3$6(1&9-"7*

B'"* '6-G".."* &')"$(&6'2* )&* ".."* )"* )&(-"* 5/')* -'* +;'"* VN&+-$"* s2* f* "(* d]2* 3"-(*

&'("$$6#3$"*)/*%6'(&'-&(1*"(*56'%*."*$"'5$"*'6'<06'%(&6''".7*="%&*3"-(*J($"*&..-)($1*3/$*

-'* "4"#3."* $1%"'(* %,"Q* ."*#".6'* V+7<7=#$'=:"9* U7]*_* 9-/'5* ./*3./'("* )"* )&(-"*5/')*-'*

"'G&$6''"#"'(* 3/uvre en fer, on observe une augmentation de l’expression de gènes 

%65/'(*36-$*5")*3$6(1&'")* $")36')/:.")*5"* ./* %/3(-$"*5-* 0"$7*B'*#-(/'(* )36'(/'1*")(*

incapable d’induire l’augmentation de l’expression de ces gènes si la plante manque de 

0"$7* D'* 0/&(2* l’insertion d’un LTR<!P* +9A#!* 5/')* ."* +;'"* %6$$")36'5/'(* /-* 0/%("-$* 5"*

($/')%$&3(&6'* $1+-./'(* %")* +;'")* /* 3$6G69-1* )6'* 5O)06'%(&6''"#"'(7* E.* "'* $1)-.("* 5")*

3$6(1&'")* ($6'9-1")* "(* -'"* &'%/3/%&(1* 5-* #-(/'(* >* /-+#"'("$* ./* %/3(-$"* 5"* 0"$*

V!/#/#-$(,O* /'5* x/("$)* drfs]7* E.* "'* ")(* 5"* #J#"* %,"Q* ./* (6#/("2* 5/')* ./9-".."*

l’insertion du rétrotransposon 0/%&0* 5/')* ."* 3$"#&"$* "46'* 5-* +;'"* ND!* &'5-&(* -'*

3,1'6(O3"*)&#&./&$"*V@-O6(*"(*/.7*drrg]7*

L’insertion d’un LTR<!P* 3$;)* 6-* 5/')* ."* promoteur d’un gène* VN&+-$"* s2* g]* 3"-(*

#65&0&"$*./*$1+-./(&6'*5"*%"*+;'"2*%"*9-&*3"-(*/G6&$*-'"*&'%&5"'%"*)-$*."*3,1'6(O3"*5"*./**
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* *

7HIJKL);)M)3NOPQR[)KLWKP[LZXRZX)TL[)LZSKYHX[)Ye)JZ)(&)WLJX)[UHZ[PKLK)faT\NOL[)ZYHKL[g)LX)NL)hJH)WLJX)
LZ)KP[JTXLK2)D’après*@/.&'5~<@6'Q/."Q*"(*/.7*drfs7*U"*($/&(*'6&$*13/&)*$"3$1)"'("*-'"*)19-"'%"*?CZ*
%6'("'/'(*-'*+;'"*V3$6#6("-$*"'*$6)"2*"46')*_*$"%(/'+.")*:"&+")2*&'($6')]*"(*."*$"%(/'+."*:."-*"(*G"$(*
$"3$1)"'("*-'*UP!<!P*6-*-'*)6.6<UP!7)
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3./'(". Ces modifications provoquant l’apparition de phénotypes différents 3"-G"'(*

W6-"$* -'* $c."* &#36$(/'(* 5/')* ./* )1."ction humaine des plantes cultivées d’intérêt 

1%6'6#&9-"7*F/$*"4"#3."2*.")*5&001$"'(")*%6-."-$)*5-*+$/&'*5"*$/&)&'*6:("'-")*)".6'*.")*

%13/+")* 36-$* -'"* #J#"* ")3;%"* V*#6#$' @#5#K:E!) sont provoquées par l’insertion "(* ./*

3"$("*3/$(&".."*d’un LTR<!P*5/')*."*3$6#6("-$*d’un gène responsable de la fabrication 

d’anthocyanines. Quand l’insertion est présente, les anthocyanines ne sont pas 

)O'(,1(&)1")2*56''/'(*./*%6-."-$*:./'%,"*5")*+$/&')*5"*$/&)&'*/-*.&"-*5"*./*%6-."-$*'6&$"7*

a&* une recombinaison de l’ET (aboutissant à un solo<UP!]* /* .&"-2* ."* +;'"* ")(* $1+-.1*

5&001$"##"'(* "(* 5")* +$/&')* $6-+")* 6-* $6)")* )6'(* 6:("'-)* VP,&)* "(* /.7* drrs]7* B'*

#1%/'&)#")*)&#&./&$"*")(*>*l’origine de la couleur des pétales des fleurs de la Torénie de 

N6-$'&"$* VZ&),&,/$/* "(* /.7* drfl], mais à l’opposé, l’insertion d’un élément active la 

production d’anthocyanine)*5/')*.")*G/$&1(1)*d’6$/'+"*)/'+-&'"*V`-("..&*"(*/.7*drfd]7*

Parfois, la transcription d’un LTR<!P*%6'(&'-"*/3$;)*)/*)19-"'%"*"(*"'+.6:"*-'*+;'"*

/5W/%"'(*"'(&"$*6-*"'*3/$(&"*VN&+-$"*s2*l*"(*&')"$(&6'*"'*p]7*U/*06$#"*/..6'+1"*5-*0$-&(*5"*

./* (6#/("* 3$6G&"'(* 5"* .’insertion 5"* 0/%&0* V+9A#!]* >* -'* .6%-)* 3/$(&%-.&"$2* aBZ7* a/*

($/')%$&3(&6'*$1G"$)"*513/))/'(*."*$1($6($/')36)6'*.-&<#J#"*"(*56''/'(*-'*?CZ*%65/'(*

%6#3$"'/'(*0#8:E2*aBZ*"(*p*/-($")*+;'")*)"*)6'(*&')1$1)*5/')*."*+;'"*%&,1;*9-&*%6'($c."*

./*06$#"*5-*0$-&(. L’accroissement de l’expression des gènes a résulté "'*./*#65&0&%/(&6'*

5"*./*(/&.."*"(*./*06$#"*5-*0$-&(*VM&/'+*"(*/.7*drfd]7*E.*/*/-))&*1(1*51#6'($1*%,"Q*."*:.1*9-"*

la transcription simultanée d’un gène et d’une séquence d’un LTR<!P* 5/')* ."* )"')*

contraire peut mener à la production d’un ARN double<brin, responsable de l’inactivité 

5-* +;'"* VH*)&."'%&'+*I* 36)(<($/')%$&3(&6''".]* VR/),S-),* "(* /.7* drrd]7* a".6'* )/*

.6%/.&)/(&6'2* -'"* '6-G".."* &')"$(&6'* 3"-(* 1+/."#"'(* H*%$1"$*I* -'* '6-G"/-* +;'"* )&* ".."*

3$6G69-"*-'"*#-(/(&6'*'6'<51.1(;$"*6-*/336$("*-'"*'6-G".."*)19-"'%"*%65/'("*VN&+-$"*

s2* p<l]* VU&)%,* drfp:]7* D'0&'2* )&* -'* DP* $13$&#1* 3/$* 5")* #1%/'&)#")* 13&+1'1(&9-")*

V+$6-3"#"'()*#1(,O.")*3/$*"4"#3."*–*p]*s’insère près d’un gène, celui<%&*3"-(*>*)6'*(6-$*

)-:&$*%")*#65&0&%/(&6')*"(*/&')&*5"G"'&$*&'/%(&07*="%&*/*1(1*51#6'($1*/))"Q*(c(*%,"Q*."*#/j)*

VU&33#/'*"(*/.7*drrl]7*

*

4PNRZH[QL[)PWHIPZPXHhJL[)LX)[XKL[[)
*

E.* ")(*6:)"$G1*5"3-&)* .6'+("#3)*9-"* ./*#6:&.&(1*5")* $1($6($/')36)6')*3"-(*J($"*

/%(&G1"* >* ./* )-&("* 5"* stresses biotiques ou abiotiques alors qu’ils sont sous contrôle 
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13&+1'1(&9-"* VH*)&."'%&'+*I]* VR-#/$* /'5* `"''"(Q"'* fttt]7* =,"Q* .")* C&/(6#1")* 3/$*

"4"#3."2* ."*UP!<!P*+9A#!*4"!<DF:!E8*s’active lors d’un manque en nitrate*V8/-#-)*"(*

/.7*drrt]7*C")*$1/%(&6')*)&#&./&$")*>*5")*)($"))")*5-)*>*5")*#/'9-")*5"*'-($&#"'()*6-*>*

./*3$1)"'%"*5"*%"$(/&'")*#6.1%-.")*comme l’acide abscissique*6'(*1(1*56%-#"'(1")*%,"Q*

le tabac ou l’orge V=/)/%-:"$(/*/'5*@6'Q�."Q*drfp]7*U")*%-.(-$")*%"..-./&$")*$"3$1)"'("'(*

/-))&*-'*)($"))*%6')&51$/:."*36-G/'(*1+/."#"'(*3$6G69-"$*5")*#65&0&%/(&6')*/-*'&G"/-*

5-*%6'($c."*13&+1'1(&9-"*5")*DP*"(*/O/'(*5")*"00"()*'1+/(&0)*3/$*./*)-&("2*%6##"*%"*0-(*."*

%/)* 36-$* .")* %-.(-$")* 5"* 3/.#&"$)* >* ,-&."* Vk'+<?:5-../,* "(* /.7* drfg]7* =,"Q* ."* $&Q2* ./*

culture de tissus provoque l’activation de H9$;T2*"(*)6'*'6#:$"*5"*%63&")*/-+#"'("*/G"%*

./* 5-$1"* 5"* ./* %-.(-$"* VK&$6%,&S/* "(* /.7* fttov* K&$6%,&S/* drrf]7* =,"Q* .")* 36.O3.6j5")*

%6##"* ."* :.12* 5")* %,/'+"#"'()* 5/')* .")* "#3$"&'(")* 13&+1'1(&9-")* )6'(* 6:)"$G1)*

directement après l’hybridation* &'("$)31%&0&9-"* "(* 36-$$/&"'(* &#3.&9-"$* -'"*

modification de l’expression et de la mobilité des ET VF/$&)65*"(*/.7*drfr]7*L’/%(&G/(&6'*

5")*DP*)"$/&(*56'%*-'"*%6')19-"'%"*5-*$".w%,"#"'(*5-*%6'($c."*13&+1'1(&9-"*&'5-&(*3/$*

.")*)($"))")2*56'(*)"#:."'(*0/&$"*3/$(&"*.")*,O:$&5/(&6')*&'("$)31%&0&9-")*%6'5-&)/'(*>*./*

36.O3.6j5&"7**

L’hypothèse /%(-".."* ./* 3.-)* H*)&#3."*I* %6')&5;$"* .")* 1.1#"'()* ($/')36)/:.")*

%6##"* -'* G"%("-$* &'5-&(* 3/$* 5")* )($"))* 3"$#"((/'(* -'"* $136')"* $/3&5"* 36-$* -'"*

adaptation à l’environnement V=/)/%-:"$(/* /'5* @6'Q�."Q* drfp]7* E.* /* 1(1* 3$636)1* 9-"*

5/')* %"$(/&')* %/)2* ./* 3./'("* 36-G/&(* ."G"$* ."* %6'($c."* épigénétique d’ET spécifiques 

3$6%,")* 5"* %"$(/&')* +;'")* 36-G/'(* /336$("$* -'"* /5/3(/(&6'* 3/$(&%-.&;$"* VE(6* drfd]7*

P6-("06&)*l’,O36(,;)"*5"*=/)/%-:"$(/*/'5*@6'Q�."Q*drfp*)"#:."*3.-)*%6#3."4"*qu’une 

)&#3."* 51$1+-./(&6'* 5-* %6'($c."2* &#3.&9-/'(* ./* )31%&0&%&(1* 5")* 0/#&..")* 5’DP* "(* ./*

)31%&0&%&(1*5")*)($"))")*/G"%*3/$06&)*-'"*06'%(&6'*/5/3(/(&G"*9-&*$")("*>*3$6-G"$7**

*

:2 .XHTH[RXHYZ)SL[)1&'?'&)NYQQL)YJXHT[)QYTPNJTRHKL[)
*

U")*UP!<!P*1(/'(*($;)*$13/'5-)*%,"Q*.")*3./'(")*"(*>*5&G"$)")*.6%/.&)/(&6')*5/')*.")*

+1'6#")2* &.)* 3"-G"'(* J($"* -(&.&)1)* %6##"* 6-(&.)* 36-$* 5&001$"'(")* 1(-5")* 5"* 5&G"$)&(1*

+1'1(&9-"7*Un même élément pouvant montrer des différences de sites d’insertion entre 

3.-)&"urs individus d’une même espèce, 5&001$"'(")*("%,'&9-")*V!D8?F2*a<a?F]*6'(*1(1*

-(&.&)1")*pour visualiser le polymorphisme d’insertion*d’ET au sein "(*"'($"*363-./(&6')*

d’une même ")3;%"*"(*%6#3$"'5$"*)a dynamique d’insertion7*="%&*/*1(1*51G".6331*%,"Q*
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l’orge avec  4-0&?;* V+9A#!U'3$1)"'(*"'* ($;)*+$/'5*'6#:$"*5"*%63&")*5/')* .")*+1'6#")*

5")* %1$1/.")* VR-#/$* "(* /.7* ftts]7* C")* DP* 3$1)"'(/'(* 5")* 36.O#6$3,&)#")*d’insertion 

3"-G"'(*56'%*J($"*-(&.&)1)*/0&'*5"*%6#3$"'5$"*.")*$"./(&6')*+1'1(&9-")*"'($"*.")*")3;%")*

d’un genre V8,&$&*/'5*@$/'5:/)(&"'*drrl]7**

E.)*3"-G"'(*1+/."#"'(*J($"*-(&.&)1)*%6##"*/+"'()*#-(/+;'")7*="%&*/*1(1*$1/.&)1*5/')*

3.-)* 5"* ggrrr* .&+'1")* 5"* $&Q2* $1+1'1$1")*par culture cellulaire pour activer l’élément 

H9$;T*V+9A#!]2*%$1"$*5"*'6-G"..")*&')"$(&6')*"(*5"*'6-G"/-4*3,1'6(O3")*"(*%6#3$"'5$"*

./*06'%(&6'*5")*+;'")*/.(1$1)*VF&00/'"..&*"(*/.7*drrs]7**

*

92 1L[)1&'?'&)NOL])TL[)NRaPHLK[)
*

Le modèle d’étude de l’équipe est* ."* +"'$"* +9KK:!2* /33/$("'/'(* /-4* !-:&/%1")*

V6$5$"*5")*@"'(&/'/.")2*?'+&6)3"$#")]7*E.*")(*%./))1*5/')*./*)6-)<0/#&.."*5")*E46$6&5"/"*

"(*./*($&:-*5")*=600""/"*V!6::$"%,(*/'5*8/'"'*drro]7**

*

1L)ILZKL)!78893)
*

U")*%/01&"$)*)6'(*$"3$1)"'(1)*3/$*fpt*")3;%")2*$13/$(&")*"'*?0$&9-"2*5/')*.")*}.")*5"*

l’Océan Indien (IOI) et en Asie au sens large (&'%.-/'(* ."*%6'(&'"'(* &'5&"'*"(* ."*'6$5*5"*

l’Australie]7* ="* )6'(* 5")* ,c(")* '/(-$".)* 5")* 06$J()* &'("$<($63&%/.")7* U"-$* 5&)($&:-(&6'*

+16+$/3,&9-"* &'5&9-"* 5")* /5/3(/(&6')* ($;)* )31%&0&9-")*_* -'"* %/3/%&(1* >* )"* 51G".633"$*

5/')* 5")* #&.&"-4* ($;)* 5&001$"'()* V5"* ($;)* )"%)* >* ($;)* ,-#&5")2* G6&$"* ("#36$/&$"#"'(*

&'6'51)]2*-'"*5-$1"*5-*%O%."*5"*0.6$/&)6'*"(*5"*0$-%(&0&%/(&6'*/../'(*5"*d*>*fp*#6&)2*"(*-'"*

%/3/%&(1*G/$&/:."*>*3$65-&$"*5"*./*%/01&'"*5/')*.")*+$/&')*#/(-$")*V=6-(-$6'*"(*/.7*drfo]7*

*

H2 !RKRNXPKH[RXHYZ)_YXRZHhJL)LX)SH[XKH_JXHYZ)IPYIKRWOHhJL)
*

Les caféiers ont longtemps été séparés en deux genres, notamment par l’observation 

5"*5&001$"'%")*#6$3,6.6+&9-")*)"*$/336$(/'(*/-4*0"-&..")*"(*)-$(6-(*/-4*0."-$)7*U"*+"'$"*

+9KK:!' $:5$7' $6E#<69' V"4?+9KK:!'#/&'("'/'(]2* $"3$1)"'(1* aujourd’hui 3/$* fft* ")3;%")2*

3$1)"'("*5")*0."-$)*/O/'(*-'*(-:"*5"*./*%6$6.."*%6-$(*V'"*513/))/'(*3/)*./*.6'+-"-$*5")*

31(/.")]2*5")*/'(,;$")*"(*-'*)(O."*'6'*&'%.-)7*U"*+"'$"*2$#"!56G7$2*%6'("'/'(*dr*")3;%")2*

#6'($"*/-*%6'($/&$"*5")*0."-$)*/G"%*-'*.6'+*(-:"*%6$6../&$"*V3.-)*.6'+*9-"*.")*31(/.")]*"(*

5")*/'(,;$")*&'%.-)")*(6-W6-$)*)&(-1")*/-<5"))-)*d’-'*)(O."*($;)*%6-$(*VN&+-$"*q]7**
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*

*

C"*3.-)2*.")*"4<+9KK:!*)"*($6-G"'(*)-$*."*%6'(&'"'(*/0$&%/&'*"(*5/')*.")*}.")*5"*./*$1+&6'*

Ouest de l’Océan Indien (IOI)2*#/&)*)6'(*/:)"'()*"'*?)&"2*/.6$)*9-"*.")*"4<2$#"!56G7$*)6'(*

3$1)"'()*"'*?0$&9-"*"(*"'*?)&"2*#/&)*/:)"'()*5")*EkE*V=,/$$&"$*/'5*`"$(,/-5*ftqgv*C/G&)*

"(*/.7*drro]. La majorité des travaux n’ayant porté que sur .")*"4<+9KK:!2*.")*")3;%")*5-*

+$6-3"*5")*"4<2$#"!56G7$*6'(*1(1*5"*%"*0/&(*($;)*3"-*1(-5&1")7*

C")*+$6-3")*:&6+16+$/3,&9-")*6'(*1(1*51("$#&'1)*36-$* .")*"4<+9KK:!*)-$* ./*:/)"*5"*

."-$*5&)(ribution géographique et de l’/:)"'%"*5"*%/01&'"*5/')*.")*+$/&')*_*.")*D-%600"/*"'*

Afrique de l’ouest et du centre, les Mozambicoffea en Afrique de l’est et les 

8/)%/$6%600"/*5/')* .")* EkE7*F.-)*$1%"##"'(2* .")*5"-4*+"'$")*6'(*1(1*$/))"#:.1)*"'*-'*

7HIJKL)@)M)$OYXYIKRWOHL[)SL)9)L[W\NL[)SL)NRaPHLK[)QYZXKRZX)TR)SHaaPKLZNL)QYKWOYTYIHhJL)SL[)aTLJK[)
SL[)/01234.560)LX)SL[)!788932)N.;%,")*$6-+")*_*.6'+*(-:"*%6$6../&$"2*0.;%,")*:."-")*_*/'(,;$")*"(*)(O."*'6'<
&'%.-)7)
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)"-.*VC/G&)*"(*/.7*drff]*06$#/'(*."*'6-G"/-*+"'$"*+9KK:!7*U/*N&+-$"*t*#6'($"*./*%/$("*5"*

$13/$(&(&6'*+16+$/3,&9-"*5")*")3;%")*5-*+"'$"*+9KK:!7*B'*"'51#&)#"*(6(/.*")(*6:)"$G1*

"'($"*.")*+$/'5")*$1+&6')*"(*&.*")(*($;)*&#36$(/'(*/-*)"&'*#J#"*5"*%")*$1+&6')7*a"-."#"'(*

5"-4* ")3;%")* "'*?0$&9-"* V+3'<!5:AG9E!* "(*+3'"#F:E#<!]* "(* >*8/5/+/)%/$* V+3'A:EE#:E#* "(*+3'

=#""96##]* 6'(* 5")* 5&)($&:-(&6')* +16+$/3,&9-")* &#36$(/'(")* VC/G&)* "(* /.7* drro]7* U")*

%/01&"$)*#6'($"'(*5")*%/$/%(;$")*3,1'6(O3&9-")*V06$#")*5")*0."-$)2*%6-."-$)*5")*0$-&()2*

port de l’arbre…) très divers et adaptés à leurs différents milieux de vie, /../'(*5")*06$J()*

);%,")* >* ($;)* ,-#&5")* "(* 36-))/'(* )-$* 5")* )6.)* )/:."-4* >* ./(1$&(&9-")* V=6-(-$6'* "(* /.7*

drfo]7**

*

HH2 /PZPXHhJL)LX)IPZYQHhJL)
*
P6-(")* .")* ")3;%")* 5"* %/01&"$)* 51%$&(")* )6'(* 5&3.6j5")* Vd'* �* d4* �* dd* %,$6#6)6#")]*

V`6-,/$#6'(* ftgtv* U6-/$'* ftso], à l’exception de +9KK:!' !E!F#<!* 9-&* ")(* -'*

/..6(1($/3.6j5"*V=/$G/.,6*ftgd]. Ce dernier proviendrait d’un croisement naturel "'($"*

+3'<!5:AG9E!*"(*+3':7I:5#9#8:$*VU/),"$#")*"(*/.7*fttt]*s’étant 3$65-&(*/))"Q*$1%"##"'(*

Vr2rlo* >* r2o65 million d’année)2* Vi-* "(* /.7* drff]7* 8/.+$1* ."* '6#:$"* %6')(/'(* 5"*

%,$6#6)6#")*5")*")3;%")*5-*+"'$"2*.")*(/&..")*5")*+1'6#")*)6'(*G/$&/:.")2*/../'(*5"*lot*

8:*36-$*+3'G7=F"96#!5!*"(*+3'=!7E#6#!5!*>*trr*8:*36-$*+3'G7=#"#$7*=")*G/$&/(&6')*)-&G"'(*

-'*+$/5&"'(*+16+$/3,&9-"*/G"%*-'"*/-+#"'(/(&6'*5"*./*(/&.."*5")*+1'6#")*5-*'6$5<")(*

/-* )-5<6-")(* >* 8/5/+/)%/$* V!/Q/0&'/$&G6* "(* /.7* drfd]* et de l’est à l’ouest en Afrique 

VZ6&$6(* "(* /.7* drrp]. Étant donné le manque d’études spécifiques aux ex<2$#"!56G7$2*

"4%"3(&6'*0/&("*36-$*23':FE!<6:9"!67$*V#J#"*(/&.."*5"*+1'6#"*9-"*+3'A$:789L!5I7:F!E#!:'

)6&(*gtl*8:P*=$6)*"(*/.7*fttl]2*5"*("..")* &'06$#/(&6')*'"*)6'(*3/)*5&)36'&:.")*36-$*%")*

")3;%")*)/-G/+")7*
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U/* 5&G"$+"'%"* +1'1(&9-"* 5")* %/01&"$)* /* 1(1* 1(-5&1"* @#!* .")* (/-4* 5"* )-%%;)* 5"*

%$6&)"#"'()* &'("$)31%&0&9-")* %6'($c.1), l’utilisation de marqueurs moléculaires 

'-%.1/&$")* et l’hybridation fluorescente #5' $#67* VNEaK]7* S’agissant d")* ,O:$&5/(&6')*

&'("$)31%&0&9-")* %6'($c.1")2* .")* (/-4* 5"* $1-))&("* obtenus en Côte d’Ivoire 1(/&"'(* 3.-)*

&#36$(/'()*"'($"*")3;%")*d’une même région biogéographique (Afrique de l’ouest et du 

centre, ou Afrique de l’est], qu’entre espèces des deux régions VU6-/$'*fttd]7*E.)*1(/&"'(*

/-))&*d’autant 3.-)* &#36$(/'()*9-"* ./*5&001$"'%"*5"* (/&.."*5")*5"-4*+1'6#")*3/$"'(/-4*

1(/&(*3"(&("7*C"*3.-)2* .")*(/-4*5"*$1-))&("*"'($"*")3;%")*/0$&%/&'")*"(*")3;%")*#/.+/%,")*

1(/&"'(* "4($J#"#"'(* :/)* V=,/$$&"$* ftsq]7* U")* 1(-5")* -(&.&)/'(* 5")* #/$9-"-$)*

#6.1%-./&$")*6'(*$/$"#"'(*%6'%"$'1*.")*")3;%")*)/-G/+")*VC"*R6%,S6*"(*/.7*drfr]7*U")*

1(-5")*$1/.&)1")*3/$*!/Q/0&'/$&G6*"(*/.7*Vdrfd]*"(*?'5$&/'/)6.6*"(*/.7*Vdrfp]*6'(*#6'($1*

9-"*.")*%/01&"$)*#/.+/%,")*)6'(*:&"'*5&001$"'%&1)*5")*%/01&"$)*/0$&%/&')7*D'0&'2*.")*1(-5")*

3/$* NEaK* #6'($"'(* -'* '6#:$"* 5"* .6%-)* "(* -'"* .6%/.&)/(&6'* 5&001$"'()* 5")* ?CZ*

$&:6)6#/-4*lga*"(*ga*entre les espèces africaines de l’ouest et du centre et celles de l’est 

VK/#6'*"(*/.7*drrt]7*

*

HHH2 'LTRXHYZ[)WObTYIPZPXHhJL[)SL[)NRaPHLK[)
*

U")*($/G/-4*%6'%"$'/'(*./*3,O.6+1'&"*5-*+"'$"*+9KK:!*)"*)6'(*.6'+("#3)*,"-$(1)*>*./*

0/&:."* 5&G"$+"'%"* 5")* )19-"'%")* '-%.1/&$")* "(* %,.6$63./)(&9-")* -(&.&)1")* %6'5-&)/'(* >*

l’absence de $1)6.-(&6'* 5")* /$:$")* 6:("'-)2* et à l’incapacité* d’établir* %./&$"#"'(* .")*

relations entre les espèces. Ils montrent cependant l’existence de 9-".9-")* %./5")*

+16+$/3,&9-")2*%6#3/(&:.")*/G"%*.")*1(-5")*5"*5&G"$)&(1*+1'1(&9-"*"(*./*%./))&0&%/(&6'*5"*

=,"G/.&"$*Vftld]*V=$6)*"(*/.7*fttpv*8/-$&'*"(*/.7*drrsv*Z6X/S*"(*/.7*drfd]7*U/*3$"#&;$"*

3,O.6+1'&"* "'(&;$"#"'(* $1)6.-"* "(* )6-("'-"2* 3-:.&1"* ($;)* $1%"##"'(* VK/#6'* "(* /.7*

drfs]* ")(* :/)1"* )-$* -'"* /33$6%,"*5"* )19-"'T/+"*'6-G".."* +1'1$/(&6'7* U")* %/01&"$)* )"*

5&)($&:-"'(*5/')*5"-4*%./5")*#/W"-$)* : l’un, appelé «*n"'6<=600"/*I2* %6'("'/'(* (6-)* .")*

"4<2$#"!56G7$* "(* -'* )"-.* "4<+9KK:!* V+3' EG!=5#K9"#!), l’autre, nommé «*D-<=600"/*I*

$/))"#:./'(* (6-)* .")* /-($")* +9KK:!. À l’intérieur de ces deux grands clades, des sous<

%./5")* )"* 5&)(&'+-"'(* '"(("#"'(* "(* %6$$")36'5"'(* /-4* +$6-3")* +16+$/3,&9-")*

3$1%15"##"'(*51("$#&'1)7* U")* ")3;%")* )6'(* $/))"#:.1")*3/$* +$/'5")* $1+&6')* "(* )6'(*

bien différenciées, puisqu’aucune n’est dans une autre région que celle dont elle 

3$6G&"'(*"4%"3(1*+3'G7=F"96#!5!2*$/))"#:.1"*/Gec les espèces malgaches alors qu’elle est 
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6$&+&'/&$"*5")*=6#6$")7*k'*3"-(*/&')&*51+/+"$*5/')* .")*n"'6<=600"/*_* ($6&)*)6-)<%./5")2*

l’un formé de deux espèces sœurs +9KK:!'EG!=5#K9"#!* "(*+7'5:9":E9B#* V"4<2$#"!56G7$U2* .")*

5"-4*/-($")* )6-)<%./5")* $"3$1)"'(/'(* $")3"%(&G"#"'(* .")*"4<2$#"!56G7$*d’Afrique* "(* .")*

"4<2$#"!56G7$*d’Asie*V)"')*./$+"]7**

C/')*.")*D-<=600"/2*"4%"3(1*+3'<G!EE#:E#!5!*"'*36)&(&6'*:/)/."2*6'*6:)"$G"*5"-4*)6-)<

%./5")*majeurs incluant pour l’un* .")*+9KK:!*d’Afrique*"(*36-$*.’autre l")*+9KK:!*5")*EkE7*

U"* )6-)<%./5"* /0$&%/&'* #6'($"* -'"* 5&001$"'%&/(&6'* #/$9-1"* "'($"* ")3;%")* 5"* :/))"*

/.(&(-5"*d’Afrique de l’est, ")3;%")*5-*%"'($"* V.")*5"-4* )"-.")*5&3.6j5")*/-(60"$(&.")*5-*

+"'$"]* "(* 5’altitude d"* l’est et enfin .")* ")3;%")*de l’ouest et d-* %"'($"7* U/* N&+-$"* fr*

#6'($"*%"(("*3,O.6+1'&"7*Des représentations en photographies ou planches d’herbiers 

)6'(*5&)36'&:.")*36-$*.")*")3;%")*1(-5&1")*5/')*%"*($/G/&.*"'*?''"4"*f7*

*

H`2 !RaPHNJTXJKL)
*

a-$* .")* fpt* ")3;%")* 5"* +9KK:!2* +9KK:!' !E!F#<!* "(* +3' <!5:AG9E!* V3$65-&)/'(* ."* %/01*

%6''-* )6-)* ."* '6#* 5"* !6:-)(/]* )6'(* .")* 5"-4* ")3;%")* 5"* %/01&"$)* #/W6$&(/&$"#"'(*

%-.(&G1")* 36-$* ."* %/01<:6&))6'7* Aujourd’hui, la caféiculture fait vivre des millions de 

3"$)6''")* 5/')* .")* 3/O)* 5-* a-52* "436$(/("-$)2* 36-$* -'"* %6')6##/(&6'* %$6&))/'("* 5"*

%/01* 5/')* .")* 3/O)* 5-* Z6$57* L’espèce +9KK:!' !E!F#<!* ")(* #/W6$&(/&$"#"'(* %-.(&G1"2*

$"3$1)"'(/'(*"'G&$6'*sr|*5"*./*3$65-%(&6'*#6'5&/."*V,((3_yy&%676$+]7*�*./*0&'*5-*nEn;#"*

"(*51:-(*5-*nn;#"*)&;%."), l’espèce +3'"#F:E#<!'G/$'8:V:@E:#*V/-))&*/33".1"*+3':R<:"$!]*1(/&(*

%-.(&G1"* "'* ?0$&9-"* "(* "'* E'56'1)&"* V=,"G/.&"$* ftdt]7* U/* %-.(-$"* 5"* %"* %/01&"$* ($;)*

3$6ductif a été abandonnée à cause d’un champignon, ,7$!E#7='RB"!E#9#8:$2*9-&*/*51%&#1*

.")*%-.(-$")*>*3/$(&$*5"*./*0&'*5")*/''1")*ftpr*V@-&.."#/(*ftlo]7*Z1/'#6&')2*%"(("*")3;%"*

présente d’autres caractéristiques intéressantes. Ainsi, E.*"4&)("*-'"*G/$&1(1*$1)&)(/'("*>*

./* $6-&.."* 6$/'+1"*W:=#":#!'@!$6!6E#R* V`"$(,/-5*ftqo]2* 36$(/'(* ."* )"-.* .6%-)*#/W"-$*5"*

$1)&)(/'%"* /33".1* .GQ3' +3' "#F:E#<!* ")(* 56'%* -'"* ")3;%"* #/W"-$"* >* 1(-5&"$* 36-$*

l’amélioration des caféiers puisque ./*$6-&.."*")(*$")36')/:."*5"*3.-)*5"*pr|*5"*3"$("*5"*

3$65-%(&6'* .6$)* 5")* %$&)")* "'* ?#1$&9-"* ./(&'"* V%6'W6'%(&6'* 5"* %.&#/(* 0/G6$/:."* "(* 5"*

3"$("*5"*$1)&)(/'%"*5")*G/$&1(1)]7*

U")*#"'/%")*("..")*9-"*.")*3/(,6+;'")*V$6-&.."*–*W:=#":#!'@!$6!6E#R2*@6("$/*–*JB<:5!'

<#6E#<9"9E2* =600""* :"$$O* 5&)"/)"* V=`C]* –* +9"":696E#<G7=' D!G!V!:]* "(* .")* %,/'+"#"'()*

%.&#/(&9-")*"'*%6-$)*"(*>*G"'&$*V.&1")*/-*51G".633"#"'(*5")*3/(,6+;'")]*3")/'(*)-$*5"*

'6#:$"-)")*%/01&%-.(-$")2*'6(/##"'(*/-*`$1)&.*V3$"#&"$*"436$(/("-$*5"*%/012*&%676$+]*"(**
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* *

7HIJKL)*<)M)$ObTYIPZHL)SJ)ILZKL)!788932)D’après Hamon et al. 20172)U")*:$/'%,")*)6'(*%6.6$1")*)".6'*.")*
/&$")*5"*$13/$(&(&6'*+16+$/3,&9-")*5")*")3;%")*_*:."-*�*"4<Psilanthus d’Afrique et d’Asie*v*G"$(*�*?0$&9-"*5"*
l’est et du centre<")(*v*$6-+"*: Afrique de l’ouest et du centre*v*G&6."(*_*}."*8/-$&%"2*8/5/+/)%/$*"(*=6#6$")7)
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"'*=6.6#:&", font qu’il est nécessaire de #&"-4*%6''/}($"*.")*$"))6-$%")*+1'1(&9-")*5")*

%/01&"$)*et d’identifier les sources de gènes d’intérêt utiles aux programmes*5"*)1."%(&6'7*

U")*")3;%")* )/-G/+")* $"3$1)"'("'(* ./*3.-)* +$/'5"*3/$(&"*5"* %")* $"))6-$%")*+1'1(&9-")*

36("'(&".."#"'(* -(&."). L’analyse précise des génomes permet de comprendre le 

06'%(&6''"#"'(* 5"* ./* 3./'("2* .")* &'("$/%(&6')* 36("'(&"..")* "'($"* +;'")* "(* DP2* /&')&* 9-"*

l’histoire d’-'*+"'$", d’une famille7*

*

/PZYQHhJL)LX)1&'?'&)NOL])TL[)NRaPHLK[)
*

C/')* .")*5&4*5"$'&;$")*/''1")2*5")*51G".633"#"'()* )&+'&0&%/(&0)*6'(*1(1*6:("'-)*/-*

'&G"/-*+1'6#&9-"*36-$*.")*%/01&"$)2*/G"%*./*%$1/(&6'*5"*:/'9-")*`?=*V`/%("$&/.*?$(&0&%&/.*

=,$6#6)6#"]*"(* ."* )19-"'T/+"*5"*%.6'")*`?=*5ans des régions d’intérêt, 6-*"'%6$"* ."*

séquençage de banques d’expression (EST*6-*D43$"))"5*a"9-"'%"*P/+]*V36-$*$"G-"*_*5"*

R6%,S6*"(*/.7*drfr]7*

L’analyse d’un 5")*3$"#&"$)*%.6'")*`?=*5"*+3'<!5:AG9E!*a permis l’identification de 

5"-4*UP!<!P*(!5!*"(*%#@9P*/33/$("'/'(*>*./*)-3"$<0/#&.."*+9A#!7*E.)*6'(*3-*J($"*-(&.&)1)*

%6##"* #/$9-"-$)* #6.1%-./&$")* dans l’étude de caféiers sauvages (africains 

3$&'%&3/."#"'(]7* U’analyse 5-* polymorphisme d’insertion a indiq-1* 9-"* (!5!* /*

/%%6#3/+'1* ./* )31%&/(&6'2* /.6$)*9-"* l’activation plus récente de %#@9* /* /%%6#3/+'1* ./*

5&001$"'%&/(&6'*+1'1(&9-"*/-*)"&'*5"*+3'<!5:AG9E!* VK/#6'*"(*/.7*drff]*v*5&001$"'%&/(&6'*

3$1%15"##"'(* 6:)"$G1"* /G"%* 5")* #/$9-"-$)* '-%.1/&$")* !NUF* "(* aa!* V@6#"Q* "(* /.7*

drrt]7*Plus récemment encore, le polymorphisme d’insertion (REMAP) de quatre LTR<

!P* V-'* +9A#!* <H9ED* "(* ($6&)* >BA$B'–%:"'"('+0J]2* ,6#6.6+-")* "'($"* +3' <!5:AG9E!* "(* +3'

=#""96##*5"*8/5/+/)%/$2*/*1(1*/'/.O)1*36-$*#&"-4*%6#3$"'5$"*.")*.&"')*3,O.6+1'1(&9-")*

entre les espèces du complexe Millotii. Ils n’ont pas permis de résoudre l’histoire 

1G6.-(&G"* 5-* %6#3."4"* 8&..6(&&* 5/')* )6'* &'(1+$/.&(12* )-++1$/'(* 5")* &')"$(&6')*

$"./(&G"#"'(* $1%"'(")2* /3$;)* ./* )31%&/(&6'7* ="3"'5/'(2* .")* 1.1#"'()* >BA$B* 6'(* 3"$#&)*

-'"* )13/$/(&6'* +16+$/3,&9-"* "'($"* .")* ")3;%")* 5-* '6$5* "(* %"..")* 5-* )-5<")(* 5"*

Madagascar, ainsi qu’une différenciation des espèces dans chaque groupe géographique*

V!6'%/.*"(*/.7*drfg]7*

L’analyse %6#3/$/(&G"*5")*&')"$(&6')*5"*UP!<!P*5"*)19-"'%")*5"*%.6'")*`?=*&))-)*5"*

+3'<!5:AG9E!* "(* 5"*+3'!E!F#<!2* /* 51#6'($1*9-"*5")* &')"$(&6')*5"*+9A#!* )31%&0&9-")* >*+3'

!E!F#<!*)"*)"$/&"'(*3$6:/:."#"'(*3$65-&(")*W-)("*/3$;)*.’allo<(1($/3.6j5&)/(&6'*Vi-*"(*/.7*
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drff]7*C"*3.-)2* .’activité des LTR<!P*/-$/&(*3$6G69-1*5/')* ."*+1'6#"*5"*+3'!E!F#<!*5"*

#/'&;$"* 3$101$"'(&".."* l’augmentation de la taille du sous<+1'6#"* <!5:AG9E!7* =")*

$1)-.(/()* )6'(* %6'+$-"'()* /G"%* .")* 6:)"$G/(&6')* "00"%(-1")* 5/')* 5&001$"'()* +1'6#")*

/..636.O3.6j5")*VF/$&)65*"(*/.7*drfr]7*

L’analyse FISH d’un LTR<!P* >BA$B* a montré qu’il est présent dans sept espèces*

(d’Afrique de l’ouest, du centre et de l’est)*5"*%/01&"$)*Vi-O/#/*"(*/.7*drfd]7*E.*)"$/&(*56'%*

%6')"$G1*5/')* ."*)6-)<%./5"*/0$&%/&'*5-*%./5"*D-<=600"/*"(*)&(-1*"'*3/$(&%-.&"$*5/')* .")*

$1+&6')* ,1(1$6%,$6#/(&9-")7* C")* 56''1")* 5"* ($/')%$&3(&6'* "(* 5")* /'/.O)")*

%O(6+1'1(&9-")* 6'(* 3"$#&)* d’identifier 5")* 0$/+#"'()* 5"* UP!<!P* $"($6-G1)* 5/')* 5")*

($/')%$&()* 5"* +3' <!5:AG9E!2* +3'!E!F#<!* "(* +3' E!<:=9$!* V")3;%"* ")(</0$&%/&'"]2* )-++1$/'(*

qu’ils participent à la diversité des protéines dans ces espèces VU63")*"(*/.7*drrq]7*F.-)*

$1%"##"'(2* -(&.&)/'(* 3.-)* 5"* ($/')%$&()2* %"(("* 19-&3"* /* #6'($1* 9-"* ./* $1+-./(&6'* 5"*

l’expression des ET*"(*5")*+;'")*%6'("'/'(*5")*0$/+ments d’ET était différente selo'*.")*

%6'5&(&6')*5"*%-.(-$"*V'6(/##"'(*./*)1%,"$"))"]*%,"Q*+3'!E!F#<!*VU63")*"(*/.7*drfp]7**

L’obtention de la séquence du génome de +3'<!5:AG9E!*Vsfr*8:]2*:&"'*9-’&'%6#3.;("*

Vsg|* 5-* +1'6#"* )19-"'%1* "(* /))"#:.1]2* /* 3"$#&)* 5’analyser )/* %6#36)&(&6'* "'* DP*

VC"'6"-5* "(* /.7* drfl]7* =".-&<%&* "'* %6'(&"'(* "'G&$6'* gr|2* %"* 9-&* %6$$")36'5* /-4*

3$636$(&6')*$"($6-G1")*36-$*.")*+1'6#")*5"*(/&.."*#6O"''"*V3/$*"4"#3."*."*+1'6#"*5"*

./*G&+'"*Vlsg*8:]*"'*%6'(&"'(*"'G&$6'*lr|*"(*%".-&*5"*./*(6#/("*Vtgr*8:]*"'*%6'(&"'(*

or|]7*[-/$/'("<5"-4*36-$%"'(*5"*./*)19-"'%"*+1'6#&9-"*%6$$")36'5*>*5")*UP!<!P2*9-&*

%6')(&(-"'(*56'%*./*3/$(*56#&'/'("*5"*./*%6#36)&(&6'*5-*+1'6#"*5"*+3'<!5:AG9E!7**

U")*UP!<!P*)6'(*56'%*5")*6-(&.)*&#36$(/'(*5/')*."*+"'$"*+9KK:!'36-$*#&"-4*%6#3$"'5$"*

l’histoire évolutive des espèces7*="3"'5/'(2* l’étude exhaustive et plus fine des 0/#&..")*

5"* UP!<!P* ")(* '1%"))/&$"* 36-$* )1."%(&6''"$* .")* 1.1#"'()* .")* 3.-)* &'06$#/(&0)7* ="(("*

)1."%(&6'*$"9-&"$(*l’analyse *5"*)19-"'%")*+1'6#&9-")*5"*,/-("*9-/.&(1*"(*36-$*-'*+$/'5*

nombre d’")3;%")7* ?&')&2* -'"* '6-G".."* .&+'1"* 5"* $1($6($/')36)6')* '6'</-(6'6#")2* .")*

P!<@?@2*constitués d’une région codante avec les seuls gènes >!A*"(*-22*/*1(1*51%6-G"$("*

%,"Q*+3'<!5:AG9E!*"(*")(*3$1)"'("*%,"Q*5"*'6#:$"-)")*3./'(")*V=,/3/$$6*"(*/.7*drfg]7*C"*

'6#:$"-)")*/-($")*)($-%(-$")*&'15&(")*$")("'(*"'%6$"*>*51%6-G$&$*"(*>*/'/.O)"$*5/')*.")*

+1'6#")*5")*%/01&"$)7*

*

*
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=2 $KYkLX[)HZXLKZRXHYZRJV)/*:)LX)#!/!)
*

C"-4*3$6W"()*&'("$'/(&6'/-4*)6'(*&#3.&9-1)*5/')*%"*($/G/&.2*@fp*"(*?=@=7*

@1'6#")fp* V@fp]* est basé sur l’analyse des espèces sauvages de caféiers 

potentiellement utiles à l’amélioration variétale en utilisant des données Z@a* VZ"4(*

@"'"$/(&6'* a"9-"'%&'+]* "(* ./* +1'6#&9-"* %6#3/$/(&G"7* D'* "00"(2* .")* ")3;%")* )/-G/+")2*

/5/3(1")*>*5&001$"'()*#&.&"-4*"(*%6'5&(&6')*5"*51G".633"#"'(2*$"3$1)"'("'(*-'"*)6-$%"*

potentielle importante de diversité et un réservoir de gènes d’intérêt pour ./*

%/01&%-.(-$"7* B'* W"-* &'&(&/.* 5"* fp* ")3;%")y)6-)<")3;%")2* 3-&)* dl* ")3;%")2* %6#3.1(1*

$1%"#"'(* >* ot2* /* 1(1* %,6&)&* 36-$* )/* $"3$1)"'(/(&G&(1* "'* ("$#")* 5"* %./5")*

3,O.6+1'1(&9-")2* 5"* G/$&/(&6')* 5"* (/&.."* 5"* +1'6#")* "(* 5")* /5/3(/(&6')*

"'G&$6''"#"'(/.")7* L’analyse des données doit permettre d’aborder .")*

9-")(&6')*)-&G/'(")*_*./*3,O.6+1'&"*%,.6$63./)(&9-"2*./*%6#36)&(&6'*"'*+;'")*)31%&0&9-")2*

.�6$&+&'"* 5")* G/$&/(&6')* 5"* (/&.."* 5-* +1'6#"2* ./* 5O'/#&9-"* 1G6.-(&G"* 5")* 1.1#"'()*

($/')36)/:.")* "(* 5")* 1.1#"'()* '6'* %65/'()* "(* ./* 5&G"$)&(1* /..1.&9-"* +.6:/."7* ="*

%6')6$(&-#*&'("$'/(&6'/.*$"+$6-3"*fp*&')(&(-()*6-*B'&G"$)&(1)*5/')*,-&()*3/O)*36-$*ds*

%,"$%,"-$)7*

U"* )"%6'5* 3$6W"(2* 36$(1* 3/$* ."* =6')6$(&-#* 36-$* ."* )19-"'T/+"* 5-* +1'6#"* 5"* +3'

!E!F#<!* VP,"*?$/:&%/*=600""*@"'6#"*=6')6$(&-#*drfl]2* G&)"*>*3$65-&$"*-'"* )19-"'%"*

5-*+1'6#"*5"*+3'!E!F#<!*5"*($;)*,/-("*9-/.&(1*/G"%*./*("%,'6.6+&"*5")*."%(-$")* .6'+-")*

VF/)`&6]7* L’accession Et39, +3' !E!F#<!* sauvage originaire d’Éthiopie, utilisée dans ce 

projet est un dihaploïde naturel, de telle sorte que l’hétérozygotie observée concern"*.")*

5"-4*)6-)<+1'6#")*3/$"'(/-47*C/')*%"(*6:W"%(&02*+3'<!5:AG9E!*"(*+3':7I:5#9#8:$*)6'(*"-4*

/-))&*)19-"'%1)*/G"%*./*#J#"*("%,'6.6+&"*/0&'*de faciliter l’identification des deux sous<

+1'6#")*3/$"'(/-47*U"*$"<)19-"'T/+"*/55&(&6''".*5"*po*G/$&1(1)*)/-G/+")*"(*%-.(&G1")*

5"*+3'!E!F#<!* "(*5"*3.-)&"-$)*/%%"))&6')*5")*5"-4*")3;%")*5&3.6j5")*3/$"'(/.")* 5"G$/&(*

3"$#"(($"*-'"*#"&.."-$"*%6#3$1,"')&6'*5"*./*5&G"$)&0&%/(&6'*$1%"'("*5"*%"(("*")3;%"2*"(*

06-$'&$* 5")* 1.1#"'()* 9-/'(* >* l’origine +16+$/3,&9-"* 5")* 363-./(&6')* à l’origine 5"* +3'

!E!F#<!' VP,"* ?$/:&%/* =600""* @"'6#"* =6')6$(&-#* drfl]7* ="* %6')6$(&-#* &'("$'/(&6'/.*

$"+$6-3"*dg*&')(&(-()*6-*B'&G"$)&(1)*5/')*fp*3/O)*36-$*or*%,"$%,"-$)7*

*

*
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>2 $KP[LZXRXHYZ)SJ)[JkLX)SL)KLNOLKNOL)
*

U"*3$1)"'(*($/G/&.*)"*)&(-"*5/')*."*%/5$"*5")*5"-4*3$6W"()*&'("$'/(&6'/-42**?=@=*"(*

@fp* 51%$&()* /-* 3/$/+$/3,"* 3$1%15"'(* "(* ayant pour but d’étudie$*: d’une part la 

structure et l’évolution du* %/01&"$* %-.(&G1*+3'!E!F#<!* "(* )")* 5"-4* /'%J($")* 5&3.6j5")*_*+3'

<!5:AG9E!* "(*+3':7I:5#9#8:$2'd’/-($"* 3/$(* %,"$%,/'(* >* /'/.O)"$* l’évolution d")* ")3;%")*

)/-G/+")*5&3.6j5")7*L’objectif +.6:/.*5"*#")*($/G/-4*")(*5"*%6'($&:-"$*>*./*%6''/&))/'%"*

de la composition et de l’évolution des LTR<!P* chez les caféiers et d’utiliser cette 

connaissance sur les éléments transposables pour mieux comprendre l’évolution des 

")3;%")*5-*+"'$"*+9KK:!7*

L’objectif principal fixé pour #6'*($/G/&.*5"*(,;)"*1(/&(*./*%/$/%(1$&)/(&6'*0&'"*5"*5"-4*

0/#&..")*5"*UP!<!P*%,"Q*.")*%/01&"$)7*C/')*%"*:-(2*3.-)&"-$)*/33$6%,")*6'(*1(1*-(&.&)1")*

/-*%6-$)*5"*%"*($/G/&.7*

?] C/')*."*($6&)&;#"*%,/3&($"2*-'"*/'/.O)"*5"*./*%6#36)&(&6'*"'*DP*5"*ff*+1'6#")*

d’espèces sauvages )19-"'%1)*3/$*./*("%,'6.6+&"*5"*3O$6)19-"'T/+"*Vlgl]*/*1(1*

%6'5-&("* 36-$* &5"'(&0&"$* 5")* 0/#&..")* %&:.")* 3$1)"'(/'(* 36("'(&".."#"'(* 5")*

G/$&/(&6')* 5-* '6#:$"* 5"* ."-$)* %63&")7* ="* ($/G/&.* /* 1(1* 3-:.&1* 5/')* ./* $"G-"*

J9":<7"!E' >:5:6#<$' !58' >:59=#<$* "'* drfo7* ="(("* /'/.O)"* /* 1(1* %6#3.1(1"* 3/$*

l’étude détaillée des résultats de l’annotation des LTR<!P* 5-* +1'6#"* 5"* +3'

<!5:AG9E!*VC"'6"-5*"(*/.7*drfl]7*

`] C/')* ."* 9-/($&;#"* %,/3&($", nous avons abordé l’analyse détaillé"* 5"* ./* 0/#&.."*

%#@9P' 51W>* &5"'(&0&1"* "(* -(&.&)1"* %6##"* #/$9-"-$* #6.1%-./&$"* "'* drff7* Z6-)*

3$1)"'(6')*./*%/$/%(1$&)/(&6'*5"*%#@9*"(*5"*./*.&+'1"*4#!5<!*3"-*1(-5&1"*>*%"*W6-$2*

>* ./9-".."* %"(* 1.1#"'(* /33/$(&"'(7* F$60&(/'(* 5"* ./* 5&)36'&:&.&(1* 5")* )19-"'%")*

+1'6#&9-")* 5"*+3'!E!F#<!* "(* 5"* )")* 5"-4* /'%J($")* 5&3.6j5")2*+3'<!5:AG9E!* "(*+3'

:7I:5#9#8:$' V%6')6$(&-#* ?=@=], l’/%(&G&(1* 5"* %#@9* "(* )/* %6'($&:-(&6'* >* ./*

composition et à l’évolution des génomes diploj5")* "(* /..6("($/3.6j5"* 6'(* 1(1*

1(-5&1")7*="*($/G/&.*/*1(1*3-:.&1*5/')*./*$"G-"*J9":<7"!E'>:5:6#<$'!58'>:59=#<$*"'*

drfs7*

=] U"* %&'9-&;#"* %,/3&($"* ($/&("* 5"* ./* %/$/%(1$&)/(&6'* 5"* ./* .&+'1"* ./0&* 5/')* .")*

+1'6#")*5"*+3'!E!F#<!P'+3'<!5:AG9E!*"(*+3':7I:5#9#8:$3'="*($/G/&.*")(*3$1)"'(1*)6-)*

./*06$#"*d’un article en anglais*9-&*56&(*J($"*($;)*3$6%,/&'"#"'(*)6-#&)7**
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C] C/')* ."* )&4&;#"* chapitre, nous abordons l’analyse de la distribution de trois 

familles d’éléments ./0&*5/')*dl*+1'6#")*d’espèces sauvages séquencé)*3/$* ./*

("%,'6.6+&"* E..-#&'/* "(* 3/$* -'"* /33$6%,"* 3,O.6+1'1(&9-"7* ="(("* /'/.O)"* ("'("*

d’approfondir les observations et les hO36(,;)")*1#&)")*.6$)*5-*%,/3&($"*p*5"*%"*

3$1)"'(*56%-#"'(7*Ce travail est présenté sous la forme d’un article en anglais*

($;)*3$6%,/&'"#"'(*)6-#&)7**

D] U/* 5&)%-))&6'* "(* ./* %6'%.-)&6'* 0&'/.")* ("'("'(* de synthétiser l’ensemble des 

$1)-.(/()*"(*."-$*%6'($&:-(&6'*>*./*%6''/&))/'%"*5")*DP*et l’évolution des espèces 

5-*+"'$"*+9KK:!7*

Plusieurs séquences génomiques sont disponibles pour l’étude des caféiers*_*

< 5")*+1'6#")*5"*ff*")3;%")*5"*%/01&"$)*%-.(&G1")*V+3'!E!F#<!*"(*+3'<!5:AG9E!*–*

($6&)*/%%"))&6')]*"(*)/-G/+")*)19-"'%1")*/G"%*./*("%,'6.6+&"*lgl**

< ."* +1'6#"* 5"* +3' <!5:AG9E!* V,/3.6j5"* 56-:."* KC<drr]2* /&')&* 9-"*

l’identification de novo et l’annotation des ET disponible et visualisable sur le 

)&("*5-*+1'6#"*5"*+3'<!5:AG9E!*V,((3_yy%600""<+"'6#"76$+]7*

< P$6&)*+1'6#")*)19-"'%1)*/G"%*./*("%,'6.6+&"*F/%`&6*V!,6/5)*/'5*?-*drfg]*_*

+3' !E!F#<!* V/%%"))&6'* DPpt2* )/-G/+"* 5&<haploïde d’Ethiopie) et s")*

3$6+1'&("-$)* +3'<!5:AG9E!* VKC<drr]* "(* +3':7I:5#9#8:$* V`B<A d’Ouganda). Ils 

sont en cours d’annotation grâce au consortium ACGC VP,"* ?$/:&%/* =600""*

@"'6#"*=6')6$(&-#*drfl]7*

< dl* +1'6#")* )19-"'%1)* "'* E..-#&'/* 5"* dl* ")3;%")y)6-)<")3;%")* 5"* %/01&"$)*

5&3.6j5")*$"3$1)"'(/(&G")*5")*+$6-3")*:6(/'&9-")*"(*+16+$/3,&9-")2*/&')&*9-"*

5")*G/$&/(&6')*5"*(/&.."*5"*+1'6#")*6:)"$G1")*5/')*."*+"'$"*+9KK:!*VF$6W"(*@fp2*

%6##-'&%/(&6'*6$/."*F?@*drfg]7*

 

U"*P/:."/-*f*3$1)"'("*.")*")3;%")*36-$*.")9-"..")*5")*56''1")*5"*)19-"'T/+"*)6'(*

5&)36'&:.")*"(*5/')*9-"..")*1(-5")*"..")*6'(*1(1*-(&.&)1")7 
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!spè"# $%&' (&)#*+#*sé,-#.ça/# 0123"4#*565 0123"4#!"#$% 0123"4#*&'()*7 0123"4#*&'()*8

*+!,-./01%2- 9é):*;:*+-*<=./= 565>*?44-@3.%>*$%"A3= B B B B

*+!,-./01%2- C-3.é# 565 B

*+!,-./01%2- D-/%.+% 565>*?44-@3.% B B B

*+!-2-3#,- "-423Eé 565 B

*+!-2-3#,- !2F3=)3# 565>*$%"A3= B B B

*+!/45/.#%#6/7 G#.&% 565>*?44-@3.% B B B

*+!/45/.#%#6/7 D-/%.+% 565>*$%"A3= B B B

*+!./%8/2%9#!H#BI

:7#8-.;147!./%8/2%9#J
'-+*+-*K=-+%. ?44-@3.% B

*+!/32-,;/%8-;-*H#BI:+!

/32-,;/8-;47J
<ô2#*+L?E=31# ?44-@3.% B

*+!<-..##*H#BI:+!

<-..##J
<%@#1=-. ?44-@3.% B

*+!</8-.%,-20-!H#BI:+!

</8-.%,-2047J
0./=4% ?44-@3.% B

*+!</254/.7#7!H#BI:+!

</254/.7#7J
(F%ï4%.+# ?44-@3.% B

*+!1%27/=#/86#-.-*H#BI:+!

1%27/=#/86#-.47J
?.+=.é'3# 565>*?44-@3.% B B

*+!3/.51-8/.7#7!E%1:!

3/.51-8/.7#7!H#BI:+!

3/.51-8/.7#7J

?.+# ?44-@3.% B

*+!3/.51-8/.7#7!E%1:!

3-3-346-.##!H#BI:+!

3-3-346-.##J

?.+# ?44-@3.% B

*+!32-77##!H#BI:+!

32-77##J
0-'21%43# ?44-@3.% B

*+!21-<.#=%8#- M=N%@O3,-# ?44-@3.% B

*+!,1-22#/2#-.- <%@#1=-. 565>*?44-@3.% B B

*+!07/46%>-.54/3-2#-/ G#.&% 565>*?44-@3.% B B

*+!2-,/<%7- M=N%@O3,-# 565>*?44-@3.% B B

*+!<4=#.6#/.7#7 (%.N%.3# ?44-@3.% B

*+!1/;/2%,-89? <%@#1=-. 565 B B

*+!7;/.%01988- <ô2#*+L?E=31# ?44-@3.% B

*+!8#3/2#,- <ô2#*+L?E=31# ?44-@3.% B

*+!14<#8#7 <ô2#*+L?E=31# ?44-@3.% B

*+!@-0-@-;- 0./=4% ?44-@3.% B

*+!<-,2%,-20- Î4#*M%-13"# ?44-@3.% B

*+!14<38%;#-.- <=@=1#' 565>*?44-@3.% B B

*+!;/;2-5%.- M%+%/%'"%1 565>*?44-@3.% B B
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At the opposite, for the insular species (Mascarocoffea), a 

strong variation of LTR-RT was observed suggesting dif-

ferential dynamics of these elements in this group. Two 

LTR-RT lineages, SIRE and Del were clearly differentially 

accumulated between African and insular species, suggest-

ing these lineages were associated to the genome diver-

gence of Coffea species in Africa. Altogether, the informa-

tion obtained in this study improves our knowledge and 

brings new data on the composition, the evolution and the 

divergence of wild Coffea genomes.

Keywords LTR retrotransposons · Partial genome 

sequencing · Coffea · Genome size · Geographic divergence

Introduction

Repetitive sequences are major components of plant 

genomes. Transposable elements (TEs), constituting the 

mobile part of the genomes, are divided into two main 

classes (Class I and Class II) according to their mode of 

transposition. They are hierarchically classified into orders, 

super-families, lineages, families and individuals within 

each class (Wicker and Keller 2007; Wicker et al. 2007). 

Class I elements known as retrotransposons, transpose via 

an RNA intermediate without movement of the master 

copy. This ‘copy-and-paste’ mechanism can theoretically 

lead to a rapid increase of the frequency of the original 

copy. Class II, or transposons move following a ‘cut-and-

paste’ mechanism or through DNA replication, resulting 

to low or moderate new inserted copies. Plant retrotrans-

posons include two major orders: Long Tandem Repeat 

retrotransposons (LTR-RT) and non-LTR retrotransposons. 

The first ones include two super-families: Copia and Gypsy 

that differ mainly in their coding region organization and 

Abstract The Coffea genus, 124 described species, has a 

natural distribution spreading from inter-tropical Africa, 

to Western Indian Ocean Islands, India, Asia and up to 

Australasia. Two cultivated species, C. arabica and C. 

canephora, are intensively studied while, the breeding 

potential and the genome composition of all the wild spe-

cies remained poorly uncharacterized. Here, we report the 

characterization and comparison of the highly repeated 

transposable elements content of 11 Coffea species repre-

sentatives of the natural biogeographic distribution. A total 

of 994 Mb from 454 reads were produced with a genome 

coverage ranging between 3.2 and 15.7 %. The analyses 

showed that highly repeated transposable elements, mainly 

LTR retrotransposons (LTR-RT), represent between 32 and 

53 % of Coffea genomes depending on their biogeographic 

location and genome size. Species from West and Central 

Africa (Eucoffea) contained the highest LTR-RT content 

but with no strong variation relative to their genome size. 
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are composed of ancient conserved evolutionary lineages in 

plants (Wicker and Keller 2007). The second ones includes 

long and short interspersed nuclear element, LINE and 

SINE, respectively (Kumar and Bennetzen 1999; Wicker 

et al. 2007).

During the last 10 years, the accumulation of genomic 

sequencing data (Michael and Jackson 2013) indicated that 

TEs are the major component of plant genomes and that 

their accumulation could be correlated with the genome 

sizes (Ibarra-Laclette et al. 2013; Kumar and Bennetzen 

1999; Lisch 2013). LTR-RTs are the most redundant ele-

ments and in extreme cases, they can represent up to 80 % 

of plant genome sequences, suggesting that their propaga-

tion mechanisms are directly responsible of the genome 

size increase (SanMiguel et al. 1998; Schulman et al. 2004; 

Bennetzen et al. 2005; Hawkins et al. 2006; Dvořák 2009). 

Sometimes the propagation mechanisms induce a rapid 

accumulation, called a “burst”, of a few number of LTR-

RT families as demonstrated in the wild rice Oryza aus-

traliensis (Piegu et al. 2006). At the opposite, in maize, the 

accumulation of LTR-RT families was probably gradual, 

but leading to a considerable genome size increase when 

compared to the sorghum or the rice genome. However, a 

correlation between genome size variations and LTR-RT 

copy numbers was not established for the Zea genus (Mey-

ers et al. 2001), suggesting that the proliferation mecha-

nism of a few LTR-RT families per se cannot explain all 

genome size variations in plants. The host genome controls 

the level of transposition of LTR-RTs through epigenetic 

mechanisms (Bucher et al. 2012; Ito 2013; Ito and Kaku-

tani 2014) This control might be reduced under abiotic 

stresses (Todorovska 2007; Alzohairy et al. 2014; Kinoshita 

and Seki 2014), leading to an increase of transposition and 

suggesting that LRT-RT play a role in the genome adapta-

tion facing environmental changes (Casacuberta and Gon-

zalez 2013). However, so far no correlation was established 

between plant genome size and their habitat or phenotypic 

and life traits (Eilam et al. 2007; Knight and Beaulieu 

2008; Slovak et al. 2009; Dušková et al. 2010).

Next generation sequencing technologies provided pow-

erful tools to identify and characterize the repetitive frac-

tion of genomes even in large genomes such as wheat, bar-

ley or pea (Macas et al. 2007; Wicker et al. 2009). For these 

authors, an important advantage of the NGS sequencing 

lies in the limited bias obtained for the production of the 

sequences. Low-depth sequencing was effective in identify-

ing the most highly repeated sequences and in estimating 

their copy numbers in the pea genome (Swaminathan et al. 

2007), banana genome (Hribova et al. 2010) and in vesper 

bats (Pagan et al. 2012) and to study genome evolution at a 

genus or a family scale (Nystedt et al. 2013). It also allows 

identifying TEs insertion polymorphism accompanying 

clonal variation in grape (Carrier et al. 2012). The uneven 

distribution of TEs between wheat and barley (Wicker et al. 

2009), the genome size variation in the allotetraploid spe-

cies Nicotiana tabaccum, (Renny-Byfield et al. 2011) as 

well the composition and abundance of highly repeated 

TEs in ten Triticeae taxa (Middleton et al. 2013) were also 

studied via a 454 pyrosequencing genomic survey.

Ranked fourth among angiosperms, the young Rubi-

aceae family [90.4 My divergence time, (Bremer and Eriks-

son 2009)] comprises ca. 600 genera and ca. 13,600 spe-

cies. This family includes herbs, shrubs and trees growing 

naturally in overly diverse habitats (from desert to tropical 

sempervirente forests via temperate areas), altitudes (from 

sea level to over 2500 m) and soils. In this plant family, 

diploids are the most common and share the same basic 

chromosome number [x = 11 (Kiehn 1995)]. The Coffea 

genus, member of Rubiaceae, is the most known genus due 

to its major socio-economic importance worldwide (pro-

ducers in Southern countries and consumers in Northern 

countries). Accounting for 124 described species, all dip-

loids with 2n = 2x = 22 but C. arabica (allotetraploid), the 

natural distribution in inter-tropical forests of Africa and 

of Western Indian Ocean Islands was recently extended to 

India, Asia and Australasia (Davis et al. 2011). The recent 

sequencing of C. canephora (also called Robusta) genome 

showed that no whole genome duplication has occurred 

after the Asterid clade divergence, some 110 My ago 

(Denoeud et al. 2014). Moreover, comparative mapping 

between two divergent African genomes: C. canephora and 

C. pseudozanguebariae did not reveal any major chromo-

somal rearrangements (unpublished data). Despite struc-

tural conservations, a notable variation of genome sizes is 

observed among Coffea species. This variation ranges from 

469 to 900 Mb with a general pattern of increasing genome 

sizes from East to West in Africa (Noirot et al. 2003) and 

from North to South-East in Madagascar (Razafinarivo 

et al. 2012), suggesting a gradual accumulation of nuclear 

DNA, under speciation and adaptive processes of the spe-

cies. Recently, the C. canephora genome sequencing 

allowed the computational identification of TEs (Denoeud 

et al. 2014). They represent more than half of the available 

genome sequence, and among them, LTR-RTs are the most 

frequent order of elements (42 % of the genome). However, 

outside the C. canephora genome, no wide survey of TE 

composition has been conducted in the Coffea genus.

Here, we used a 454 sequencing survey of one tetraploid 

and ten diploid species representative of the botanical and 

geographical diversity of the genus Coffea to study and 

compare the composition and abundance of highly repeated 

transposable elements in their genomes. Using a genome 

coverage ranging from 3.2 to 15.7 %, the analysis of LTR-

RT composition and dynamics shows a clear difference 

between African and insular Coffea species, suggesting an 

ancient divergence. Contrary to previous hypotheses and 
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generally admitted idea, our results suggest that the Coffea 

species from Western Indian Ocean Islands and from Asia 

have diverged independently from their continental coun-

terparts. Furthermore, no strong activation of LTR-RTs was 

obvious in any species, whatever their genome size, sug-

gesting that other molecular mechanisms or general but 

limited variation in TE copy numbers are associated to 

genome size increases in the Coffea genus.

Materials and methods

DNA isolation and 454 sequencing

Leaves from Madagascan and Comorian species were 

obtained from the Kianjavato Coffee Research Station 

(KCRS) in Madagascar. The African species were sampled 

from the Coffea collection maintained at IRD (Montpel-

lier, France) or Nestlé R&D (Tours, France) greenhouses. 

The studied species belong to Chevalier’s (Chevalier 1942) 

botanical sections, i.e., Eucoffea (West and Central African 

species), Mozambicoffea (East African species), Masca-

rocoffea (species from the Western Indian Ocean Islands) 

and Paracoffea (species belonging to Psilanthus sub-

genus Afrocoffea). In total, we used seven Eucoffea, two 

Mozambicoffea, three Mascarocoffea and one Paracoffea 

accessions. Information on the accessions used, their origin 

and other used data are given in Table 1.

DNA was isolated from fresh or dried leaves using 

Qiagen DNeasy Plant Mini extraction kits following the 

manufacturer protocol. Quantity and quality of DNA was 

measured using a Nanodrop (ND-1000). The libraries con-

struction and Next Generation sequencing were performed 

at Nestlé R&D laboratory (Tours, France) according to the 

Roche/454 Life Sciences Sequencing Method using one 

Roche 454 GS Junior plate per accession. Data were sub-

mitted to GenBank, BioProject PRJNA242989. General 

information on 454-pyrosequencing is available in Table 1.

Sequences analyses

Quality of 454 reads was checked using FASTQC (http://

www.bioinformatics.babraham.ac.uk/projects/fastqc/) and 

cleaned using Prinseq v0.20.4 (Schmieder and Edwards 

2011).

BLASTX searches (minimum e-value 10e−4) were 

first carried out on 454-reads against the RepBase amino 

acid sequence dataset (Kohany et al. 2006; Jurka et al. 

2005)—http://www.girinst.org/repbase/). BLASTN were 

carried out against Coffea coding sequence (CDS, http://

coffee-genome.org), the C. arabica chloroplast genome 

(EF044213) and rRNA sequence (X52320 and AY083685) 

Table 1  454 sequencing data for 11 Coffea Species

Botanical groups (Group) are those from Chevalier (1942) with EUC Eucoffea (species from West and Central Africa), MOZ Mozambicoffea 

(East Africa), MAS Mascarocoffea (species from Western Indian Ocean Islands), PSI Paracoffea
a The Eucoffea classification for C. charrieriana was not established by Chevalier since the species was recently described by Stoffelen et al. 

(2008). Therefore, its classification was assumed according to its geographical origin. Genome sizes are from Noirot et al. (2003) and Razafina-

rivo et al. (2012). The genome coverage is given in %

Species Accession Country of origin Group No. of 454 reads Total (bp) Mean size (bp) Coverage (%) Genome size (Mb)

C. arabica ET39 Ethiopia EUC 93,194 41,643,904 446 3.2 1300

C. arabica ET39 Ethiopia EUC 112,615 51,892,121 460 3.9 1300

C. arabica ET39 Ethiopia EUC 140,976 61,729,478 437 4,7 1300

C. canephora IF410 Ivory Coast EUC 186,138 85,292,671 458 12.2 700

C. canephora DH200-94 D. Republic 

Congo

EUC 98,017 43,037,451 439 6.1 700

C. canephora BUD15 Uganda EUC 140,120 64,290,611 458 9.2 700

C. charrieriana OA22 Cameroon EUCa 136,518 57,405,992 420 7.9 723

C. eugenioides OUG14 Uganda EUC 186,449 85,961,094 461 13.3 645

C. eugenioides DA56 Kenya EUC 91,834 39,993,235 435 6.2 645

C. heterocalyx JC65 Cameroon EUC 123,119 45,633,337 370 5.2 863

C. pseudozangue-

bariae

8107 Kenya MOZ 215,117 91,733,301 426 15.5 593

C. racemosa IA56 Mozambique MOZ 173,803 79,199,218 455 15.7 506

C. tetragona A.252 Madagascar MAS 147,430 68,881,825 467 13.4 513

C. dolichophylla A.206 Madagascar MAS 147,758 70,632,674 478 10.4 682

C. humblotiana A.230 Comoros MAS 141,834 62,465,685 440 10.4 469

C. horsfieldiana HOR Indonesia PSI 104,605 44,610,588 426 7.5 593
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with a minimum e-value of 10e−6. BLASTN analyses 

were also performed against the C. canephora repeat 

database built with REPET (https://urgi.versailles.inra.

fr/Tools/REPET) with an e-value of 10e−20. The goal 

was to identify the major TE classes, super-families and 

lineages reported until today at different scales (amino 

acid and nucleotide) and to obtain their proportion in the 

investigated genomes. Given the importance of the Class 

I/LTR-RT in all genomes, BLASTN similarity searches 

were conducted between 454 reads and a dataset of LTR 

retrotransposons consensus sequences from C. canephora 

classified according to their Reverse Transcriptase (RT) 

amino acid similarities (available at the Gypsy Database 

2.0). 454 sequences showing similarities with RT domains 

were classified by phylogenetic analyses. Identified RT 

domains from 454 datasets were extracted from the nucle-

otide sequences and translated into amino acids. Amino 

acid sequences (with a minimum of 150 residues) were 

aligned (ClustalW) to construct a bootstrapped neighbor-

joining tree, edited with FigTree (http://tree.bio.ed.ac.uk/

software/figtree/).

Detailed annotation of the SIRE lineage (Copia) was 

performed using LTRFinder (http://tlife.fudan.edu.cn/ltr 

finder/, (Xu and Wang 2007). LTR domain sequences were 

aligned with MUSCLE to build a consensus 100 bootstraps 

neighbor-joining phylogenetic tree with ClustalW. Com-

plete SIRE elements were annotated with Artemis (Ruther-

ford et al. 2000) and used as references. Structural incon-

gruities (InDels and rearrangements) were searched using 

graphic alignments (dot-plot, (Sonnhammer and Durbin 

1995).

The copy number of SIRE in 454 dataset was estimated 

as described in (Chaparro et al. 2015) and (Dias et al. 

2015). BLASTN searches were carried out with full-length 

SIRE elements found in the C. canephora genome. Reads 

with more than 90 % of nucleotide identity with the refer-

ence sequence over a minimum 90 % of the read lengths 

were considered as potential fragments of the element. 

Cumulative lengths of aligned reads were used to extrap-

olate the contribution of the element to each genome size 

investigated. For each element family, the potential number 

of full-length copies is estimated by the division of the esti-

mated size of total members of the element in the genome 

by the reference sequence length.

De novo detection of repeated sequences

De novo detection of repeated sequences was carried out 

using RepeatScout (http://bix.ucsd.edu/repeatscout/ (Price 

et al. 2005)) on 454 sequences for each species. The librar-

ies of repeated sequences were used to mask each 454 

dataset using RepeatMasker (http://www.repeatmasker.

org). Repetitions were then filtered out according to their 

minimum redundancy in 454 dataset as follow: 20, 100, 

500 and 1000 repetitions.

Searches for microsatellites

Microsatellites were detected on 454 sequences using the 

MicroSAtellite identification tools (http://pgrc.ipk-gatersle-

ben.de/misa/). The unit size of repetition ranged from 1 to 

20 and the number repeated units ranged from 1 to 10.

PCR amplification on Coffea DNA

Primers were designed on three full-length SIRE annotated 

in this analysis (called 36-863, 3-942 and 6-1571) on ENV 

and LTR domains using Primer3 (http://primer3.ut.ee) 

(Supplemental data 1A). PCR amplifications were per-

formed in a final volume of 20 µL using the GoTaq DNA 

polymerase from Promega, according to the manufacturer 

recommendations: 0.5 ml of dNTP (10 nM), 1 ml of each 

primer (10 mM), 0.2 U of Taq polymerase (GoTaq, Pro-

mega) and 20 ng of DNA matrix. We used the following 

PCR amplification cycle: 98 °C 2 min.; three steps (98 °C 

30 s, 55 °C 30 s, 72 °C 30 s) repeated 35 times followed by 

a final elongation step (72 °C 5 min). The DNA samples, 

representative of the biogeographic Coffea groups, (Sup-

plemental data 1B) are those used in (Razafinarivo et al. 

2013).

Results

454 sequencing in Coffea: run reproducibility 

and characterization of genomes composition

The 454 junior runs were produced for 10 Coffea diploid 

and one tetraploid species. Three independent runs for the 

same accession (ET39) of the tetraploid species, C. ara-

bica, were carried out to check the reproducibility of the 

runs. In addition, for two diploid species, C. canephora 

and C. eugenioides, three (BUD15, HD200 and IF410) and 

two (DA56 and OUG14) accessions were, respectively, 

sequenced. The 454 sequencing produced a genome cov-

erage ranging from 3.2 to 4.7 % for C. arabica and from 

5.2 to 15.7 % for all the diploid species (Table 1). In total, 

more than 2.2 millions reads, accounting for 994 Mb, were 

produced and analyzed in this study. The three C. arabica 

replicates gave similar results showing the good reproduc-

ibility of the sequencing and enabling to have confidence in 

the results presented here.

Using BLASTN (CDS, chloroplast genome, rDNA) and 

BLASTX (transposable elements) we found that protein-

coding genes represented between 11 % (C. heterocalyx) 

and 18 % (C. canephora acc. DH200-94) of the obtained 
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data (Fig. 1). A similar percentage to that of C. canephora 

was found for the three C. arabica replicates (17 %). How-

ever, the proportion of identified chloroplast sequences 

between species varies between 0.14 % (C. arabica) and 

7 % (C. pseudozanguebariae). Five species showed a per-

centage of chloroplast sequences larger than 2 % (Fig. 1). 
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C. canephora (IF410) C. canephora (DH)

71,1 %

1,5 % 0,3 %

14,7 %

1,3 %

11,0 %

C. canephora (BUD15)

70,8 %

4,0 %
0,4 %

11,7 %

1,0 %
12,0 %

C. charrieriana

68,3 %
1,6 %

0,4 %

16,5 %

1,4 %

11,8 %

C. eugenioides (DA56)

69,0 %
0,2 %

0,7 %

16,4 %

1,3 %
12,5 %

C. eugenioides (OUG14)

74,1 %

1,9 %
0,7 %

11,5 %

0,9 %

11,0 %

C. heterocalyx

63,3 % 6,9 % 0,8 %

16,6 %

1,4 %
11,0 %

C. pseudozanguebariae

66,4 % 3,2 %
0,8 %

17,2 %

1,5 %

10,9 %

C. racemosa

69,8 %

0,3 %
0,7 %

16,6 %

1,4 %

11,3 %

66,9 % 0,2 %

0,8 %

17,4 %

1,5 %
13,2 %

C. tetragona C. dolichophylla

73,6 %

0,4 %0,6 %

15,1 %

1,1 %

9,2 %

C. humblotiana

69,0 %

4,8 %
0,8 %

12,8 %

1,3 %

11,3 %

Class I Class II CDS rDNA Chloroplast

(593)(469)(689)(513)

(506)(593)(863)(723)

(700) (700) (700) (645)

(645)(1300)(1300)(1300)

Fig. 1  Composition of 454 reads for 11 Coffea species and 14 acces-

sions. Class I and Class II are known transposable element coding 

regions, CDS cellular coding regions, rDNAs ribosomal DNA genes. 

Name and accession of species were indicated with their respective 

genome size indicated into brackets (in Mb)
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Chloroplast DNA presence may be attributed to the fact 

that total DNA was extracted for the sequencing and not 

just the nuclear fraction as in (Carrier et al. 2011) or to dif-

ferent amount of chloroplast DNA inserted into the nuclear 

genomes according to the studied taxa, such insertions have 

been observed in the sequenced C. canephora genome 

(Denoeud et al. 2014). Recognizable coding sequences 

from transposable elements represented a significant pro-

portion ranging from 10 % for C. humblotiana, the smallest 

genome [469 Mb, (Razafinarivo et al. 2012)] to 14 % for C. 

dolichophylla, an average size genome (689 Mb). Interest-

ingly, the genome of C. heterocalyx [the biggest one with 

863 Mb, (Noirot et al. 2003)] was containing 12 % of trans-

posable element coding genes.

For C. canephora, a similar TE coding sequences pro-

portion (Class I and Class II) was found for the three acces-

sions analyzed (BUD15, IF410 and DH200-94) originating 

from three different geographical areas (respectively, 12.3, 

12.8 and 13.7 %). For all the species, most of the identified 

coding sequences of transposable elements felled into the 

Class I, as found for the C. canephora genome sequence 

(Denoeud et al. 2014).

To further investigate the composition of repeated 

sequences in Coffea species, we used as reference the C. 

canephora database of consensus transposable elements 

that was constructed de novo and annotated using the 

REPET programs. The C. canephora database is composed 

of 4051 consensus sequences for which 1536 and 2023 

belonged to the LTR retrotransposons and non-autonomous 

LTR retrotransposons, respectively. Using this dataset, 

the proportion of LTR retrotransposons in the 454 reads 

reached 32 % for C. humblotiana and 53 % for C. hetero-

calyx (Supplemental data 2). Interestingly, the amount of 

454 reads similar to C. canephora LTR retrotransposon 

consensus sequences was very similar for Eucoffea spe-

cies whatever their genome size (C. arabica: 50–51 %, C. 

eugenioides: 48–50 %, C. canephora: 49–52 %, C. charrie-

riana: 48 % and C. heterocalyx: 53 %), while a clear lower 

amount was observed for the Mozambicoffea species (C. 

pseudozanguebariae: 37 %, C. racemosa: 39 %), for Mas-

carocoffea species (C. tetragona: 36 %, C. dolichophylla: 

40 %, and C. humblotiana: 32 %) and for Asian Paracoffea 

(C. horsfieldiana: 34 %). These variations between Eucof-

fea and the three other botanical groups (Mozambicoffea, 

Mascarocoffea and Paracoffea), appeared independent from 

the genomes size, at the exception of C. humblotiana that 

showed both the smallest genome (469 Mb) and the low-

est percentage of 454 reads containing sequences similar 

to C. canephora LTR retrotransposons (32 %). Such varia-

tion could be attributed to the nucleotide divergence of LTR 

retrotransposons between Eucoffea and the other botanical 

groups since the nucleotide database of LTR retrotranspo-

sons used as reference was established from C. canephora 

(Eucoffea). Altogether our data suggest a noticeable varia-

tion of the quantitative LTR-RT content in Coffea species 

genomes.

Abundance of LTR-retrotransposon lineages and their 

contribution to genome size

To further investigate the quantitative variation of LTR-

retrotransposon content, we first classified the REPET con-

sensus sequences into Copia and Gypsy super-families and, 

thus, into lineages (Bianca, Oryco, Retrofit, Sire, Tork for 

Copia and Athila, CRM, Del, Galadriel, Reina and TAT for 

Gypsy (Llorens et al. 2009), according to their similarities 

to reverse transcriptase (RT) reference domains. In total, 

LTR-retrotransposon consensus sequences were assigned 

to 877 families containing RT domains, for which 352 and 

525 belong to Copia and Gypsy, respectively. These 877 

families belong to all the different LTR-retrotransposon lin-

eages previously discovered in other plant genomes. Using 

this dataset, all the Coffea species analyzed were found to 

contain a Gypsy/Copia ratio ranging from 2.6 to 4.6, sug-

gesting that Gypsy represented the most abundant LTR-ret-

rotransposon super-family in Coffea species, as previously 

found in C. canephora (Denoeud et al. 2014; Dereeper 

et al. 2013). The overall proportion of Copia and Gypsy 

varied greatly according to Chevalier’s botanical classi-

fication and increased from Eucoffea to Mascarocoffea 

(Supplemental data 3). These variations were not notice-

able when the 454 reads were translated (using BLASTX 

analysis against RepBase). Interestingly the Gypsy/Copia 

ratio was clearly heterogeneous among Mascarocoffea spe-

cies. Indeed the proportion of different lineages also varied 

according to the botanical classification (Fig. 2). Two lin-

eages, SIRE from Copia and Del from Gypsy appeared to 

differ strongly in the 454 reads between Eucoffea, Mozam-

bicoffea, Mascarocoffea and Paracoffea. In Eucoffea, the 

SIRE lineage is present in 4.5–5.1 % of the 454 reads (iden-

tified with BLASTN, value 10e−20), at the exception of C. 

charrieriana for which 3.2 % of reads contained this line-

age. Mozambicoffea species contained a lower percentage 

of SIRE, with 2.1 and 2.2 % for C. pseudozamguebariae 

and C. racemosa, while SIRE sequences were very rare in 

Mascarocoffea species and Paracoffea (between 1.1 and 

1.5 %). Another important variation between botanical 

groups is observed for the Del fraction; going from 16.2 to 

14 % in Eucoffea, 10.7 to 11.6 % in Mozambicoffea, 7.3 

to 9.9 % in Mascarocoffea and 7.2 % in Paracoffea (Fig. 2; 

Supplemental data 4). Here also, the lowest percentage in 

Eucoffea is observed for C. charrieriana (13.1 %), con-

trasting with the other species of this botanical group. 

The pattern of LTR retrotransposon identified in C. char-

rieriana, suggests that this species differs from all the other 

Eucoffea species studied here.



Mol Genet Genomics 

1 3

Interestingly, no clear relationship was found between 

the abundance of LTR retrotransposon super-families or 

lineages and, the genome size variation. However, there is 

a clear relationship between the abundance of detected ele-

ments and the botanical classification of the Coffea species.

De novo detection of repeated sequences in Coffea

As no clear relationship could be established between the 

presence of LTR retrotransposons and the genome size 

variation in Coffea genomes, another type of repeated 

sequences should be involved. For this, we estimated the 

global number of repeated sequences (excluding micro-

satellite sequences) presenting more than 20, 100, 500 and 

1000 repeats and their proportion in each dataset (Supple-

mental data 5). Repeated sequences with a minimum of 

20 copies represented between 54.4 (C. heterocalyx) and 

45.6 % (C. canephora) of reads for Eucoffea, 46.3 and 

41.8 % for Mozambicoffea, 43.4–33.3 % (C. humblotiana) 

for Mascarocoffea and 44.1 % for Paracoffea. A similar 

pattern was observed for repeated sequences with more 

than 100, 500 and 1000 copies. C. heterocalyx (863 Mb) 

and C. canephora (IF410; 700 Mb) are the two samples 

with the highest proportion of repeated sequences, while C. 

humblotiana, the smallest genome, has the lower number 

of repetitions. Among Mascarocoffea, this percentage dif-

fers considerably between C. humblotiana (469 Mb) and C. 

dolichophyla (682 Mb). Interestingly, some species appears 

enriched with highly repeated sequences (>500 and >1000 

copies), such as C. heterocalyx (10.8 % of sequences were 

repeated more than 500 times), while C. humblotiana 

and C. horsfieldiana contained very few highly repeated 

sequences (Supplemental data 5).

Microsatellites and genome size variation

Different types of microsatellites were identified and their 

cumulative length was represented on a histogram (Sup-

plemental data 6). No large variation of the microsatellite 

content was observed among the species analyzed. Indeed, 
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the amount of microsatellite is higher in C. arabica, which 

is the allotetraploid species, but for the diploid species it 

doesn’t show any variation corresponding to the genome 

size, whatever the size of the microsatellite motif (Supple-

mental data 7).

The SIRE LTR retrotransposon lineage and Coffea 

geographic distribution

As LTR retrotransposons represented a significant but vari-

able part of Coffea genomes, we assess their relationships 

from phylogenetic analysis based on their RT domains at 

the amino acid level. The tree obtained using 2,325 RT 

domains (with a minimum length of 150 amino acids) 

(Supplemental data 8) shows clearly an organization into 

lineages between the two super-families Gypsy and Copia. 

For each lineage, it was possible to observe a combination 

of RT domains from different botanical groups (Eucoffea, 

Mozambicoffea, Mascarocoffea and Paracoffea). How-

ever, one lineage named SIRE, showed a specific pattern 

with an over-representation of RT sequences from Eucoffea 

and Mozambicoffea and, very few from Mascarocoffea and 

Paracoffea. From the 263 RT belonging to the SIRE line-

age, five belong to the Indonesian Paracoffea species, and 

21, 49 and 188 belong to Mascarocoffea, Mozambicoffea 

and Eucoffea, respectively. This observation suggests a dif-

ferent dynamics of SIRE elements depending on the botan-

ical group of the species. An in-depth study of this lineage 

was performed to confirm our observations.

SIRE LTR retrotransposons were identified, annotated 

and characterized in the C. canephora genome (Chaparro 

et al. 2015). After detailed analysis, a total of 85 full-length 

SIRE LTR retrotransposons were selected for further analy-

ses. SIRE elements from this dataset showed strong simi-

larities with the SIRE internal coding domains from the 

Gypsy 2 database, and they had no apparent large inser-

tion. All these predicted SIRE elements showed an over-

all length around 9–10 kb, with an average LTR length of 

1 kb. The internal regions of these sequences included a 

large open reading frame (ORF1) containing the consensus 

for the GAG, AP, INT, RT and RNaseH domains. Down-

stream of ORF1 an additional small ORF (ORF2) showing 

strong identities with the ENV domain of retroviruses was 

identified.

These 85 sequences were classified through phyloge-

netic analysis based on their LTR sequences, into three 

major clusters (A, B and C) composed of 17, 28 and 40 ele-

ments, respectively (Supplemental data 9). For each cluster, 

one full-length sequence (with highest percentage of LTR 

identity, and highest overall length) was used as a refer-

ence sequences for further analyses (the sequences were 

named 36-863, 3-942 and 6-1571 for A, B and C cluster, 

respectively).

The copy number of SIREs elements estimated in the 

set of species analyzed here and using the three references 

SIRE sequences previously defined, showed a large vari-

ation between botanical groups (Supplemental data 10). 

The highest number was obtained for the Eucoffea with 

the exception of C. charrieriana, while Mascarocoffea 

species and Paracoffea showed very few SIRE sequences. 

The Mozambicoffea showed a moderate number of SIRE 

copies, whose numbers ranged between that of Eucoffea 

and Mascarocoffea. To confirm these observations at the 

molecular level, we conducted a PCR amplification sur-

vey of LTR and/or ENV domains based on the three SIRE 

elements reference over a large panel of species (Supple-

mental data 1). Amplification products were obtained for 

nearly all the Eucoffea, while amplifications were obtained 

for few Mozambicoffea species and almost no amplifica-

tions were observed for the Mascarocoffea and Paracoffea 

(Fig. 3; Supplemental data 11).

Discussion

The objective of this study was to investigate the trans-

posable element composition of diploid and allotetraploid 

genomes from the Coffea genus. In some plant genomes, 

a clear relationship was established between the num-

ber of LTR retrotransposons and the variation of genome 

size (Piegu et al. 2006; Lee and Kim 2014). Considering a 

relatively short evolutionary divergence time of the Coffea 

genus [~11 MY; (Tosh et al. 2013)] and a significant varia-

tion of genome size observed among species (from 469 to 

900 Mb), we focused our study on the identification and the 

characterization of repeated sequences and more particu-

larly the LTR retrotransposons.

We used the 454 Junior apparatus to produce partial 

genome sequencing, representing genome coverage from 

3.2 to 4.7 % for the allotetraploid C. arabica and 5.2–

15.7 % for ten diploid Coffea species. Such “454 whole 

genome snapshot” approach has been recently used in plant 

and animal genomes to study and compare their composi-

tion in transposable elements, with similar or even lower 

(Wicker et al. 2009; Middleton et al. 2013; Sergeeva et al. 

2014; Swaminathan et al. 2007; Pagan et al. 2012). No 

bias of genomic sampling for particular sequence type was 

noted when using the 454 sequencing procedure (Swami-

nathan et al. 2007). Indeed using a relatively low genome 

coverage, only highly repeated transposable elements 

can be accurately studied and low-copy number repeated 

sequences will not be represented in our dataset (Macas 

et al. 2007). Despite the 454 sequencing technology is 

beginning to be outdated; it generates long reads allow-

ing an accurate identification of genes and transposable 

elements. Other approaches are now possible to study the 
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transposable element composition and copy numbers using 

the Illumina platform providing shorter read length but 

with an unrivaled genome coverage (Ramachandran and 

Hawkins 2016).

In this study, we confirmed that no bias was observed in 

the randomness of the sequencing when performing three 

repetitions of the same accession (C. arabica, Et39). So 

far, few studies concerned the TE abundance and dynam-

ics among species from a single plant genus. Most of them 

were performed on annual plants, with the exception of the 

gymnosperm family (Nystedt et al. 2013). However, for 

perennial angiosperms, the dynamics and the evolutionary 

history of TE within a genus remain poorly studied.

TE composition reflects the divergence of the botanical 

groups

For the first time, we conducted a study on TE composi-

tion of the genome of eleven Coffea species. Our study 

was based on the analysis of 454 reads for (1) their simi-

larities with known TE proteins in plants and against 

a library of TE annotated in the Coffea canephora 

genome; and, (2) an ab initio identification of repeated 

sequences.

We found that the most repeated order of transpos-

able elements are LTR retrotransposons as found in the 

C. canephora genome and in most plant genomes (Lee 

and Kim 2014). At the TE amino acid level, as curated in 

Repbase, we found a similar percentage of TE between the 

generated C. canephora 454 reads (ranged from 12.2 to 

13.5 %) and a recent and similar analysis of 131,412 BAC 

End Sequences (BES) from two C. canephora (DH200-94) 

BAC libraries [11.9 % (Dereeper et al. 2013)]. Surprisingly 

the percentage of known TE coding sequences remains 

relatively stable whatever the botanical groups, the species 

and the genome size. Interestingly, the only notable dif-

ferences concerned C. dolichophylla and C. humblotiana 

species showing, respectively, 14.6 and 10.2 % of detected 

TE coding sequences. Considering the genome size differ-

ence (689 and 469 Mb), these species that belong to the 

Mascarocoffea may have underwent a different history of 

TE accumulation. This observation was confirmed at the 

nucleotide level using a C. canephora de novo library of 

TEs using REPET.

Psilanthus 

Eucoffea

Mozambicoffea

Mascarocoffea

+++ 100% (18)

+ 23.8% (21)  

- 0% (132)

+ 6.2% (16)

Fig. 3  Geographical distribution of Coffea botanical groups and 

summary of SIRE PCR amplifications. The summary of SIRE PCR 

amplification is symbolized by the rate of PCR amplification in per-

centage, and the number of PCR assays performed in parenthesis. 18, 

7, 30 and 4 species were used as DNA matrix for, respectively, Eucof-

fea, Mozambicoffea, Mascarocoffea and Paracoffea (Supplemental 

data 8, 9 and 10)
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Using a detailed classification of LTR-RT REPET con-

sensuses, we also found that some lineages have vary-

ing distribution levels among Coffea species and botani-

cal groups. For example the Gypsy Del lineage identified 

in higher abundance in African species, decreases from 

Eucoffea species (14–16 %), to Mozambicoffea (10–11 %), 

Mascarocoffea and Paracoffea (9–7 %). This suggests an 

overall increase of the Del LTR-RT westwards; from Indo-

nesian and Malagasy Coffea species to eastern and west-

ern African species. Another LTR RT lineage, named SIRE 

(Copia super-family) was identified as being significantly 

numerous in African species (in 5 % of the 454 reads), but 

almost absent in Indonesian, Madagascan and Comorian 

species (~1 %), this observation was confirmed by the real-

ization of PCR amplifications (Fig. 3). This indicates that 

the SIREs proliferated successfully in African species (in 

Mozambicoffea and especially in Eucoffea) while the copy 

number remained low, by lack of activity or elimination, in 

species from insular species.

These two examples of LTR-RT lineages variation, sug-

gesting different history of TE proliferation, reflect inde-

pendent genome divergences between Coffea botanical 

groups. This result also suggests that geographical differ-

entiation could be associated to independent niches colo-

nization and speciation in Africa, Madagascar and Indone-

sia. Therefore, quantitative and qualitative TE composition 

might be used for performing phylogeny analysis and to 

reinforce a model for the evolution of plant species.

TE composition reflects a different evolution of species 

within the botanical groups

It is well established that plant genome sizes are directly 

linked with the proportion of transposable elements. A 

large amplification of a small number of LTR retrotrans-

posons lineages may cause a dramatic and sudden genome 

size increase (Piegu et al. 2006). In our study, we found 

contrasted results between the genome size of Coffea spe-

cies and their TEs composition.

Few variation of TE composition was related to the 

genome size in Eucoffea, although genome size varies from 

645b Mb for C. eugenioides, to 863 Mb for C. heterocalyx 

(700 Mb for C. canephora). This suggests that no rapid pro-

liferation of few TE families was involved to explain this 

genome size difference. Particularly the TE proportion is 

almost identical between C. canephora and C. heterocalyx 

with the exception to one Gypsy lineage named TAT, that 

varies from 0.9 % in C. canephora to 2.2 % in C. hetero-

calyx. However, this recent proliferation in C. heterocalyx 

cannot explain alone the genome size difference between 

the two species. We, therefore, propose that in Eucoffea 

the genome size variation would result from a differential 

accumulation of numerous transposable elements (mainly 

LTR RT) belonging to a large panel of families.

Similarly, no strong variation of microsatellite copy 

numbers was detected between species, suggesting that 

a rapid amplification of some of these simple sequence 

repeats was not the main mechanisms involved in the C. 

heterocalyx genome size increase as it was observed in 

Lupinus (Martin et al. 2016). Our results are congruent 

with those of Pinus (Morse et al. 2009), Helianthus (Caval-

lini et al. 2010), and Lupinus (Martin et al. 2016) both gen-

era showing a large genome size variation (18–40, 3.2–12.3 

and, 0.97–2.4 Gb, respectively) but with none element con-

tributing specifically to this variation.

At the opposite, the Mascarocoffea species present more 

important variations of their TEs composition. The strong 

contrast in TE content between C. dolichophylla and C. 

humblotiana is due to an increase/decrease of the amount 

of the Del LTR retrotransposon lineage (10 vs 7 %) and a 

smaller increase/decrease for the remaining LTR RT line-

ages. C. humblotiana, has undergone few proliferation of 

LTR retrotransposons explaining its small genome size 

(469 Mb) while C. dolichophylla has undergone prolifera-

tion of mainly Del and several other Copia and Gypsy LTR-

RT lineages. The variation of repeated sequences between 

C. dolichophylla and C. humblotiana is also clear with 

the de novo analysis showing a clear increase/decrease in 

repeated sequences. Since the fully resolved phylogenetic 

analysis of Mascarocoffea is not yet available, the time-

scale of the LTR RT proliferation in C. dolichophylla can-

not be estimated.

Altogether, our analysis demonstrated the power of 

sequencing at low coverage to study the transposable ele-

ments composition of genomes at the genus scale for com-

parative structural genomics of non-model species. The 

C. humblotiana species represents an interesting genomic 

model, worth to have its genome completely sequenced. 

This WGS will allow a better understanding of the mecha-

nisms involved in the decrease or in the control of the pro-

liferation of transposable elements in a genome.
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Supplemental data 1. PCR amplification on Coffea DNA.  

A. List of primers used for PCR amplification of three SIRE families. B. List of DNA sample used. 

 

A 

Primers Sequence (5'-3') Product Size (bp) 

3-942 ENV 5' CCAAAGTCAATGCGGATTTT 172 

3-942 ENV 3' AATTCAACACCCCTGCTGAG 172 

3-942 LTR 5' CTTCCTTCTTGCCCCAAACC 396 

3-942 LTR 3' GCCGTCCGAAGAAAGTGAAG 396 

36-863 LTR 5' TCTGGTTGATATGCGTCCGA 373 

36-863 LTR 3' TACGATGCTTTGGATGTGGC 373 

6-1571 LTR 5' CGGACGCATGAAAACTGAGT 346 

6-1571 LTR 3' CTTCCTTCTTGCCCCAAACC 346 

B 
Species Accession ID Country of Origin Classification (Chevalier, 1947) 

Coffea kapakata OK Angola Eucoffea 

Coffea anthonyi OD72 Cameroon Eucoffea 

Coffea brevipes JA54 Cameroon Eucoffea 

Coffea charrieriana OA22 Cameroon Eucoffea 

Coffea montekupensis OM11 Cameroon Eucoffea 

Coffea sp. Nkoumbala OI60 Cameroon Eucoffea 

Coffea sp. Koto EC61 Cameroon Eucoffea 

Coffea sp. Congo OB60 Republic of Congo Eucoffea 

Coffea sp. Ngongo2 OF62 Republic of Congo Eucoffea 

Coffea sp. Ngongo3 OG70 Republic of Congo Eucoffea 

Coffea heterocalyx JC62 Cameroon Eucoffea 

Coffea eugenioides DA58 Kenya Eucoffea 

Coffea congensis CB65 Central African Republic Eucoffea 

Coffea liberica var dewevrei EB51 Central African Republic Eucoffea 

Coffea canephora BA53 Republic Côte d'Ivoire Eucoffea 

Coffea humilis G57 Republic Côte d'Ivoire Eucoffea 

Coffea liberica var liberica EA64 Republic Côte d'Ivoire Eucoffea 

Coffea stenophylla FB55 Republic Côte d'Ivoire Eucoffea 

Coffea pseudozanguebariae H52 Kenya Mozambicoffea 

Coffea sessiliflora PB58 Kenya Mozambicoffea 

Coffea racemosa IB62 Mozambique Mozambicoffea 

Coffea salvatrix LA60 Mozambique Mozambicoffea 

Coffea bridsoniae  APD2910 Tanzania Mozambicoffea 

Coffea kihansiensis APD2922 Tanzania Mozambicoffea 

Coffea mongensis EF11 Tanzania Mozambicoffea 

Coffea tricalyisoides APD4503 Madagascar Mascarocoffea

Coffea abbayesii A.601 Madagascar Mascarocoffea

Coffea ankaranensis A.525 Madagascar Mascarocoffea

Coffea augagneuri A.966 Madagascar Mascarocoffea

Coffea bertrandii A.5 Madagascar Mascarocoffea

Coffea betamponensis A.573 Madagascar Mascarocoffea

Coffea boiviniana A.980 Madagascar Mascarocoffea

Coffea bonnieri A.535 Madagascar Mascarocoffea

Coffea coursiana A.570 Madagascar Mascarocoffea

Coffea dubardii A.969 Madagascar Mascarocoffea

Coffea farafanganensis A.208 Madagascar Mascarocoffea

Coffea heimii A.516 Madagascar Mascarocoffea

Coffea jumellei A.974 Madagascar Mascarocoffea

Coffea kianjavatensis A.602 Madagascar Mascarocoffea

Coffea lancifolia A.320 Madagascar Mascarocoffea

Coffea leroyi A.315 Madagascar Mascarocoffea

Coffea andrambovatensis A.310 Madagascar Mascarocoffea

Coffea liaudii A.1013 Madagascar Mascarocoffea

Coffea mcphersonii A.977 Madagascar Mascarocoffea

Coffea millotii A.222 Madagascar Mascarocoffea

Coffea dolichophylla A.206 Madagascar Mascarocoffea

Coffea mogeneti A.975 Madagascar Mascarocoffea 

Coffea montis-sacri A.321 Madagascar Mascarocoffea 

Coffea perrieri A.12 Madagascar Mascarocoffea 

Coffea ratsimamangae A.528 Madagascar Mascarocoffea 

Coffea resinosa A.8 Madagascar Mascarocoffea 

Coffea sakarahae A.304 Madagascar Mascarocoffea 

Coffea tetragona A.252 Madagascar Mascarocoffea 

Coffea toshii A.1000 Madagascar Mascarocoffea 

Coffea tsirananae A.515 Madagascar Mascarocoffea 

Coffea vatovavyensis A.830 Madagascar Mascarocoffea 

Coffea mauritiana BM17/25 Mauritius Mascarocoffea 

Coffea mauritiana PCH Reunion Mascarocoffea 

Psilanthus ebracteolatus PSI11 Republic Côte d'Ivoire Paracoffea 

Psilanthus lebrunianus 15/713 Congo Paracoffea 

Psilanthus travancorensis PBT2 India Paracoffea 

Psilanthus wightianus PBT3 India Paracoffea 



 

Supplemental data 2. Transposable element composition of 454 reads for 11 Coffea species and 

14 accessions.  

Class I, Class II and No Cat are Transposable Element as found in the C. canephora genome 

and annotated with REPET; CDS are cellular coding regions; rDNAs are ribosomal DNA 

genes. Name and accession of species were indicated with their respective genome size 

indicated in brackets (in Mb). 
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Supplemental data 3. Percentage of Gypsy and Copia LTR retrotransposons 454 reads for 11 

Coffea species and 14 accessions.  

The TE database used for similarity searches was established in C. canephora genome using REPET. 

The ratio of Gypsy/Copia LTR retrotransposons is also indicated. 
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Supplemental data 5. Percentage of repeated reads found by RepeatScout in 454 reads for 11 

Coffea species and 14 accessions.  

Repeated sequences were classified according to their redundancies: repeats with more than 20 

occurrences in 454 dataset (blue), more than 100 occurrences (green), more than 500 occurrences 

(yellow) and more than 1000 occurrences (orange). 
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Supplemental data 6. Representation of the Genome size of species analyzed (GS, in blue) and 

their number of microsatellites (SSR, number/100, in red). C. arabica (ET39), C. canephora 

(IF410, BUD15, DH200-94), C. eugenioides (DA56, OUG14), C. charrieriana (CHA), C. heterocalyx 

(HET), C. pseudozanguebariae (PSE), C. racemosa (RAC), C. dolichophylla (DOL), C. tetragona 

(TET), C. humblotiana (HUMB) and C. horsfieldiana (HOR). 
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Supplemental data 7. Representation of the number of short microsatellites (repetition units of 

1, 2 & 3 bases, in blue), and long microsatellites (repetition units of 4 to 20 bases, in red) in 

Coffea species. C. arabica (ET39), C. canephora (IF410, BUD15, DH200-94), C. eugenioides 

(DA56, OUG14), C. charrieriana (CHA), C. heterocalyx (HET), C. pseudozanguebariae (PSE), C. 

racemosa (RAC), C. dolichophylla (DOL), C. tetragona (TET), C. humblotiana (HUMB) and C. 

horsfieldiana (HOR). 
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Supplemental data 8. Reverse transcriptase based phylogenetic analyses for 11 Coffea species 

and 14 accessions. 454 reads containing Reverse transcriptase domain for each species were 

filtered out and translated into amino acids.  

RT domains with a minimum of 150 residues were conserved for multiple alignment (with muscle) 

and for a N-J tree analysis. In red reference domains from Gypsy DB, in light blue RT domains from 

Eucoffea species, in deep blue RT domains from Mozambicoffea, in orange RT domains from 

Mascarocoffea and in violet RT domains from Paracoffea. Clades were classified into known LTR 

retrotransposon lineages and super-families (Gypsy and Copia). The clade containing the SIRE lineage 

is colored in violet. 
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Supplemental data 9. LTR domain based phylogenetic analysis of 85 full-length SIRE elements 

found by LTR-STRUC in the C. canephora draft genome.  

Sequences were classified into 3 clades A, B and C. 
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Supplemental data 10. Number of virtual copies of three SIRE families (36-863, clade A; 3-942, 

clade B; 6-1571, clade C); found in 454 dataset of 10 diploid Coffea species.  
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Supplemental data 11. Results of PCR amplification assay with four couple of primers and 62 

Coffea species. (+ amplification, - no amplification, NA not performed). 

 

Species Accession ID Country of Origin Classification !"#$%&'() !"#$%&*+, !-".-!&*+, -"/01/&*+,

C. kapakata OK Angola Eucoffea + NA NA NA

C. anthonyi OD72 Cameroon Eucoffea + NA NA NA

C. brevipes JA54 Cameroon Eucoffea + NA NA NA

C. charrieriana OA22 Cameroon Eucoffea + NA NA NA

C. montekupensis OM11 Cameroon Eucoffea + NA NA NA

C. sp. Nkoumbala OI60 Cameroon Eucoffea + NA NA NA

C. sp. Koto EC61 Cameroon Eucoffea + NA NA NA

C. sp. Congo OB60 Republic of Congo Eucoffea + NA NA NA

C. sp. Ngongo2 OF62 Republic of Congo Eucoffea + NA NA NA

C. sp. Ngongo3 OG70 Republic of Congo Eucoffea + NA NA NA

C. heterocalyx JC62 Congo-Cameroon Eucoffea + NA NA NA

C. eugenioides DA58 Kenya Eucoffea + NA NA NA

C. congensis CB65 Central African Republic Eucoffea + NA NA NA

C. liberica var dewevrei EB51 Central African Republic Eucoffea + NA NA NA

C. canephora BA53 Republic Côte d'Ivoire Eucoffea + NA NA NA

C. humilis G57 Republic Côte d'Ivoire Eucoffea + NA NA NA

C. liberica var liberica EA64 Republic Côte d'Ivoire Eucoffea + NA NA NA

C. stenophylla FB55 Republic Côte d'Ivoire Eucoffea + NA NA NA

C. pseudozanguebariae H52 Kenya Mozambicoffea + + + -

C. sessiliflora PB58 Kenya Mozambicoffea - - - -

C. racemosa IB62 Mozambique Mozambicoffea - - - -

C. salvatrix LA60 Mozambique Mozambicoffea - + + -

C. bridsoniae  APD2910 Tanzania Mozambicoffea - - - -

C. kihansiensis APD2922 Tanzania Mozambicoffea - - - -

C. mongensis EF11 Tanzania Mozambicoffea - - - -

C. tricalysoides APD4503 Madagascar Mascarocoffea - - - -

C. abbayesii A.601 Madagascar Mascarocoffea - - - -

C. ankaranensis A.525 Madagascar Mascarocoffea - - - -

C. augagneuri A.966 Madagascar Mascarocoffea - - - -

C. bertrandii A.5 Madagascar Mascarocoffea - - - -

C. betamponensis A.573 Madagascar Mascarocoffea - - - -

C. boiviniana A.980 Madagascar Mascarocoffea - - - -

C. bonnieri A.535 Madagascar Mascarocoffea - - - -

C. coursiana A.570 Madagascar Mascarocoffea - - - -

C. dubardii A.969 Madagascar Mascarocoffea - - - -

C. farafanganensis A.208 Madagascar Mascarocoffea - - - -

C. heimii A.516 Madagascar Mascarocoffea - - - -

C. jumellei A.974 Madagascar Mascarocoffea - - - -

C. kianjavatensis A.602 Madagascar Mascarocoffea - - - -

C. lancifolia A.320 Madagascar Mascarocoffea - - - -

C. leroyi A.315 Madagascar Mascarocoffea - - - -

C. leroyi (ex andrambovatensis)A.310 Madagascar Mascarocoffea - - - -

C. liaudii A.1013 Madagascar Mascarocoffea - - - -

C. mcphersonii A.977 Madagascar Mascarocoffea - - - -

C. millotii A.222 Madagascar Mascarocoffea - - - -

C. millotii (ex dolichophylla) A.206 Madagascar Mascarocoffea - - - -

C. mogeneti A.975 Madagascar Mascarocoffea - - - -

C. montis-sacri A.321 Madagascar Mascarocoffea - - - -

C. perrieri A.12 Madagascar Mascarocoffea - - - -

C. ratsimamangae A.528 Madagascar Mascarocoffea - - - -

C. resinosa A.8 Madagascar Mascarocoffea - - - -

C. sakarahae A.304 Madagascar Mascarocoffea - - - -

C. tetragona A.252 Madagascar Mascarocoffea - - - -

C. toshii A.1000 Madagascar Mascarocoffea - - - -

C. tsirananae A.515 Madagascar Mascarocoffea - - - -

C. vatovavyensis A.830 Madagascar Mascarocoffea - - - -

C. mauritiana BM17/25 Mauritius Mascarocoffea - - - -

C. mauritiana PCH Réunion Mascarocoffea - - - -

P. ebracteolatus PSI11 Rép. Cote d'Ivoire Psilanthus - + - -

P. lebrunianus 15/713 Congo Psilanthus - - - -

P. travancorensis PBT2 India Psilanthus - - - -

P. wightianus PBT3 India Psilanthus - - - -
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of insertion time and the analysis at orthologous locations 

of insertions in diploid and allotetraploid coffee genomes 

suggest that Divo underwent a different and recent transpo-

sition activity in C. arabica and C. canephora when com-

pared to C. eugenioides. The analysis of this novel LTR-RT 

family represents an important step toward uncovering the 

genome structure and evolution of C. arabica allotetraploid 

genome.

Keywords Coffea · Copia LTR-Retrotransposons · Divo · 

Bianca · Genomic evolution

Introduction

Transposable elements (TEs) are mobile genetic ele-

ments representing the main components of numer-

ous plant genomes such as rice (35%, International Rice 

Genome Sequencing Project 2005), grapevine (40%, The 

French–Italian Public Consortium for Grapevine Genome 

Characterization 2007), coffee-tree (Coffea canephora 

50%, Denoeud et al. 2014), orchids (60%, Cai et al. 2015), 

tomato (60%, Mehra et  al. 2015), bread wheat (80%, 

Brenchley et al. 2012), and maize (80–85%, Schnable et al. 

2009). They have the capacity to move from one locus to 

another within genomes, and for some of them to increase 

their copy numbers by doing so. Recently, it has been sug-

gested that TEs may also propagate via horizontal trans-

fer mechanisms among genomes of different species or 

even genera (Feschotte and Pritham 2007; Schaack et  al. 

2010; Fedoroff 2012; Dias et al. 2015; Gilbert et al. 2016; 

Lin et al. 2016; Panaud 2016). TEs are also considered as 

remarkable genome evolution drivers allowing genome 

adaptation and innovation through chromosome rear-

rangements, gene expression alterations and sometimes, 

Abstract Coffea arabica (the Arabica coffee) is an allo-

tetraploid species originating from a recent hybridization 

between two diploid species: C. canephora and C. eugen-

ioides. Transposable elements can drive structural and 

functional variation during the process of hybridization 

and allopolyploid formation in plants. To learn more about 

the evolution of the C. arabica genome, we characterized 

and studied a new Copia LTR-Retrotransposon (LTR-RT) 

family in diploid and allotetraploid Coffea genomes called 

Divo. It is a complete and relatively compact LTR-RT ele-

ment (~5 kb), carrying typical Gag and Pol Copia type 

domains. Reverse Trancriptase (RT) domain-based phy-

logeny demonstrated that Divo is a new and well-supported 

family in the Bianca lineage, but strictly restricted to dicot-

yledonous species. In C. canephora, Divo is expressed and 

showed a genomic distribution along gene rich and gene 

poor regions. The copy number, the molecular estimation 
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generation of new gene functions via molecular domestica-

tion of TE domains (Feschotte and Pritham 2007; Fontana 

2010). During the allopolyploidy processes, TEs may rep-

resent the most dynamic fraction of the genome with major 

changes in their copy numbers (Parisod et al. 2010).

The faculty of producing large amount of genomic and 

transcriptomic sequencing data, and the availability of 

whole-genome sequence data, have promoted the devel-

opment of bioinformatics tools to identify and to analyze 

genome components, including TEs (Lerat 2010). The 

large diversity of TEs led the scientific community to 

define a hierarchical classification, first separating elements 

according to their mode of mobility into retrotransposons, 

or Class 1 elements, and DNA transposons, or Class 2 ele-

ments. These classes were further subdivided into orders, 

super-families, lineages, and families according to their 

structural features and similarities (Wicker et al. 2007).

Among the class 1 elements, LTR-Retrotransposons 

(LTR-RTs) are the most abundant TEs in plant genomes. 

They represent a wide fraction of genomes ranged between 

14% in Arabidopsis thaliana (The Arabidopsis Genome 

Initiative 2000), up to 75% in maize (Schnable et al. 2009). 

LTR-RTs are divided into two super-families: Copia and 

Gypsy that differ mainly in their internal coding regions 

order (Wicker et al. 2007). Copia and Gypsy are composed 

of ancient and conserved lineages in plants (Wicker and 

Keller 2007) that can be phylogenetically classified based 

on their RT domain (Eickbush and Jamburuthugoda 2007). 

Copia and Gypsy LTR-RT may occupy different chromo-

somal locations as demonstrated by the available sequences 

of plant genomes (The Arabidopsis Genome Initiative 

2000; International Rice Genome Sequencing Project 

2005; The French–Italian Public Consortium for Grapevine 

Genome Characterization 2007; Paterson et al. 2009).

The recently released genome of C. canephora also con-

tains an important fraction of LTR-RTs of 42% (Denoeud 

et  al. 2014). The Gypsy elements clearly outnumber the 

Copia with 24.1% and 6.8% of the genome sequence, 

respectively. The remaining 11% is composed of unclas-

sified LTR-RTs and classes small in number like Bel/Pao, 

Caulimoviruses, Retroviridae.

Coffea genus belongs to the Rubiaceae family. It con-

tains 124 described species, originating from the inter-

tropic forests of Africa, western Indian Ocean islands, 

India, Tropical and SouthEast Asia, and Australasia (Davis 

et  al. 2011). All species are diploids with 2n = 2x = 22 

chromosomes (Bouharmont 1959; Louarn 1976), with the 

exception of the allotetraploid C. arabica, one of the two 

major cultivated species (Carvalho 1952). C. arabica has 

a recent origin (Yu et al. 2011), arising from hybridization 

between two wild diploid species: C. canephora, the other 

cultivated species (known as Robusta) and C. eugenioides, 

an East African wild species (Lashermes et al. 1999).

Previously, the two first LTR-RT elements identified in 

sequenced C. canephora Bacterial Artificial Clones (BAC) 

were called Nana and Divo. They were used to perform 

RBIP (retrotransposon-based insertion polymorphism) 

and REMAP (retrotransposon-microsatellite amplified 

polymorphism) analyses to study the species relationships 

within Coffea. Divo was particularly efficient at a low 

taxonomic level to resolve the genetic diversity within C. 

canephora, suggesting that the mobility of the Divo fam-

ily participated to the C. canephora differentiation (Hamon 

et al. 2011).

In this study, we describe a genomic overview of the 

Divo family, from the Bianca lineage, in C. arabica and its 

two diploid progenitors, C. canephora and C. eugenioides. 

The Bianca lineage has been described in barley, Arabi-

dopsis, and rice (Wicker and Keller 2007) and mentionned 

in other plant species (Kolano et  al. 2013; Marcon et  al. 

2015; Yin et  al. 2015). Matita, an element belonging to 

the Bianca lineage, was described more deeply in Arachis 

hypogaea, the cultivated allotetraploid peanut (Nielen et al. 

2012). Matita appears to be present in peanut genome for 

a long time, as its insertions have been dated around 3,5 

Mya. Its chromosomal distribution has been investigated 

by FISH experiments, which showed its presence mainly 

in distal regions of all the chromosomes. The annotated 

copies did not contain ORFs (stop codons and frameshifts 

in the putative coding regions) so the potential activity or 

non-activity of Matita has not been studied (Nielen et  al. 

2012). Since few data or characterizations of LTR-RTs 

from the Bianca lineage are available so far in plants, 

except in cultivated peanut, we selected this lineage, repre-

sented by the family Divo in coffee-trees, for further char-

acterization of LTR-RT families in Coffea. Divo have a rel-

atively short size (5 kb) and a moderated copy number. A 

RT domain-based phylogenetic analysis demonstrated that 

Divo belongs to the dicotyledonous section of the poorly 

known Bianca lineage. These elements are expressed and 

quite evenly distributed in the C. canephora genome. Dif-

ferences in the abundance and in the insertion chronology 

of Divo elements were observed among C. canephora, C. 

arabica, and C. eugenioides genomes, suggesting different 

dynamics and impact on diploid and allotetraploid genomes 

structural evolution.

Materials and methods

Genomic sources

A total of four coffee genome sequences were used in this 

study: C. canephora DH 200−94 (Denoeud et  al. 2014), 

accounting for 568  Mb of scaffolds and assembled into 

pseudo-molecules, including chromosome 0 (representing 
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80% of the estimated genome size i.e., 710 Mb); and three 

genomes sequenced with the single molecule real-time 

(SMRT, Pacific Biosciences—PacBio) sequencing tech-

nology: C. canephora (accession DH 200−94), C. arabica 

(accession Et39), and C. eugenioides (BU-A) account-

ing respectively for 679, 1060, and 789  Mb of unordered 

contigs. The C. canephora, C. arabica, and C. eugenioides 

PacBio genome sequences were generated under the Ara-

bica Coffee Genome Consortium (ACGC 2014).

Identification, classification and annotation of LTR-RTs 

in C. canephora, C. arabica and C. eugenioides genomes

Potential LTR-RTs were de novo identified using the LTR_

STRUC (McCarthy and McDonald 2003) algorithm against 

the C. canephora published genome, and the C. canephora, 

C. arabica, and C. eugenioides PacBio genomes. The pre-

dicted elements were classified into Copia and Gypsy 

super-families according to BLASTX similarities (Alts-

chul et al. 1990) against a database of Gag and Pol domains 

(available at GyDB, http://www.gydb.org/ Llorens et  al. 

2011). LTR-RT predicted elements showing no similar-

ity with any GyDB domain were not retained for further 

analyses.

Reverse transcriptase-based classification of LTR-RTs

The amino-acid RT domain of all LTR-RTs recovered 

with LTR_STRUC from each genome was extracted as 

described in Guyot et  al. (2016), with a minimum length 

of 150 amino-acid residues. RT reference domains from 

GyDB were added to them to understand Coffea LTR-RTs 

affiliations in the Copia lineage. Aligned sequences were 

used to construct a bootstrapped neighbor-joining (NJ) tree 

(100 bootstrap replicates) edited with Figtree (http://tree.

bio.ed.ac.uk/software/figtree/).

Classification, annotation and characterization 
of the Bianca lineage and Divo LTR-RT family

The coffee LTR-RTs seqences from the Bianca lineage 

were compared to known LTR-RTs from C. canephora 

and all elements from the Bianca lineage in plants (Wicker 

et al. 2007) using BLASTN. Sequences similar to Divo, a 

previously identified LTR-RT from C. canephora (Hamon 

et  al. 2011) were compared using dot-plot (Sonnhammer 

and Durbin 1996). To search for Divo similar elements in 

publicly available plant genomes, the sequence fragment 

of Divo described in Hamon et al. (2011) (NCBI accession 

HM755952.1) was used as query for similarity searches 

on the NCBI website (http://blast.ncbi.nlm.nih.gov/), 

using a BLASTX and BLASTN e-value cut-off of  1e−100 

and a minimum of 50% of identity over 50% of the query 

sequence length. Recovered elements were annotated using 

BLASTX and dot-plot alignments with reference domains 

(Gypsy Database 2.0 web site) (Sonnhammer and Durbin 

1996) and LTR_Finder (Xu and Wang 2007, http://tlife.

fudan.edu.cn/ltr_finder/). Final annotations were edited 

with Artemis (Rutherford et  al. 2000). Annotated ele-

ments were used for another phylogenetic analysis based 

on RT amino-acid domains as described in the previous 

paragraph.

Search for Divo elements in plant genomes

We searched for Divo LTR-RTs similar sequences in trans-

posable elements dedicated databases: RepBase (http://

www.girinst.org/, (Bao et  al. 2015)), the Plant Repeat 

Database (http://plantrepeats.plantbiology.msu.edu, Ouy-

ang and Buell 2004), and RetrOryza (http://retroryza.fr, 

Chaparro et al. 2007) using BLASTN. To better understand 

the evolution of the Divo family and its relationships with 

the Bianca lineage, we searched for sequences similar to 

Divo in eukaryote publicly available genome sequences 

using BLASTN and BLASTX (evalue < e−100), using four 

Divo sequences from C. canephora (Denoeud et  al. 2014 

and PacBio), C. arabica, and C. eugenioides (accessions 

#: KX767840, KX767841, KX767839 and KX767842). 

22 genomic sequences were recovered from 14 angio-

sperm species and their RT amino-acid domains were used 

to construct a NJ phylogenetic tree (Oryza sativa—acces-

sion #AC147802.2, A. thaliana—#AP002459, V. vinif-

era—#AM477556.1, Sorghum bicolor—#AF466199.1, 

Zea mays—#DQ493648.1, Rosa rugosa—#JQ791545.1, 

Theobroma cacao (Jurka 2014—accession #HQ244500), 

Fragaria vesca—#XM_004309244.1, Ipomoea trifida—

#AY4480105.1, Beta vulgaris—#GU057342.1, Arachis 

hypogaea—#HQ637177.1, Oryza rufipogon—#FO681399, 

Solanum lycopersicum—#AAK84483, M. truncatula—

#CM001223. Additional LTR_RT sequences from TAIR 

and RetrOryza database and LTR_STRUC output for A. 

thaliana, V. vinifera, and O. sativa).

Divo homologous elements were also specifically 

searched for and characterized from two reference plant 

genomes: Arabidopsis thaliana (GCA_000001735.1) and 

Vitis vinifera (GCA_000003745.2) available from TAIR 

(https://www.arabidopsis.org) and NCBI (http://www.ncbi.

nlm.nih.gov/). First, all potential full-length LTR-RTs were 

de novo searched with LTR_STRUC and compared by 

BLASTN with Divo elements identified previously. Sec-

ond, all LTR-RT sequences from Arabidopsis and grape-

vine previously identified and available in the Plant Repeat 

Database (http://plantrepeats.plantbiology.msu.edu/search.

html) were downloaded and compared by BLASTN with 

coffee Divo elements.
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Copy number and insertion time of Divo in C. 

canephora, C. arabica, and C. eugenioides

Assessment of Divo copy number in of C. canephora 

(Denoeud et  al. 2014) and the C. canephora, C. arabica, 

and C. eugenioides PacBio genomes (ACGC 2014) was 

carried out with Censor (Kohany et al. 2006). A complete 

Divo element is considered when it contains both ORFs 

Gag and Pol and a minimum of 99% sequence identity 

between both LTRs. Such a sequence was found in the C. 

canephora genome and was used as a reference for simi-

larity searches (accession number #KX767841). A copy is 

considered if it covers a minimum of 80% of the reference 

sequence with at least 80% of nucleotide identity (Wicker 

et al. 2007) and a fragmented copy is considered if it cov-

ers a minimum of 20% of the reference sequence with at 

least 80% of nucleotide identity. Full-length copies were 

also extracted according to the following definition: 80% 

of nucleotide identity over 100% of the reference sequence 

length as well as potential solo LTRs (80% of identity over 

100% of the LTR sequence length). The genomic distribu-

tion of the identified elements in the C. canephora pseudo-

chromosomes was established using Circos (Krzywinski 

et al. 2009).

The insertion time of full-length Divo copies was esti-

mated based on the divergence of the 5 - and 3 -LTR 

sequences of each identified full-length copy. The two 

LTRs were aligned using Stretcher (EMBOSS), and the 

divergence (K) was calculated using the Kimura 2-parame-

ter method implemented in Distmat (EMBOSS). The inser-

tion dates (T) were estimated using the formula T = K/2r 

(SanMiguel et al. 1998) where we used average base sub-

stitution rates (r) of 1.3e−8 established by Ma & Bennetzen 

(2004).

Presence of Divo at orthologous locations in three 

coffee-trees genomes

Insertion of full-length copies of Divo in C. canephora, C. 

eugenioides and C. arabica at orthologous locations among 

the three genomes were compared. As a first step, genomic 

regions containing full-length Divo copies were recovered 

from the C. canephora contigs adding 2 kb upstream and 

downstream the element. The recovered genomic fragments 

are then compared as queries using BLASTN (evalue 

 1e−100) against the other two genomes. The best results 

(lowest e-values and highest scores) are then extracted and 

compared to the queries using dot-plot alignements (Son-

nhammer and Durbin 1996). Finally, dot-plot alignments 

are manually evaluated to classify the orthologous relation-

ships into the following categories: (i) queries are not con-

served and so no orthologous regions could be identified; 

(ii) queries are conserved within an orthologous region 

but the Divo element is not conserved, and (iii) queries are 

conserved within an orthologous region and the Divo ele-

ment is present at the same insertion site. These steps are 

repeated for the full-length copies of Divo in C. arabica 

and C. eugenioides.

Search for Divo potential expression in C. canephora 

tissues

RNA sequencing (RNA-seq) data generated under the C. 

canephora genome project (Denoeud et  al. 2014) from 

leaves, roots (C. canephora accession #T3518), stamen, 

and pistil (C. canephora accession #BP961) were used to 

identify the transcriptional pattern of reference sequences. 

The 130.106 RNA-Seq reads were cleaned using prinseq 

(Schmieder and Edwards 2011) and mapped against 18 

Divo sequences using Bowtie 2 (Langmead and Salzberg 

2012). The number of mapped reads per TE sequence was 

processed and RPKM (reads per kilo base per million) were 

calculated. A heatmap representing the expression profiles 

was computed using Heatmap3 package in RStudio (2012). 

Differential expression among available RNA-seq libraries 

was detected using Winflat (Audic and Claverie 1997) with 

significance threshold of 0.05 and Bonferroni correction. 

This analysis was performed with IDEG6 software (http://

telethon.bio.unipd.it/bioinfo/IDEG6_form/) (Romualdi 

et al. 2003).

Results

Copia LTR-RTs in C. canephora, C. arabica and C. 

eugenioides genomes

Since LTR-RTs represent the main part of the TE fraction 

found in the C. canephora genome, we focused our anal-

yses on these elements, and more specifically on Copia 

LTR-RT lineages and families. LTR_STRUC identified 

1799 (588  Gypsy and 474 Copia), 7363 (2010 Gypsy 

and 999 Copia), 4346 (2153 Gypsy and 1080 Copia) and 

3591 (1632 Gypsy and 913 Copia) LTR-RT elements, for 

C. canephora (Denoeud et al. 2014), and C. canephora, 

C. arabica, and C. eugenioides (ACGC), respectively. We 

specifically screened and filtered out LTR_STRUC poten-

tially complete elements according to similarities with 

the Copia-specific domains. The reverse transcriptase 

(RT) amino-acid domains of Copia recovered sequences 

were extracted and used for a NJ phylogenetic analysis. 

The analysis of the resulting NJ trees for C. canephora, 

C. arabica, and C. eugenioides shows that coffee RT 

Copia domains were classified into all five Copia line-

ages previously described in plants: Tork, Oryco, SIRE, 

Retrofit, and Bianca (Llorens et  al. 2009; Wicker and 
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Keller 2007, Fig. 1). References RT domains from other 

organisms Diatoms (CoDI), Fungi (Pseudovirus, pCretro) 

and Arthropoda (1731, Hemivirus) were found clustered 

outside of plant lineages that include coffee, according 

to their classification into Branch 1 and 2 (Llorens et al. 

2009). The diversity of Copia lineages appears very simi-

lar between the three species analyzed (Fig.  1). One of 

the smallest clades called Bianca and supported by strong 

bootstraps (Fig. 1), grouped together 12 sequences from 

C. canephora (Denoeud et al. 2014 and 13 sequences in 

Fig. 1  Phylogenetic analysis of 

LTR retrotransposons sequences 

predicted from C. canephora 

(A), C. arabica (B) and C. 

eugenioides (C) genomes. 

Phylogenetic trees were based 

on amino-acid alignments of 

the reverse transcriptase (RT) 

domains; 999, 1080, and 913 

amino acids, repectively, from 

C. canephora, C. eugenioides, 

and C. arabica genomes. The 

classification into lineages was 

done according to the RT refer-

ence domains (black branches) 

downloaded from GyDB. The 

Coffea sequences within the 

Bianca lineage are indicated by 

a red arrow, and lineages are 

indicated by brackets and names
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PacBio genome), 14 from C. arabica, and 12 from C. 

eugenioides.

Divo elements in C. canephora, C. arabica, and C. 

eugenioides genomes

In total, 89 full-length elements belonging to the Bianca 

lineage and recognized by LTR_STRUC or BLASTN in 

the four coffee genome sequences (Supplemental Data 1) 

were analyzed and annotated. The structure of these ele-

ments corresponds to the typical organization of Copia 

elements with two LTRs at each extremity and two ORFs: 

Gag and Pol containing the protease (PR), integrase (INT), 

reverse transcriptase (RT), and RNase H (RH) domains, in 

this specific order. The LTRs were 350 bp long and were 

terminated with the LTR consensus: 5 TG…CA3 . The 

overall length of complete elements (i.e., elements car-

rying two highly conserved LTRs and complete Gag and 

Pol ORFs) ranged between 5276 bp and 5636 bp (Fig. 2a). 

The Gag sequence (1065 bp long, separated from Pol by 5 

stop codons in all the elements found) presented similari-

ties with the UBN2 family domain (Pfam14223—nucleo-

tide position 718–942). UBN2 is a form of the peptide 

encoded by the Gag ORF frequently found in the Copia 

LTR-RT superfamily. A Zinc finger amino-acid motif 

(ZnF_C2HC, nucleotide position 1318–1365), involved in 

nucleic acids binding, is also found in the peptide encoded 

by this ORF. The Pol ORF (3501 bp), showed high similar-

ities with Gag_pre-integrase family (Pfam13976, position 

2050–2268), Integrase (INT) core domain (Pfam00665, 

position 2305–2655), Reverse transcriptase (RT) genes 

(Pfam 07727, position 4645–5085), and RNase-H (RH) 

domain (position 3637–4374), in this specific order. All 

these domains show high similarities with Copia LTR-RTs.

While the polypurine track motif (PPT, used for the 

synthesis of the complementary DNA strand) is found 

upstream the 3  LTR, the primer-binding site (PBS) pre-

sents unusual sequence conservation (Fig.  2b). Among 

the 89 elements precisely analyzed here, only one (Acces-

sion #KX767840) showed a complementary sequence to a 

tRNA  (tRNAIle (AAT)).

Similarity analyses between coffee full-length elements 

belonging to the Bianca lineage, known Bianca elements 

(Wicker et al. 2007) and known coffee elements showed a 

relatively good nucleotide conservation with Divo, a Copia 

LTR-RT element identified earlier in a C. canephora BAC 

sequence and used to assess insertion site polymorphism 

(Hamon et  al. 2011). Comparisons between Divo and a 

complete and potentially active element in C. canephora 

revealed by LTR_STRUC (Accession #KX767841) indi-

cated an overall percentage of nucleotide identity of 63.6% 

and a LTR percentage of identity of 58% and 56.7% for the 

5  and 3  LTR, respectively. This relatively low percentage 

of nucleotide identity is probably due to the absence of sev-

eral regions of the Divo element identified earlier (Hamon 

et al. 2011; Fig. 2c). This percentage is similar for all full-

length coffee-trees elements. Nevertheless, we named the 

novel annotated sequences, carrying the new group of RT 

domains similarly to the initial element discovered earlier: 

Divo. A reference Divo element was ascertained for each 

of the three Coffea genomes, based on the most conserved 

annotated sequence found. These references were used for 

different analyses when they needed a reference sequence. 

All the recovered sequences of Divo presenting a good con-

servation and no stop codon in the RT domain were used in 

RT-based phylogenies, which confirmed their affiliations to 

the Bianca lineage and the Divo family (Supplemental data 

2).

We also searched for the transcriptional pattern of the 

Divo family using RNAseq reads (Denoeud et  al. 2014) 

from leaves, roots, stamen, and pistil mapped on the 18 

Divo sequences found in C. canephora published genome 

with LTR_STRUC. Transcriptional pattern suggested tran-

scriptional modulation when vegetative tissues (leaves or 

roots) are compared to reproductive tissues (stamens or 

pistils). Seventeen Divo exhibited differential expression 

between leaves or roots versus stamen or pistil, while only 

seven presented differential expression between leaves and 

roots and none between pistils and stamen. In addition, a 

lower degree of expression of these retrotransposons was 

detected in pistil and stamen when compared to leaves and 

roots (Supplemental data 3).

Copy number estimation and insertion time of Divo 

elements in C. canephora, C. arabica and C. eugenioides

One hundred and ninteen, 204, and 132 copies of Divo 

were, respectively, found in C. canephora (Denoeud et al. 

2014), C. canephora, C. arabica, and C. eugenioides 

ACGC sequences (Table  1). Besides looking for highly 

conserved copies (100% of coverage and ≥80% of iden-

tity), less conserved or fragmented copies (80% of identity 

on at least 20% of the total length) and solo LTRs (Devos 

et al. 2002) were also detected. Higher copy numbers were 

obtained for C. canephora ACGC sequences, probably due 

to the completeness of the sequencing technology used. 

Interestingly, C. eugenioides showed a higher Divo total 

copy number when compared to C. canephora, but with the 

notable exception of full-length copies. The allotetraploid 

genome of C. arabica contains the highest total Divo copy 

number. However, for each category, the number of copies 

in C. arabica is lower than the sum of its diploid progeni-

tors. The ratio of solo LTR to full-length or “intact” ele-

ments was in a similar order of magnitude for C. canephora 

(4.7:1 and 3.4:1) and C. arabica (5.4:1), but three times 

higher for C. eugenioides (16.8:1). In the annotated C. 
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canephora pseudo-molecules, the Divo family, whatever 

the status of the copy (full-length, “80–80,” fragmented or 

solo LTR), appears equally distributed along TE-rich and 

gene-rich regions (Supplemental data 4).

Complete copies LTR sequences (80–100%) were 

used to calculate their nucleotide divergence and estimate 

their insertion times in C. canephora, C. arabica, and C. 

eugenioides according to the substitution rate established 

by SanMiguel et  al. 1998 (Fig.  3). Our analysis indicates 

relatively recent insertions of Divo in C. canephora and in 

C. arabica (at 0–0.5 Mya), while in C. eugenioides, two 

more ancient peaks (at 0.5–1 and 1.5–2 Mya, red line) are 

detected. Interestingly, the second ancient peak observed 

in C. eugenioides is also detected in a lesser extent in C. 

Fig. 2  Structure of the Copia 

LTR-RT Divo. a Structural 

features of the Divo family. 

The complete Divo element 

was identified in C. cenephora 

genome (KX767841). Gag and 

Pol ORFs are separated by five 

stop codons. LTR long terminal 

repeats, PBS primer-binding site 

(black triangle), PPT polypu-

rine tract (open triangle), UBN2 

ubinuclein 2 domain, INT inte-

grase, RT reverse transcriptase, 

RH RNAse H. b Web-Logo 

representation of the PBS of 

Divo full-length copies found in 

(c) canephora and C. arabica. 

c Dotter alignment between 

the fragmented Divo (Hamon 

et al. 2011, HM755952) and 

a complete Divo element 

uncovered by LTR_STRUC 

in C. canephora (KX767840). 

Asterisks regions absent in Divo 

but present in the complete 

element. # Regions present in 

Divo but absent in the complete 

element. The positions of LTR 

are indicated

5,636 bp

LTR 5’ LTR 3’

PBS PPT

Gag INT RT RH

CGTTATCAGCACGA ACATCCAAGGGGAG5 stop codons

1,065 bp 3,051 bp
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arabica (purple line), showing a good conservation of 

copies from the C. eugenioides parental genome in the 

allotetraploid.

Comparison of orthologous regions of full-length Divo 

insertions between C. canephora, C. arabica and C. 

eugenioides

Insertion sites of 39, 37, and 20 Divo full-length copies 

were mined in C. canephora, C. arabica, and C. eugen-

ioides genomes, respectively, with their location given by 

Censor (Kohany et  al. 2006). 31 specific insertion sites 

are represented by blue, purple, and red squares, respec-

tively (Fig. 4). In orthologous regions, 16 copy sites are 

shared between C. canephora and C. arabica (blue stars), 

six between C. arabica and C. eugenioides (red stars), 

and one between C. canephora and C. eugenioides (blue 

and red stars at 0,7 My). Twenty-four copy sites are 

shared between the three genomes (yellow circles). Copy 

sites shared between the three genomes are dated from 

0.8 × 106 up to 3.2 × 106 years. In C. canephora, specific 

copy insertions are dated from 0 to 3.1 × 106 years.

Table 1  Estimation of the copy 

numbers of Divo elements in 

the C. canephora genome (*, 

Denoeud et al. 2014) and C. 

canephora, C. arabica, and C. 

eugenioides genome sequences 

(§, PacBio)

Number of intact 

copies (80–100)

Number 

of copies 

(80–80)

Number of 

partial copies 

(20–80)

Number of 

solo LTRs

Solo LTR/

intact copies 

ratio

Total

C. canephora* 28 119 199 132 4.7:1 478

C. canephora§ 41 129 212 142 3.4:1 524

C. arabica§ 37 204 351 201 5.4:1 793

C. eugenioides§ 20 132 223 336 16.8:1 711

Fig. 3  Estimation of insertion 

times of Divo elements in coffee 

genome sequences. The LTR 

sequences of 178 full-length 

elements uncovered from C. 

canephora, C. arabica, and 

C. eugenioides genomes were 

used to estimate insertion time 

using the substitution rate of 

1.3 × 10−8 (Ma and Bennetzen 

2004). Blue, red, purple, and 

green lines represent inser-

tion times respectively in C. 

canephora, C. eugenioides, 

C. arabica, and C. canephora 

(Denoeud et al. 2014)
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Divo elements in plant genomes

Only one element found in Repbase called Copia_12 

(http://www.girinst.org/2014/vol14/issue9/Copia-12_

TC-I.html), showed significant similarity with Divo (76% 

of nucleotide similarity between internal regions and 

48.1% between the LTRs). Copia_12 was annotated in 

the Theobroma cacao genome (Argout et  al. 2011), but 

the element was neither characterized nor classified. Dot-

plot alignment between Divo (Accession #KX767841) 

and Copia_12 confirmed the overall conservation of the 

elements structure with the exception of the LTR regions 

(only 52% of identity), suggesting that Copia_12 may 

belong to the Divo family and so that the Divo family 

is not restricted to the Coffea genus (Supplemental data 

5). We also checked the identity between our sequences 

of Divo from Coffea and the Matita element from Ara-

chis duranensis (accession #JQ040302). The identity 

between Matita and the reference copies of C. canephora 

(Denoeud et al. 2014) and C. canephora, C. arabica, and 

C. eugenioides PacBio is of 53.7, 57, 57.2 and 57.1%, 

respectively. These percentages of identity indicate that 

Matita could effectively be a Divo element, but with a 

different history in Arachis genomes, leading to a signifi-

cant sequence divergence with the Divo family from Cof-

fea. Moreover, Matita is not complete and probably quite 

degenerate, explaining the weak percentages of identity 

with complete Divo elements.

Using four Divo sequences from C. canephora (Denoeud 

et  al. 2014 and PacBio), C. arabica and C. eugenioides 

(accessions #: KX767840, KX767841, KX767839, and 

KX767842) as references (best intra-LTR sequence con-

servation: 97.4, 99.4, 99.4, and 99.7%, respectively, and 

longest ORF for Pol region). We searched for Divo in pub-

licly available plant genomes. 22 genomic sequences were 

recovered from 14 angiosperm species and their RT amino-

acid domains were used to construct a NJ phylogenetic tree 

(Supplemental data 5). Divo from Coffea form one mono-

phyletic group inside the Bianca lineage. Interestingly, sim-

ilar sequences to Divo found in the previously mentioned 

plant genomes were separated into two clear clades, cor-

responding to monocots and dicots, suggesting the Bianca 

MYA 
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Fig. 4  Timing of insertion of Divo and comparative orthologous 

analysis in C. canephora, C. eugenioides, and C. arabica ACGC 

genomes. The vertical line on the right shows the divergence scale of 

LTRs for each element. The vertical line on the left shows the inser-

tion times in Mya estimated with the molecular clock of Ma and Ben-

netzen (2004) (1.3  e−8 substitution per site and per year). Peaks of 

insertions observed in C. canephora (0–0.5 Mya) and C. eugenioides 

(0.5–1 and 1.5–2 Mya) relating to Fig. 3 are symbolized by the blue 

and red triangles, respectively. The insertion sites are located accord-

ing to their estimated insertional time. Yellow circles represent Divo 

insertions at orthologous sites in the three species. The two horizontal 

gray dashed lines indicate the most recent (0.7 Mya) and the oldest 

(3.3 Mya) Divo elements present in the three species. Noted that for 

C. arabica, the most recent insertion is absent from one sub-genome. 

Insertions shared between two species are represented in blue or 

red stars according to the species involved. The most recent copies 

shared by C. eugenioides and one sub-genome of C. arabica in one 

hand, and C. canephora and the other sub-genome of C. arabica in 

the other hand both dated from 0.3 Mya. The oldest copies shared by 

C. canephora and C arabica on one hand, and C. eugeniodies and 

C. arabica on the other hand, both dated from 2.6 Mya. Divo inser-

tions present in only one species are represented by blue, purple, and 

red boxes respectively for C. canephora, C. eugenioides, and C. ara-

bica (represented by its two sub-genomes SG1 and SG2). Numbers 

in boxes indicate copy numbers at the site. Purple boxes between the 

two sub-genomes for C. arabica indicate unknown sub-genome iden-

tification for these insertions
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lineage is composed of two families: one for monocots and 

the other named Divo for dicots.

To further characterize Divo in dicots, we decided to 

annotate these elements in two reference genomes: A. 

thaliana (140  Mb) and V. vinifera (~500  Mb). A total of 

197 and 1,384 potential LTR-RTs were detected in these 

genomes by LTR_STRUC. Out of these, seven and 44 

sequences similar to Divo were recovered from the A. 

thaliana and V. vinifera genomes, respectively. The overall 

structure of these sequences is strictly similar to that of the 

complete Divo sequence (#KX767841) (Supplemental data 

6), including the total length of the elements (an average of 

6,071 bp for A. thaliana and 5,824 bp for V. vinifera) and 

the length of LTRs (335 bp on average for A. thaliana and 

314 bp on average for V. vinifera).

In A. thaliana, four copies are potentially functional 

since no frame-shift was present in the ORFs of these ele-

ments. One of these (called L34-161, LTRs identity of 

98.2%), displays a unique large ORF including the Gag and 

the Pol regions, as found frequently for Copia LTR-RTs 

(Peterson-Burch and Voytas 2002), but so far unique for all 

the Divo sequences analyzed. In grapevine, three sequences 

appeared potentially functional. One of them, called L107-

1314 (LTRs identity of 96.8%), seems the most conserved 

as it carries only one stop codon between the Gag and Pol 

regions, contrary to the two others.

Finally, an analysis of the putative PBS region in 120 

Divo sequences (from the copies of C. canephora, C. ara-

bica, C. eugenioides, Arabidopsis thaliana, Vitis vinifera, 

Brassica rapa, Medicago truncatula and Matita) indicated 

that only the first 14  bp of the PBS region is conserved, 

particularly the four nucleotides “TTAT,” while the 3  ends 

were found more diverse (Fig. 2b).

Altogether these results suggest that Divo, the family of 

LTR-RTs described for the first time from complete ele-

ments, is actually conserved among a large panel of dicot 

plants.

Discussion

A novel LTR-RT family conserved 

among dicotylodenous plants

We uncovered a novel LTR-RT family called Divo in dip-

loid and allotetraploid coffee-tree genomes. This family is 

related to a degenerated element previously annotated in 

a C. canephora BAC clone and used to study the relation-

ships between 32 Coffea species (Hamon et al. 2011). Divo 

was classified into the Bianca lineage using a phylogenetic 

analysis (Fig.  1 and Supplemental data 2) and because it 

shares the same key structural features with elements from 

this lineage such as the overall length of the element and 

LTR sizes (Wicker and Keller 2007; Nielen et  al. 2012). 

However, Divo-like homologous sequences were restricted 

to dicots, suggesting that the Divo family evolved specifi-

cally since the divergence between dicots and monocots.

Bianca is the most ancient Copia lineage as showed 

by our RT-based phylogenetic analysis (see also Piednoël 

et  al. 2013). Bianca elements have been initially detected 

in Triticeae, rice, Arabidopsis and alfalfa (Wicker and Kel-

ler 2007; Wang and Liu 2008). Whereas the Bianca line-

age was not found in soybean (Du et al. 2010), sugarcane 

(Domingues et al. 2012) or quinoa (Kolano et al. 2013), it 

was frequently found in Angiosperm genomes (Piednoël 

et al. 2013), confirming that this ancient lineage was spread 

along the Angiosperms divergence. The Bianca lineage 

was also frequently found with a moderated copy number, 

such as in Arabidopis, rice, peanut, eucalyptus, and poplar 

(Wicker and Keller 2007; Nielen et al. 2012; Marcon et al. 

2015; Natali et  al. 2015), with the exception in the pear 

genome, where Bianca represents the highest copy number 

lineage of all Copia elements (Yin et al. 2015).

Similarly to other Angiosperm genomes, Divo was 

found in coffee-trees with a moderate copy number, sug-

gesting that coffee host genomes may apply a control of the 

copy number of this family,

One of the main characteristics of the Divo family is an 

atypical PBS that did not show any strong complementary 

sequence to host tRNAs (Fig.  2). A PBS is usually com-

posed of 11 to 18 nucleotides complementary to a host 

tRNA that primes the reverse transcription of the element 

(Le Grice 2003). However, the detection of recent Divo 

element insertions based on the LTR divergence suggests 

potential recent mobility. Further studies, including the 

detection of circular dsDNA molecules, suggesting repli-

cative forms of the elements (Mirouze et al. 2009), might 

bring more evidence about the actual transpositional activ-

ity of Divo.

The comparison of the Divo alleged PBS (Fig. 2, CGT 

TAT CAG CAC GA) with those of the families Romani in 

Arabidopsis (GTT TAT CAG CAC , Wicker and Keller 2007), 

Matita in peanut (TGT TAT CAG CAC , Nielen et al. 2012) 

and Mtr13 in Medicago (CGT TAT CAG CAC GC, Wang and 

Liu 2008) suggest that it could be conserved in different 

families from the Bianca lineage. Other groups of LTR-RTs 

lacking PBS identification were previously characterized in 

Aedes aegypti (Minervini et al. 2009) and in Dictyostelium, 

(Leng et al. 1998), suggesting that these LTR-RTs may not 

need a functional PBS and/or that they could use another 

primer to accomplish their replication cycle.

Divo in diploid and allotetraploid coffee-trees genomes

The time of LTR-RTs insertions in genomic sequences 

can be roughly estimated using the divergence between 
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LTR sequences of each element, as these regions are 

supposed to be strictly identical in an active copy at the 

time of each insertion. Since no specific substitution rate 

is available for Coffea, we used the one estimated by Ma 

& Bennetzen (2004) for rice LTR-RTs (1.3e−8 substitu-

tion per site per year), and often applied to other dicots 

and monocots LTRs divergence analyses (Vitte and 

Bennetzen 2006). Estimation of LTR-RTs time of inser-

tions in the studied Coffea species showed that these ele-

ments were differentially amplified in the last 2.5 My. 

The C. canephora ACGC genome contains more recent 

Divo copies than the other genomes and more than the 

published C. canephora genome (Denoeud et  al. 2014), 

which is probably a consequence of the higher quality 

and completeness reached by the sequencing technology 

(Fig. 3). Particularly, 18 recent insertions (100% of nucle-

otide conservation between their LTRs) were observed in 

C. canephora, suggesting that Divo was amplified and 

activated recently in this species, and with a lesser extent 

in C. arabica. On the contrary, almost no recent inser-

tions were detected in C. eugenioides (Fig. 4). This result 

is in agreement with the data obtained by Hamon et  al. 

(2011), where they showed that Divo is accompanying 

the C. canephora diversification but not that of the genus 

Coffea, including C. eugenioides. As we can observe 

recent and specific insertion sites in C. arabica (Fig. 4), 

Divo could yet also be active or would have been active 

in the actual C. canephora ancestor of C. arabica. On the 

contrary, C. eugenioides did not show recent transposi-

tions, while two discrete periods of activity at 0.5–1 and 

1.5–2 Mya were evidenced. Furthermore, a high number 

of solo LTRs were detected in C. eugenioides, suggest-

ing that the control of Divo copy number may be more 

efficient in this genome via unequal homologous recom-

bination mechanisms (Bennetzen and Kellogg 1997). The 

distinct periods of transposition and removal activities of 

Divo between C. canephora and C. eugenioides indicate 

a different evolution of the genome structural dynamics 

of these two diploids. As expected, the insertion peri-

odes of Divo elements within C. arabica genome share 

the pattern of both C. canephora, with a recent activity 

(0–0.5 Mya) and C. eugenioides, with a secondary and 

more ancient peak of insertions (1.5–2 Mya; Fig. 3). This 

pattern (common timing insertion with diploid ancestor, 

conservation of orthologous copies, and copy number 

estimation) suggests that the allotetraploid genome of C. 

arabica did not suffer of strong elimination or increase 

of Divo copy number following the allopolyploidization. 

This result differs from other LTR-RT families in allopol-

yploid genomes that underwent modifications of their 

copy numbers after polyploidization (Ainouche et  al. 

2009; Parisod et al. 2010). Further and wider comparative 

analysis of LTR-RTs between the C. arabica genome and 

its two diploid progenitors will bring interesting informa-

tion concerning the consequences of the polyploidization 

on the LTR-RTs dynamics and control in this model.

An evolutionary scenario for diploid and allotetraploid 

genomes divergence

We used the complete copies of Divo conserved in ortholo-

gous regions between the C. arabica genome and its two 

diploid progenitors, C. canephora and C. eugenioides, to 

better understand the evolution of their genomes. The rela-

tive time of insertion of Divo copies allowed us to propose 

an evolutionary scenario for the divergence time between 

C. canephora, C. eugenioides, and for the formation of C. 

arabica.

The relative time for the C. canephora and C. eugen-

ioides radiation can be investigated thanks to the conserva-

tion of Divo copies at orthologous sites, corresponding to 

Divo copies likely inserted in the common ancestor of the 

two diploid genomes. Such orthologous copies had an esti-

mated time of insertion ranging between 3.1 and 0.8 Mya, 

suggesting that the two species completely diverged at least 

0.8 Mya. However, Divo copies were also found specificaly 

inserted in C. canpehora or in C. eugenioides in the same 

time interval, suggesting a long period of radiation into 

two gene pools to give rise to the two species. The analy-

sis of all Divo copies (conserved and non-conserved) that 

inserted between 3.1 and 0.8 Mya in the two diploid ances-

tors, showed two waves of insertion (two peaks at 1.5–2 

Mya and 0.5–1 Mya) that occurred in C. eugenioides but 

not in C. canephora, suggesting a divergence in the activity 

of Divo during the process of radiation. Finally the clear 

amplification of Divo observed in C. canephora but not in 

C. eugenioides in the time interval of 0 to 0.5 Mya con-

firmed that the two species were already differentiated.

The relative time of C. arabica polyploidization event 

may be also estimated using the insertion time of conserved 

Divo at orthologous locations in the two sub-genomes. 

Since the last common Divo insertions at orthologous 

sites between C. arabica and C. eugenioides and between 

C. arabica and C. canephora were observed in the last 0.3 

Mya, we concluded that C. arabica is originated from a 

very recent hybridization, confirming previous estimation 

(Yu et al. 2011). Interestingly, Divo copies showing 100% 

of identity between the two LTRs (nine copies) were only 

found in the C. canephora genome strongly suggesting that 

Divo remains active in that species in a very recent time.

Coffea arabica is an allotetraploid species originated 

from a hybridization event that occurred between diploid 

species and taking place 46,000–665,000 years ago (Yu 

et  al. 2011). Understanding the mechanisms of genome 

modifications during the allotetraploidization may be of 

interest. Divo, a novel family of the Bianca lineage among 
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the superfamily Copia, is present in moderated copy num-
bers in dicots. Complete and potentially functional Divo 
copies were detected in C. arabica and its diploid C. 

canephora and C. eugenioides progenitors. The activity of 
the Divo family, and the mechanisms of control of its copy 
number played certainly a role in the differentiation of C. 

canephora and C. eugenioides genomes. Beside strucural 
impacts on genomes, its precise functional role remains 
to be elucidated. In the near future, a complete character-
ization of active transposable elements in C. arabica and 
its diploid progenitors will bring more insights into plant 
genomes divergence and evolution.
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Supplemental data 2: NJ trees of Bianca lineage (RT domains) in the three Coffea ACGC genomes. 
Bootstraps values higher than 50% are indicated. Red branches: Divo elements found in coffee trees; purple branches: 
Divo elements from other dicots; black branches: Bianca reference RT domains; blue branches: Bianca elements from the 

monocots. 
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Supplemental data 3: A – Heatmap of normalized RPKM data from Divo retroelements expressed in different C. 

canephora tissues. The legend scores represent the deviation of the mean by standard deviation units (blue: no expression – 

red: expression). B – Table of differential expression of Divo elements in C. canephora RNA-seq from leaves, roots, pistil, 

and stamen. *Significance threshold of 0.05 with Bonferroni correction = 0.278 (Audic & Claverie, 1997 and Romualdi et al. 

2003).  
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518 0.030817 0.021228 0.009347 0.000000* 0.000000* 0.000000* 0.000000* 0.000000* 0.000000* 0.053971

43 0.041512 0.000031* 0.000034* 0.000000* 0.000000* 0.000000* 0.000170* 0.000000* 0.000000* 0.012059

1301 0.009202 0.016018 0.000877 0.000000* 0.000000* 0.000000* 0.000000* 0.000000* 0.000000* 0.033008
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Supplementary material 4: Circos representation of the locations of Divo copies 
in C. canephora published genome. 

Complete copies: red; copies: orange; partial copies: yellow and solo-LTRs: purple. 
Genes and transposable elements repartition is represented in blue and light blue, 

respectively. 



Supplemental data 5: Dot-plot alignment of Divo’s reference 

copy in C. canephora and Copia_12 in Theobroma cacao.  
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Supplemental data 6: Structural features of well-conserved copies of Divo elements in C. canephora, 

V. vinifera and A. thaliana. 
LTR: Long Terminal Repeats; INT: Integrase; RT: Reverse Transcriptase; RH: RNAse H; PBS: Primer-Binding Site; 
PPT: PolyPurine tract. 
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:2 !YZNTJ[HYZ[)LX)WLK[WLNXH`L[)
*

C/')*%"(*/$(&%."2*'6-)*/G6')*#6'($1*9-"* ./* .&+'1"*5"*+9A#!'4#!5<!2*3"-*%6''-"*"(*

$"($6-G1"*"'*0/&:."*'6#:$"*5"*%63&")*5/')*./*3.-3/$(*5")*+1'6#")*6�*".."*/*1(1*51("%(1"2*

")(* 3$1)"'("* %,"Q* .")* %/01&"$)7* D.."* &..-)($"* ./*5&00iculté d’utiliser des bases de données 

%6##"*$101$"'%"*36-$*l’identification des éléments si celles<%&*)6'(*&'%6#3.;(")*V@OC`]7**

U")* /'/.O)")*3,O.6+1'1(&9-")* 5")* )19-"'%")* $"($6-G1")* 5/')* 3.-)&"-$)* +1'6#")*

d’Angiospermes, y compris les caféiers, ont montré que cette lignée de +9A#!*3"-(*J($"*

)13/$1"* "'* 5"-4* +$/'5")* 0/#&..")*_* .")*4#!5<!* $"($6-G1)* %,"Q* .")* 86'6%6(O.156'")* "(*

%#@92* ./* 0/#&.."* $"($6-G1"* %,"Q* .")* C&%6(O.156'")7* =6'%"$'/'(* +3' !E!F#<!* "(* )")*

progéniteurs diploïdes, l’étude précise de %#@9* %6'0&$#"* 9-"* %".-&<%&* /* 3/$(&%&31* >* ./*

5&G"$)&0&%/(&6'*+1'1(&9-"*5"*+3'<!5:AG9E!, confirmant les résultats de l’étude précédente 

)-$* %"(* 1.1#"'(* VK/#6'* "(* /.7* drff]. Les estimations d’âge d’insertion des copies 

%6#3.;(")*#6'($"'(*"'*"00"(*5")* &')"$(&6')* ($;)* $1%"'(")*"(*)31%&0&9-")*>*%"(("*")3;%"7*

De plus, ces estimations confirment l’origine récente de +3'!E!F#<!7*="(("*0/#&.."*5"*UP!<

!P*)"#:."*/G6&$*-'"*/%(&G&(1*#6&')*&#36$(/'("*%,"Q*+3':7I:5#9#8:$*9-&*#6'($"*($;)*3"-*

5"* %63&")* &')1$1")* $1%"##"'(7* E.* '"* )"#:."*3/)* O* /G6&$* "-*-'* &#3/%(* &#36$(/'(*5"* ./*

36.O3.6j5&)/(&6'*)-$*%"(*1.1#"'(2*1(/'(*56''1*9-"*+3'!E!F#<!*#6'($"*:"/-%6-3*5"*%63&")*

%6##-'")*>*+3'<!5:AG9E!*"(y6-*+3':7I:5#9#8:$*et pas d’amplification)*$1%"'(")7*

%#@9* /* 56'%* %"$(/&'"#"'(* W6-1* -'* $c."* 5/')* ./* 5&001$"'%&/(&6'* 5")* +$6-3")*

+1'1(&9-")* 5"* +3' <!5:AG9E!7* E.* )"$/&(* &'(1$"))/'(* 5"* $"%,"$%,"$* 5")* ($/')%$&()* "(*

d’éventuellement détecter une expression différentielle de %#@9*"'*06'%(&6'*5"*)($"))")*

:&6(&9-"*6-*/:&6(&9-"*5/')*.")*+1'6#")*5"*+3'!E!F#<!*"(*)")*3$6+1'&("-$)7*C")*56''1")*

RNAseq de l’équipe CoffeeAdapt peuvent être étudiées avec des outils dédiés à l’analyse 

de l’expression différentielle des gènes et ET du génome. Je n’ai malheureusement pas 

"-* ."* ("#3)* 5"* %6##"'%"$* ces analyses, mais j’ai testé l’outil «*PD(66.)*I* VU"$/(* "(* /.7*

drfo], qui avec une base de données de séquences d’ET du génome 1(-5&12* %/.%-."*

l’expression différentielle d’ET dans un jeu de données RNAseq. É(/'(*56''1*.")*%63&")*

($;)*$1%"##"'(*&')1$1")*5/')*."*+1'6#"*5"*+3'<!5:AG9E!*"(*"'*#6&'5$"*#")-$"*5/')*



! "#!

!
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!,&-%..//&D!HE$!G!!,&-$+%.")%(0%&D!FKI!G!!,&(1%-./#"+/%&D'JEL!G!!,&.$"+$("2/&D!2FI!G!!,&'(%33//&D!HEF!G!!,&-$(45/.3/3&D!KLF!G!!,&1"(3$#/$+6/%.%&
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%".-&*5"*+3'!E!F#<!2*6'*3"-(*)-336)"$*9-"*%#@9*")(*/%(-".."#"'(*/%(&0*5/')*%")*+1'6#")7*

Ayant accès à 24 génomes d’espècesy)6-)<")3;%")*5&3.6j5")*5"*%/01&"$)*)/-G/+")*

)19-"'%1)* "'* E..-#&'/* VF$6W"(* @fp2* %6##-'&%/(&6'* 6$/."* F?@* drfg2* P/:."/-* f], j’ai 

G1$&0&1* ./*3$1)"'%"*5"*%#@9* 5/')* %")*+1'6#")* VN&+-$"*fp]7* E.*'"* )"#:."*3/)*O*/G6&$* 5"*

+$/'5"* G/$&/(&6'* 5-* '6#:$"* 5")* %63&")2*#/&)* %"$(/&'")* ")3;%")2* '6(/##"'(* %"..")* 5-*

%./5"*n"'6<Coffea d’Afrique (excepté +3'EG!=5#K9"#!]*)"#:."'(*"'*%6'("'&$*#6&')*9-"*.")*

/-($")7*D'*"00"(2*+3'EG!=5#K9"#!*")(*6$&+&'/&$"*d’Afrique de l’est et présente un '6#:$"*5"*

%63&")* 5-* #J#"* 6$5$"* 5"* +$/'5"-$* 9-"* %".-&* 5")* D-<Coffea d’Afrique de l’est. 

F/$/564/."#"'(2*+3'=7K#58#:5$#$P*qui est d’Afrique de l’est, montre un nombre de copies 

5-*#J#"*6$5$"*9-"*%".-&*5")*n"'6<=600"/7*@.6:/."#"'(2*."*'6#:$"*5"*%63&")*")(&#1*'"*

)"#:."*3/)*G/$&"$*"'*06'%(&6'*5"*./*$13/$(&(&6'*+16+$/3,&9-"*5")*")3;%")2*"4%"3(&6'*0/&("*

5")*n"'6<Coffea d’Afrique. Des caractéristiques propres à ces espèces provoquent peut<

J($"*-'"*1.&#&'/(&6'*6-*-'"*3.-)*0/&:."*/%(&G&(1*5"*%#@9*5/')*%")*+1'6#")7*

L’"4($/%(&6'*5")*56#/&'")*!P*5"*fo*")3;%")*)-$*.")*dl*V>*%"*#6#"'(*.")*+1'6#")*

5"* +3' EG!=5#K9"#!2* +3' 5:9":E9B#2* +3' =:"!59<!EA!2* +3' =:EI7:5$#$2* +3' <G!EE#:E#!5!2* +3'

=7K#58#:5$#$2*+3'"#F:E#<!*"(*+3'D!A!D!6!'n’étaient pas disponibles]*/*1(1*$1/.&)1"*VP/:."/-*

f]7* Malgré la présence d’espèces d-* %./5"* 5")* n"'6<=600"/* V/:)"'()* 5/')* l’1(-5"* 5"*

K/#6'*"(*/.7*drff], l’arbre 3,O.6+1'1(&9-"*VZM]*$1/.&)1*/G"%* .")*!P*5"*%#@9*'"*#6'($"*

3/)*5"*+$6-3"#"'()*3/$(&%-.&"$)*)".6'* .")*")3;%")*6-* .")*Q6'")*+16+$/3,&9-")* VN&+-$"*

fl]7*k'*3"-(*/3"$%"G6&$*5"*3"(&()*+$6-3"#"'()*V5"*+3'<!5:AG9E!*'6(/##"'(]*)6-("'-)*

#/&)*(6-(")*.")*")3;%")*)6'(*%6'06'5-")*/G"%*3"-*5"*)-336$(*)(/(&)(&9-"*36-$*.")*+$/'5)*

%./5")7* k'* 3"-(* %"3"'5/'(* 6:)"$G"$* 9-"* %"$(/&'")* :$/'%,")* /G"%* -'* 3"(&(* '6#:$"*

d’espèces différentes sont courtes et soutenues, ce qui 36-$$/&(* )-++1$"$* -'"* /%(&G&(1*

$1%"'("*5"*%#@9*5/')*%")*+1'6#")7**

%#@9*")(*56'%*-'*UP!<!P*+9A#!*5&)%$"(2*"'*0/&:."*'6#:$"*5"*%63&")*"(*3$1)"'(*5/')*

.")* +1'6#")* 5"* 3./'(")* C&%6(O.156'")* -'&9-"#"'(7* E.* )"#:."* 3$1)"'("$* -'"* /%(&G&(1*

/'%&"''"*5/')*(6-(")*.")*")3;%")*5"*%/01&"$)*V3$1)"'(*5/')*.")*06$#")*/'%")($/.")]7*a6'*

/%(&G&(1* /* 1(1* 3.-)* &#36$(/'("* 5/')* ."* +1'6#"* 5"* +3' <!5:AG9E!2* /%%6#3/+'/'(* )/*

diversification et montrant des irruptions d’insertion trè)* $1%"'(")7* E.* 36-$$/&(* J($"*

-(&.&)1*%6##"*6-(&.*#6.1%-./&$"*pour l’étude de ./*5&G"$)&(1*+1'1(&9-"*5"*+3'<!5:AG9E!2*

(d’autres groupes génétiques pourraient exister dans la partie plus à l’est et au nord<")(**
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* *

7HIJKL)*9)M)#ZRTb[L)WObTYIPZPXHhJL)f+C)–)*<<)KPWPXHXHYZ[)SL)_YYX[XKRW[g)_R[PL)[JK)*<66)
SYQRHZL[)'&)SL)&1>7)SRZ[)*=)L[W\NL[j[YJ[?L[W\NL[)SHWTY^SL[)SL)!788932)U")*:$/'%,")*"(*
'6#)*"'*'6&$*)6'(*.")*56#/&'")*5"*$101$"'%"*"4($/&()*5"*@OC`*"(*5"*x&%S"$*"(*/.7*drrs*36-$*
4#!5<!7* U")* ")3;%")* )6'(* %6.6$1")* )".6'* ."-$* $13/$(&(&6'*: Afrique de l’ouest et du centre en 
rouge, Afrique de l’est en vert, îles de l’océan indien en orange et marron et Asie en violet.)

)
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5"* )/* 5&)($&:-(&6']2* /&')&* 9-"* 36-$* ./* $"%,"$%,"* 5"* l’origine* +16+$/3,&9-"* 5-* )6-)*

+1'6#"*+3'<!5:AG9E!'%,"Q*+3'!E!F#<!7* U")*#/&'(&"')* 5&001$"'(&".)* 5"*%#@9* "(* 5"*4#!5<!*

V-'&9-"#"'(*5")*)19-"'%")*($;)*51+$/51")*5"*4#!5<!*%,"Q*.")*86'6%6(O.156'")*"(*5")*

)19-"'%")*%6#3.;(")*36-$*%#@9*%,"Q*.")*C&%6(O.156'")]2*)-++;$"'(*9-"*.")*4#!5<!*6'(*-'*

%O%."* 5"* G&"* "(y6-* -'"* $1+-./(&6'* 5&001$"'()7* ?&')&2* l’,&)(6&$"* 1G6.-(&G"* 5"* %#@9* "(* 5"*

4#!5<!* )"* ($/5-&$/&(* aujourd’hui 3/$* -'"* 0/#&.."* en perte d’activité %,"Q* .")*

86'6%6(O.156'")*"(*"'%6$"*/%(&G"*%,"Q*.")*C&%6(O.156'")7*

*
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=,/3&($"*g*<*L’analyse des LTR<
$1($6($/')36)6')*./0&*&'5&9-"*-'"*3$6:/:."*
6$&+&'"*3/$"'(/."*6-+/'5/&)"*5"*+9KK:!'!E!F#<!*

*
*

*2 !YZXLVXL)
*

U"*%,/3&($"*p*traitait de l’analyse du séquençage partiel "(*5"*./*%6#36)&(&6'*"'*DP*

5"* ff* ")3;%")* 5"* %/01&"$)* %-.(&G1")* V+3' !E!F#<!* "(* +3' <!5:AG9E!]* "(* )/-G/+")7* C"-4*

6:)"$G/(&6')*'6-)*6'(*3/$-*3"$(&'"'("s. D’une part, l/*.&+'1"*5")*./0&*V+9A#!]*#6'($/&(*

-'"* G/$&/(&6'* 5-* '6#:$"* 5"* ."-$)* %63&")* )-&G/'(* ."-$* /33/$("'/'%"* /-4* +$6-3")* :&6<

+16+$/3,&9-")7*D’autre part,*.’estimation*5-*'6#:$"*5"*%63&")*3$1)"'(")*5/')*3.-)&"-$)*

accessions d’une même espèce* /* #6'($1* 5")* G/$&/(&6')* )"')&:.")* 5-* '6#:$"* 5")*

1.1#"'()* V+3' <!5:AG9E!*_* /%%"))&6')* ENlfr* 5’Afrique de l’ouest2* KC* drr<tl* 5"* ./*

!13-:.&9-"* C1#6%$/(&9-"* 5-* =6'+6* "(* `BCfg* d’Ouganda*v* +3':7I:5#9#8:$*_* /%%"))&6')*

`B<A d’Ouganda et DA56 du Kenya) (N&+-$"*fg]7*

U’analyse plus précise de cette lignée dans le génome annoté de +9KK:!'<!5:AG9E!*

VC"'6"-5*"(*/.7*drfl]*a permis de montrer l’existence de trois familles de ./0&2*?2*`*"(*=2*

5/')* %"* +1'6#"* VC/$$1* drfl]7* ="* ($/G/&.* )-$* .")* ./0&* /* 1(1* affiné par l’analyse* 5")*

+1'6#")*)19-"'%1)*"'*F/%`&67*

*

62 %QWTHNRXHYZ)WLK[YZZLTTL)
*

F6-$*%"(*/$(&%."2*W’ai repris le travail de Thibaud Darré et comparé les trois familles 

décrites avec les trois familles que j’ai également détecté dans les génomes PacBio. J’ai 

par la suite réalisé l’annotation des copies complètes trouvées dans ces génomes et 

extrait les domaines RT et les LTR pour les analyses phylogénétiques et d’estimation de 

dates d’insertion des copies complètes. J’ai ensuite recherché .")* Q6'")* +1'6#&9-")*

%6##-'")*>*+3'<!5:AG9E!2*+3'!E!F#<!*"(*+3':7I:5#9#8:$*3/$*56(<3.6(*V@"3/$5*VR$-#)&"S*"(*

/.7*drrs]]*3-&)*G1$&0&1* ./*3$1)"'%"*5"*%63&")*%6#3.;(")*"(*%6##-'")*5"*./0&*5/')*%")*

$1+&6')7* M’ai réalisé les /'/.O)")* `U?aP* "(* 3,O.6+1'1(&9-")* 51(/&..1")* 5/')* ./* 3/$(&"*
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H*8"(,65)*» de l’article. J’ai ensuite participé à la construction des figures et à la 

rédaction de l’article.*
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*

7HIJKL)*=)M)([XHQRXHYZ)SJ)ZYQ_KL)SL)NYWHL[)SL[))'*$)SRZ[)JZ)kLJ)SL)SYZZPL[)9=9)SL)!:+;349<57=38)!:+3=3?1;3)LX)!:+96@94171A902)
ENlfr*_*+3'<!5:AG9E!*5"*@-&'1"*v*KC<drr*_*+3'<!5:AG9E!*5"*!C=*v*`BCfg*_*+3'<!5:AG9E!*d’Ouganda*v*C?go*_*+3':7I:5#9#8:$*5-*R"'O/*v*
`BCfl*_*+3':7I:5#9#8:$*d’Ouganda*v*===?l*_*+3'!E!F#<!*%-.(&G17*
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ABSTRACT 

 

Background: In plant genomes, the activity of LTR-retrotransposons has a deep impact on 

genome structure and evolution, and their proliferation may accompany the diversification of 

species. 

Results: To study the origin of C. arabica, we analyzed the SIRE LTR-retrotransposons in the 

C. arabica genome and in sequenced accessions of its diploid progenitors: C. canephora and 

C. eugenioides. We found that independent SIRE activations occurred simultaneously both in 

C. canephora and in C. eugenioides. However, no burst of activation following the 

polyploidization was observed. Phylogenetic analysis of SIRE families suggests that the 

parental genomes of C. arabica may be related with C. canephora and C. eugenioides 

populations originated from Uganda. 

Conclusion: Altogether, our results suggest that the proliferation of the SIRE families might 

be one of the evolutionary forces that act on diploid species in the Coffea genus. 

 

Keywords: SIRE, LTR-RT, Coffea arabica, evolution 
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BACKGROUND 

 

Mobile genetic elements are DNA components present in all the genomes studied until now. 

Transposable elements (TEs) are classified according to their mode of mobility: Class I TEs 

or retrotransposons, use a “copy-and-paste” mechanism, whereas Class II TEs or DNA 

transposons, use a “cut-and-paste” mechanism. These two classes are then divided into orders, 

super-families, lineages, families and sometimes sub-families (Wicker et al. 2007). In plant 

genomes, retrotransposons can be particularly invasive, leading to genomic ‘obesity’ (Kumar 

and Bennetzen 1999; Lisch 2013). This propensity to accumulate hundreds or even thousands 

of copies can be stimulated by the transposition mechanism used, as successful 

retrotransposition produces for a given element a new DNA copy. Retrotransposons and 

especially Long Tandem Repeat retrotransposons (LTR-RTs), are the main TEs found in plant 

genomes. They are composed of Gypsy, Copia, Bel/Pao, Caulimoviruses and Retroviridae, 

with Gypsy and Copia being the two major LTR-RTs super-families in plants. Copia and 

Gypsy differ in the organization of the Gag and Pol regions and can be classified thanks to the 

conserved domains (especially the reverse transcriptase, RT) found in these regions 

(Havecker et al. 2004). They appear to be ancient as they are present in a large range of 

eukaryote genomes (Llorens et al. 2009). A clear relationship can be established between 

plant genome sizes and the proportion of LTR-RTs detected. Therefore, small genomes like 

Utricularia gibba or Arabidopsis thaliana contain only about 2.5 to 4% of LTR-RTs (The 

Arabidopsis Genome Initiative 2000; Kejnovsky et al. 2012; Ibarra-Laclette et al. 2013), 

whereas bigger genomes like Triticum aestivum or Zea mays, can contain them up to 63 and 

75% (Schnable et al. 2009; Brenchley et al. 2012). The availability of next-generation 

sequencing data permits to study more and more complex genomes and to investigate on their 

structure, functioning and evolution. The huge amount of genomic information for both model 

and non-model species makes possible an overall understanding of genomes organization and 

evolution. Part of this information is the increasing interest to investigate on the TEs 

dynamics. 

Coffea genus, belonging to the Rubiaceae family, is a young genus (around 12 My, Hamon et 

al. 2017) composed of 139 species (Couturon et al. 2016) with a distribution in various 

habitats in inter-tropical forests of Africa, Western Indian Ocean islands, India, Asia and 

Australasia (Davis et al. 2011). All species are diploids (2n = 2x = 22 chromosomes) except 

C. arabica (Bouharmont 1959; Louarn 1976). Chromosomal structure, genetic and genomic 
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studies of diploid species showed that they share a common genome and have discrete 

chromosomal differences (Hamon et al. 2009, 2015).  

Originating from a recent and natural hybridization between C. canephora and C. eugenioides 

(Lashermes et al. 1999, Yu et al. 2011), C. arabica is an allotetraploid (genome of 1.3 Gb) of 

high economic importance for many developing countries. The low divergence between the 

two parental sub-genomes makes hard the assembling and correct separation of homeologous 

sequences.  

The draft sequence of C. canephora genome, the diploid cultivated species is composed with 

50% TEs with 42% LTR-RTs (Denoeud et al. 2014). A previous study (Hamon et al. 2011) 

using two Copia LTR-retrotransposons (Divo and Nana identified from a C. canephora BAC 

clone), showed that Divo permits the identification of the five C. canephora genetic groups 

previously described by Gomez et al. (2009) while Nana is associated to species 

differentiation. 

An in-depth study of the Divo family was conducted using the draft genome of C. canephora 

(Denoeud et al. 2014) and PacBio sequencing for C. canephora, C. eugenioides and C. 

arabica (generated under The Arabica Coffee Genome Consortium, 2014) (Dupeyron et al. 

2017). Divo elements are only found in dicots and form a sister clade to Bianca elements only 

present in monocots. Divo is subjected to small activity peaks at different periods in the two 

diploid genomes; it did not suffer from deep rearrangements in C. arabica following the 

polyploidization event unlike to reports in polyploid genomes such as Spartina anglica or 

Nicotiana tabaccum (Comai et al. 2003; Parisod et al. 2010). Moreover, the last insertion of 

Divo shared by C. canephora, C. eugenioides and C. arabica suggested that the 

polyploidization would be even more recent than previous high estimations (Yu et al. 2011). 

More recently, information on Coffea genomes composition in TEs for 11 species was 

gathered from partial genome sequencing. The SIRE lineage (Copia super-family) elements of 

C. canephora are distributed into three distinct families. These elements are not equally 

distributed among Coffea species (Guyot et al. 2016). Furthermore, first rough estimates of 

SIRE elements copy number suggested variation between accessions of C. canephora (Darré 

2014). Among Copia lineage, SIRE are atypical elements as they are the only ones to carry an 

envelope-like gene (ENV) (Laten et al. 1998). Widespread lineage in plants, they are supposed 

to be ancient. As they showed recent insertion activity in most of the studied plant genomes 

(Bousios et al. 2010), they could give valuable information on Coffea genome evolution, and 

especially regarding their dynamics in the allotetraploid C. arabica. 
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In this study, thanks to the SIRE repertoire from C. canephora (assembled from short-read 

sequences, C. canephora accession HD-200-94, Denoeud et al. 2014) and the forthcoming C. 

arabica, C. canephora and C. eugenioides genomes (long read sequencing, PacBio 

technology, accessions Et39, HD-200-94 and BU-A respectively, ACGC 2014), the SIRE 

elements were mined and analysed. We found that independent SIRE activations occurred 

simultaneously both in C. canephora and in C. eugenioides. However, no burst of activation 

following the polyploidization was observed. Phylogenetic analysis of SIRE families suggests 

that the parental genomes of C. arabica, may be related with C. canephora and C. 

eugenioides populations originated from Uganda. Altogether, our results suggest that the 

proliferation of the SIRE families, might be one of the evolutionary forces that act on diploid 

species in the Coffea genus. 

 

MATERIAL AND METHODS 

 

Genomic sources 

Three genomes generated under the Arabica Coffee Genome Consortium (ACGC 2014) 

sequenced with the single molecule real-time (SMRT, Pacific Biosciences - PacBio) 

sequencing technology: C. canephora (accession DH 200-94), C. arabica (accession Et39) 

and C. eugenioides (BU-A) accounting respectively for 679, 1,060 and 789 Mb of unordered 

contigs) were used in this study. The C. canephora genome sequence was assembled into 

pseudo-molecules corresponding to each chromosome, plus an additional pseudo-molecule 

(“0”) corresponding to the remaining genetic information matching with any chromosome. 

In addition, C. canephora (accession BUD15) and C. eugenioides (accession DA56) genomes 

sequenced with the Illumina technology were used in this study. 

 

Classification and annotation of SIRE Copia LTR-RTs 

 

SIRE sequences were extracted from the LTR_STRUC outputs of the three PacBio genomes 

as following: from these outputs, potential SIRE elements were identified with BLASTX 

similarities against a database of Gag and Pol domains (available at GyDB, 

http://www.gydb.org/ Llorens et al. 2011). The amino acid RT domains of all recovered SIRE 

were extracted from each genome as described in Guyot et al. (2016), with a minimum length 

of 200 amino acid residues. 
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RT reference domains from GyDB were added to these sequences. All of them were aligned 

with Muscle (Edgar 2004) and used to construct a bootstrapped neighbor-joining (NJ) tree 

(1000 replicates) with ClustalW (Thompson et al. 1994) edited with Figtree 

(http://tree.bio.ed.ac.uk/software/figtree/) and Inkscape (http://www.inkscape.org/). 

Precise annotation of SIRE complete copies was made using BLASTX and dot-plot 

alignments with reference domains (Gypsy Database 2.0 web site) (Sonnhammer and Durbin 

1996) and LTR_Finder Xu and Wang 2007), http://tlife.fudan.edu.cn/ltr_finder/). Final 

annotations were edited with Artemis (Rutherford et al. 2000). The presence of cis-acting 

regulatory elements in the LTRs was mined for the reference sequences for each SIRE family 

and for each genome in PlantCARE (Lescot et al. 2002). 

 

Identification of three families of SIRE in C. canephora and C. eugenioides 

 

The organization of SIRE lineage in three clusters (Guyot et al. 2016) was checked by 

launching NJ trees of LTR sequences from the SIRE detected by LTR_STRUC. The trees 

were rooted with the four RT domains references of SIRE from GyDB (from Arabidopsis 

thaliana, Glycine max, Zea mays and Setaria italica) and edited with Figtree and Inkscape. 

For one of the three SIRE clusters (named family C), two references were used, as two sub-

types of copies are found with short and long LTRs. 

 

Copy number and insertion time of the three SIRE families in C. canephora, C. arabica 

and C. eugenioides 

 

Assessment of SIRE copy number in the C. canephora, C. arabica and C. eugenioides PacBio 

genomes (ACGC 2014) was carried out with Censor (Kohany et al. 2006). A complete 

element is considered when it contains both ORFs Gag and Pol and a minimum of 99% 

sequence identity between both LTRs. The complete element (and the most conserved) found 

in each of the three genomes was used as a reference for the similarity searches. To estimate 

the copy number of each family separately, one complete and most conserved element for 

each of the three families was used as reference for Censor. This was not possible for one of 

the families in C. arabica, for which LTR_STRUC found very few copies, so reference 

sequences of C. canephora and C. eugenioides were both used as references for Censor in C. 

arabica. Moreover, two types of copies, one with short LTRs, the other with long LTRs, were 

found for family C in both C. canephora and C. eugenioides genomes. Therefore, estimations 
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were done with two reference copies for this family. A “reference” element was determined 

for each family in each genome. It is the most conserved element found as follow: complete 

structure with all the enzymatic domains and if possible, LTRs identity ≥ 90% and no stop 

codons in the ORFs. These SIRE copies were then used to launch Censor separately for each 

family (two times for family C) on the three genomes. 

The sequences of each family are often close to each other, so the affiliations to the three 

families of each copy found by Censor was checked by extracting the RT domain as described 

in Guyot et al. (2016). For the sequences without RT domain or presenting a too short RT 

sequence, the LTR sequences were extracted. RT domains in amino acid sequence and LTR 

were aligned with Muscle (Edgar 2004) and bootstrapped (1,000 replicates) NJ phylogenetic 

trees were computed with ClustalW (Thompson et al. 1994). 

Each LTR sequence of the copies found by LTR_STRUC, when longer than 800 pb, was used 

for dating estimations. In addition, 27, 6 and 41 LTR sequences from the copies found by 

Censor were used for C. canephora, C. arabica and C. eugenioides, respectively. Details 

about the LTR number and the family of SIRE they belong are given in Supplementary 

Material Table S1. The two LTRs were aligned using Stretcher (EMBOSS), and the 

divergence (K) was calculated using the Kimura 2-parameter method implemented in Distmat 

(EMBOSS). The insertion dates (T) were estimated using the formula T = K/2r (SanMiguel et 

al. 1998) where average base substitution rates (r) is of 1.3e−8 (Ma and Bennetzen 2004). 

 

Comparison of two accessions among C. canephora and C. eugenioides and organization 

of the SIRE elements in these genomes 

 

A second accession of C. canephora (BUD15 from Uganda) is available as well as of C. 

eugenioides (DA56 from Kenya). RT domains of SIRE families have been mined in these two 

genomes by BLASTX analysis with complete copies of SIRE families from C. canephora 

(accession HD200-94) as database. Then, NJ trees with 1,000 bootstrap replicates were 

computed in ClustalW and edited with Figtree and Inkscape. 

To observe or not differences between SIRE organization between each accession and 

between C. canephora, C. eugenioides and C. arabica, NJ trees were also computed in the 

same manner than above with the SIRE RT domains found in the three genomes and each 

accession of C. canephora and C. eugenioides. 
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Orthologous locations of the SIRE in the three genomes 

 

To search for orthologous regions between the three genomes, we used Gepard (Krumsiek et 

al. 2007) to align each C. canephora pseudo-molecule with C. eugenioides scaffolds. Then 

each shared region was aligned to C. arabica scaffolds and only regions shared between the 

three genomes were kept. Localization of each complete copy of SIRE found by Censor in C. 

canephora pseudo-molecules was checked in these shared regions. When copies of SIRE were 

found in orthologous location, the family they belong was checked and their insertional age 

estimated when the LTRs were long enough (more than 800 bp). Potentially common copies 

were aligned with Stretcher to obtain their identity percentage. Copies of the same family in 

orthologous regions with more than 90% identity were considered as shared copies. 

 

Search of SIRE transcripts in C. arabica sequenced cDNA data 

 

IsoSeq cDNA data (cDNA sequenced via PacBio technology) of C. arabica (from ET39 

leaves) transcriptome are available under the ACGC consortium, so the presence of complete 

SIRE transcripts was mined by BLASTN searches (e-value ≤ 1e-04). The results were filtered 

out according to identity percentage (> 80%) and length (> 2000 bp). Then potential SIRE 

transcripts were extracted and analysed by dot-plot alignments (Sonnhammer and Durbin 

1996) and BLASTX searches for detection of the Gag and Pol domains. They were aligned 

with complete copies of family A and B using Muscle and the alignment was visualized in 

Seaview. 

 

RESULTS 
 

Structure of SIRE elements 

LTR_STRUC identified 755 SIRE elements in C. canephora (HD-200) and 438 in C. 

eugenioides (BU-A) from the C. canephora and C. eugenioides PacBio sequenced genomes. 

The structure of the elements is typical for SIRE lineage: two LTRs of 1,015 and 1,022 bp for 

C. canephora and C. eugenioides respectively; three ORFs containing Gag and UBN2 

domains, a Pol ORF with an integrase, a reverse-transcriptase and a RNAse H in this order 

and potentially a third ORF corresponding to an ENV-like domain (Laten et al. 1998). The 

overall length is between 7,640 and 10,625 bp on average. The PBS is the same in all of the 

annotated complete copies: TATCAGAGCTTGGTCTC – MetCAT, and the PPT is present 
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against the 3’ LTR: CAAAAAGGGGGAGAT (Figure 1). In C. arabica genome, 

LTR_STRUC identified 251 SIRE elements. Their structural characteristics are similar to 

those from C. canephora and C. eugenioides at the exception of different length of LTRs. 

Indeed, an important number of SIRE contains elements shorter than usually observed and 

their LTRs are between 300 and 350 bp in length. SIRE elements are classified into 3 families 

(A, B and C) according to Darré (2014) and Guyot et al. (2016).  

Interestingly, No “functional” full-length copy, e.g. no frame-shift or stop codons in the ORFs 

and presence of all the domains required for the retrotransposition, has been found for the C 

family in the three genomes, whereas “functional” copies are found for families A and B. 

Moreover, ENV-like domain was absent in family C (using LTR_STRUC sequences and 

Censor complete copies; Figure 1).  

According to the properties of RT domains, particularly conserved among LTR-RTs, we used 

them to infer the SIRE structure. LTRs were further used for copies insertion time estimation. 
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Figure 1. Structure of SIRE LTR-retrotransposons found in the PacBio genomes of C. 

canephora, C. arabica and C. eugenioides by LTR_STRUC. A. SIRE family A, B. SIRE 
family B, C. SIRE family C. 
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Phylogenetic trees of SIRE in the diploid and allotetraploid coffee genomes. 

The NJ phylogenetic trees of SIRE RT domains extracted from LTR_STRUC output for C. 

canephora genome (HD-200) showed a distribution into three clusters corresponding to 

families A, B and C as reported in Guyot et al. (2016) (Figure 1 and 2). Three similar 

clusters were found for the C. eugenioides genome (BU-A). Interestingly, other accessions of 

C. canephora (BUD-15) and C. eugenioides (DA-56) showed different tree structures (Figure 

2). C. canephora, accession BUD15, showed additional groups (noted in grey) and reduced A 

and B families, when compared to accession HD-200. The C. eugenioides accession DA56 

also showed major differences with BU-A, with the absence of differentiation between A and 

B families and new groups (in grey). These of tree structure variations observed at the intra 

species level suggested different evolution of the SIRE elements.  

In C. arabica, the tree structure is similar to those of C. canephora (HD-200) and C. 

eugenioides (BU-A), despite few RT domains from the C family were recovered from the 

genome (Figure 3A). To understand the origin of SIRE RT domains in C. arabica, RT from 

C. arabica and two C. canephora accessions (HD-200 and BUD15) were mixed and a NJ tree 

was drawn (Figure 3B). A similar analysis was done with C. eugenioides accessions (Figure 

3C). 

NJ trees with mixed samples of C. arabica indicate clearly that most C. arabica RT domains 

clustered with A and B families. Similar observation was done for C. arabica and C. 

eugenioides (Figure 3A and B). 
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Figure 2. NJ phylogenetic trees of SIRE RT domains in Coffea canephora HD 200 (A), and 
C. eugenioides BU-A (B), C. canephora BUD15 (C) and C. eugenioides DA56 (D)!"
Black blanches represent outgroups, when used. For (A) and (B), SIRE RT domains were 
extracted from PacBio genome data using LTR_STRUC predictions. For (C) and (D), RT 
domains were extracted using assembled Illumina data.  
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Figure 3. NJ phylogenetic trees of SIRE RT domains in C. arabica ET39 (A) and in mixed 
sample between C. arabica ET39, C. canephora HD 200 and C. canephora BUD15 (B) and 
in mixed sample between C. arabica ET39, C. eugenioides BU-A and C. eugenioides DA56 

(C).  
 

Copy number estimation of SIRE elements in three coffee genomes 

The copy number estimates per family and genome as well as the number of solo-LTRs are 

indicated in Table 1. The estimations for the family C showed in Table 1 are those from the 

copies with short LTRs, as they represent the highest number of conserved copies. The results 

for the two types of copies present for family the C are showed in Supplemental Table S2.  

In C. canephora, the estimated total number of copies (intact copies 80-100 and copies 80-80 

rules) is almost twice and four-fold higher for the family A than for the families B and C, 

respectively. However, the number of solo-LTRs is higher for family A, and similar between 

the families B and C. The ratio between solo-LTRs and intact copies is similar for the families 

A and B, but it was two-fold higher than for the family C. 

For C. eugenioides, a different pattern was obtained since the family B copies were 

predominant (2.5 and 10 -fold more numerous than for the families A and C respectively). 

Like for C. canephora, the most important family in terms of intact copies number was also 

!

" #
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the one with the highest number of solo-LTRs. Noteworthy, the ratio between solo-LTRs and 

intact copies was of the same order of magnitude for families A and B between the two 

diploid species. However, for the family C, it varies from 9.8, 1 and 704 for C. canephora, C. 

eugenioides and C. arabica, respectively. 

For C. arabica, the family A showed a higher number of copies, 3.5 times more than copies 

of the family B, and solo-LTRs. The family B shows a medium-range copy number but with a 

high number of solo-LTRs. The family C presents a poor number of copies and partial copies 

(for copies with short LTRs), with elevated solo-LTRs/intact copies ratio except for C. 

eugenioides (Table 1 and Supplemental Table S2).  

 

Table 1. Copy number estimation of SIRE elements in C. canephora, C. arabica and C. 

eugenioides. Estimates were made using Censor with the “reference” copies for the three 
families of SIRE found in each genome by LTR_STRUC. 

 

SIRE families underwent a recent activity in the three coffee genomes 

LTR-based time insertion revealed that SIRE families underwent a burst in the two diploid 

genomes in the last 1 million year (Figure 4 A) and no specific burst was observed for C. 

arabica.  

At the family level, recent activities (< 1 My) have been detected, but with specific patterns 

for each family (Figure 4B, C and D). The family A showed very recent activities for all 

coffee genomes, while the family B, showed more ancient activities and unstable recent 

activities. For the family C (no useful LTR copies have been found for C. arabica), an 

interesting variation of the activity is observable between C. canephora and C. eugenioides.  

Species !"##$%&'%($)*"+%& !"##$%&%+%,-'%& !"##$%&$./$(-"-0$1&

Family A B C A B C A B C 

Number of intact copies 

(80-100) 
137 99 42 538 159 1 87 119 2 

Number of copies 

(80-80) 
135 48 25 307 85 24 82 289 30 

Total 272 147 67 845 244 25 169 408 32 

Number of partial copies 

(20-80) 
475 239 309 364 156 31 411 823 49 

Number of solo-LTRs 575 429 410 1793 620 704 278 763 2 

Ratio solo-LTRs:intact 

copies 
4.2:1 4.3:1 9.8:1 3.3:1 3.9:1 704:1 3.2:1 6.4:1 1 
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Altogether, very few copies have shown 100% of nucleotide identity between intra-element 

LTRs (data not shown), suggesting that very few copies could have been inserted in the 

modern past. However, transcriptomic activities have been detected using BLASTN searches 

against C. arabica sequenced cDNA. Two transcripts of the family C were detected (Figure 

S1).  

 

Figure 4. Insertion time analysis of the SIRE families in Coffea canephora, C. arabica and C. 

eugenioides. A. All families, B. Family A, C. Family B and D. Family C. 
 
 
DISCUSSION 
 
In this paper, based on PacBio and Illumina sequencing of three coffee species, we worked on 

the evolutionary analysis of only one lineage of LTR-retrotransposons called SIRE, an ancient 

lineage in plant genomes (Miguel et al. 2008; Bousios et al. 2010; Bousios and Darzentas 

2013). SIRE in coffee are well separated into three families, called hereafter A, B and C, 

based on their similarity, phylogenetic and structural analyses (Guyot et al. 2016). A recent 

expansion of the three SIRE families can be observed, but with different patterns in diploid 
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and allotetraploid coffee trees. SIRE are largely eliminated in C. arabica. However, different 

composition and diversity of SIRE at the intra-species level suggest a deep influence of these 

elements on the diversification of diploid species. 

C. arabica is a recent allopolyploid resulting from a natural hybridization between C. 

canephora and C. eugenioides (Lashermes et al. 1999). However, the precise geographic 

origin of the diploid progenitors was not yet identified, and the evolution of C. arabica, just 

after the interspecific hybridization, remains largely unknown.   

LTR-retrotransposons are major players in the evolution of plant genomes, since their 

activities may impact deeply the genome structure and size and also influence gene 

expression. It was also reported that interspecific hybridization and polyploidization may also 

influence the LTR-retrotransposons activities (Parisod et al. 2010). 

Our analysis suggests that expansions of SIRE occurred in the last 1.5 My, the family A and C 

showed a burst in all species before 1.5 My, while the family B showed a recent expansion 

but with unstable activities going to up to 5 My. The time frame of proliferation of SIRE 

indicates they started to expand before the hybridizations that get rise to C. arabica, 0.04 to 

0.6 Mya.  

In C. arabica, no new insertion of SIRE (i.e. < 100,000 years) has been detected in the 

polyploid when compared to its diploid modern progenitors. However, a high rate elimination 

of SIRE leading to solo-LTR via unequal recombination (Bennetzen et al. 2005; Grover and 

Wendel 2010) can be suggested. The ratio between solo-LTRs and complete copies, ranging 

between 3.2 and 6.4 are detected for the families A and B, counterbalancing expansions of 

these families. For the family C, the ratio between solo-LTRs and complete copies for 

elements with long LTRs (704:1) indicates a strong elimination process of these elements in 

C. arabica. Despite the insertion time of solo-LTR cannot be accurately estimated, these 

results suggest that SIRE have probably not participated to the diversification of C. arabica 

accessions.   

By comparing the evolution of SIRE families in diploid and tetraploid coffee trees, we found 

a very contrasted situation at the intra-species level in C. canephora and C. eugenioides, and 

in C. arabica suggesting that the evolution of SIRE participated to the divergence of diploid 

species. 

C. canephora is a species with a wide range of habitats and wide natural distribution, from sea 

level in Ivory Coast to altitude in Uganda and from humid forests of West Africa to woody 

savannah in Central African Republic (Berthaud 1986). C. canephora showed a large 

diversity and genetic differentiation (Musoli et al. 2009; Gomez et al. 2009), and the activity 
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of transposable elements could be associated to its capacity of adaptation to new and 

contrasted ecological niches. Overall variations of transposable elements composition 

between accessions of C. canephora were also observed using partial sequencing for HD-200 

and BUD15 accessions (Guyot et al. 2016), suggesting that SIRE were not the only elements 

having participated to the diversification of this species. To further understand the SIRE and 

overall TE diversity in C. canephora, deep sequencing of representatives of different genetic 

groups (Gomez et al. 2009) could be undertaken in the future. 

C. eugenioides is a species with a more reduced geographical repartition area than C. 

canephora, going from Kivu region in Democratic Republic of the Congo to West Kenya 

(Berthaud 1986). Very few molecular and diversity studies targeted C. eugenioides, and the 

diversity of this species remains largely unknown. Similarly to C. canephora, an outstanding 

diversity of SIRE was present in C. eugenioides. C. eugenioides accessions BU-A and DA56 

are originated from Uganda and Kenya, respectively. These countries are separated by the 

Great African rift, an important geological feature that may be a source of ecological barriers 

(White et al. 1994), possibly resulting in intra-species differentiation. 

By comparing SIRE differentiation in diploid species with C. arabica, we identified 

unexpected similar patterns. The NJ trees of SIRE RT domains from C. arabica and C. 

canephora accession BUD15 and C. arabica and C. eugenioides accession BU-A show 

similar phylogenetic patterns. C. arabica appears closer to C. eugenioides accession BU-A 

than accession DA56 (Ethiopia, Uganda and Kenya, respectively, Figure 5). Altogether, our 

results suggest that the parental genomes of C. arabica, may be related with C. canephora and 

C. eugenioides populations originated from Uganda. 
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Figure 5. Geographical localization of Coffea canephora accessions HD 200 and BUD15, C. 

arabica and C. eugenioides. 
 

CONCLUSION 

Detailed analysis of the LTR-retrotransposons SIRE families in coffee trees provides 

important information to elucidate the parental geographic origin of C. arabica as well as 

molecular markers to study the diversification of its diploid progenitors: C. canephora and C. 

eugenioides. The proliferation of retrotransposons such as the SIRE families, might be one of 

the evolutionary forces that act on diploid species in the Coffea genus. To confirm the role of 

SIRE families and to elucidate the diversification at the genus level, further genome 

sequencing of numerous wild coffee species are now required. 
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Supplementary Table S1: Number of LTRs used for insertion estimation dating of the three 
families of SIRE in C. canephora, C. arabica and C. eugenioides. 

 
 
 

K)#"3#'* *%==/-!,-./01%2-! *+!-2-3#,-! *+!/45/.#%#6/7!

P%@34&* 0* A* <* 0* A* 0* A* <*

Q(9*.-@O#1* 8RS* 86T* 7RU* 786* 7RV* 7U7* 75T* UT*
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Supplementary Table S2: Copy number estimation of SIRE elements from family C in C. 

canephora, C. arabica and C. eugenioides. These estimations have been made using Censor 
with the two most conserved copies (short and long LTRs) found in each genome by 
LTR_STRUC. 
 

 
 

Species !"##$%&'%($)*"+%& !"##$%&%+%,-'%& !"##$%&$./$(-"-0$1&

LTR Short Long Short Long Short Long 

Number of intact copies 

(80-100) 
42 1 1 1 2 1 

Number of copies (80-80) 25 0 24 23 30 0 

Total 67 1 25 24 32 1 

Number of partial copies 

(20-80) 
309 670 31 30 49 956 

Number of solo-LTRs 410 58 704 1096 2 474 

Ratio solo-LTRs:intact 

copies 
9.8:1 58:1 704:1 1096:1 1 474:1 
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*
 
Figure S1 : dot-plot alignment of C. arabica SIRE transcript and corresponding sequence on 
BLAST results from LTR_STRUC output.  
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ABSTRACT 

 

LTR-retrotransposons (LTR-RTs) are the main components of plant genomes. Since their 

discovery, accumulation of evidence showed their implication as formidable tools in creating 

genome diversities. Their abilities to replicate and increase their copy numbers, upon biotic 

and abiotic stress, suggest that LTR-RTs are involved in genome plasticity for rapid 

adaptation leading to speciation. The Coffea genus comprises 139 diverse species with a high 

adaptation to different tropical and sub-tropical environments. They also possess a high 

diversity of LTR-RT, representing 42% of the C. canephora genome, the sequenced genome 

reference for the Coffea genus.  

Using the LTR-RTs SIRE lineage elements, we showed that they are present in all 24 wild 

species studied here, but with remarkable copy number amplitudes. Presence and copy 

number variations of three SIRE families are associated to phylogenetic clades, species 

diversification and probably adaptation to theirs environments. SIRE RT- and ENV-based 

phylogenetic analyses indicate a higher diversity in wild species than previously expected 

based on the C. canephora genome. Our results showed how SIRE elements might be 

involved in the Coffea genus diversification. 
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INTRODUCTION 

 
Since the inclusion of Psilanthus species, the genus Coffea (Rubiaceae family) is composed of 

139 species (Couturon et al. 2016) of which C. arabica and C. canephora (producing the 

Robusta coffee) are of major socio-economic importance worldwide. Therefore, wild coffee-

trees are found in the inter-tropical forests of Africa, Western Indian Ocean Islands (WIOIs), 

Tropical and Southeast Asia (Indian sub-continent included) and Australasia (Davis et al. 

2011). All of them are diploids (Bouharmont 1959; Louarn 1976) with the exception of C. 

arabica (allotetraploid – Carvalho 1952). Three botanical sections were determined based on 

their geographical distribution (West and Central Africa, East Africa) and/or their 

biochemical peculiarity for WIOIs species (caffeine-free species commonly named 

Mascarocoffea). Cross-fertilization tests, molecular markers and in situ hybridization studies 

(Charrier 1978; Louarn 1992; Hamon et al. 2009; De Kochko et al. 2010; Razafinarivo et al. 

2012; Andrianasolo et al. 2013) supported these geographical groups and highlighted their 

genetic divergence.  

Former Psilanthus species markedly differ from the former Coffea ones, mainly by the floral 

morphology with a long corolla tube, short style and fully or partially included anthers, 

whereas former Coffea species are long-styled with exerted anthers. They also differ by their 

geographical distribution since none Psilanthus is found in WIOIs while none Coffea is 

present in Asia (broad sense). Numerous studies failed to depict the phylogenetic 

relationships among Coffea and Psilanthus species (Cros et al. 1993; Robbrecht and Manen 

2006; Maurin et al. 2007; Hamon et al. 2009; Nowak et al. 2012). The first fully resolved and 

robust phylogeny has just been published (Hamon et al. 2017) thanks to the Genotyping-By-

Sequencing (GBS) methodology. It supports the geographic differentiation previously 

reported and shows clearly independent diversification in each main region as none species 

from one region is nested in another region except for the Comorian C. humblotiana that 

originates from North Madagascar. The phylogeny also showed two main clades: one called 

“Xeno-Coffea”, composed with all ex-Psilanthus species and one Coffea from Somalia (C. 

rhamnifolia, showing morphological traits of ex-Psilanthus species but with Coffea-like 

flowers). The other Coffea called “Eu-Coffea” includes all remaining Coffea species. Among 

each clade, phylogenetic relationships appear clearly (supplemental Figure S1), so it is 

possible to use it for an analysis of the evolution of particular traits as it has been done with 

caffeine content evolution. 
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LTR-retrotransposons (LTR-RTs) are the most prevalent TEs in plant genomes (Kumar and 

Bennetzen 1999; Lisch 2013) and are composed by 2 long terminal repeats (LTRs) and one or 

two open reading frames (ORFs) containing the Gag and Pol regions. In these ORFs, reside 

the coding regions essential to their mobility: the integrase (INT), the reverse transcriptase 

(RT) and the RNase H (RH) (Havecker et al. 2004). For some LTR-RT, an additional ORF is 

observed, containing an envelope-like gene. This coding region is found in retroviruses and is 

involved in the capacity of cell-to-cell infection (Eickbush and Malik 2002). These domains 

are well conserved and can be used to study their evolution and diversity in the genomes they 

reside in. LTR-RTs represent also good markers of diversity depending on the impact of their 

dynamics and evolution in these genomes. Such study has previously been done in 18 Eu-

Coffea and one Xeno-Coffea species, with two LTR-RTs (Nana and Divo) discovered in C. 

canephora (Hamon et al. 2011). Nana appeared associated to the species differentiation while 

Divo (belonging to the Bianca lineage, Dupeyron et al. 2017) followed the genetic 

differentiation among C. canephora that was previously observed with nuclear microsatellite 

markers (Gomez et al. 2009). Recent analyses of Divo confirmed its presence in all 24 wild 

Coffea genomes representatives of the main clades (unpublished data), suggesting that it 

belongs to an ancient family pre-dating the Coffea differentiation.  

In order to better understand the LTR-RTs composition of Coffea genomes and their 

differentiation, partial genome sequencing from ten diploid species, representatives of the bio-

geographic groups (Xeno-Coffea from Africa and Australasia and Eu-Coffea from West, 

Central and East Africa, and Indian Ocean islands) were used. The global composition in 

LTR-RTs is similar for all the ten species, excepted for the Del lineage of the Gypsy Super-

family and the SIRE lineage of the super-family Copia. SIRE elements were first discovered 

in Glycine max and they are the only Copia elements carrying an envelope-like gene (or ENV 

domain, Laten et al. 1998) suggesting a similar structure to retroviruses. As SIRE are 

widespread among plant genomes and generally in a huge copy number, the ENV gene – if 

functional - could favoured SIRE expansion in the host genome (Laten and Gaston 2012). 

Firstly believed as a recent lineage, the study of highly conserved motifs in non-coding 

regions but with high nucleotide divergence between SIRE sequences from various plant 

lineages shows that in fact, SIRE is an ancient lineage, with recent insertion activity in most of 

the plant lineages studied until now (Bousios et al. 2010). Interestingly, using partial 

sequencing and PCR amplifications in Coffea, SIRE are not detected in genomes from WIOIs 

and from Indonesia, whereas it is highly detected in West and Central African species and 

quite well detected in East African (Guyot et al. 2016, supplemental Figure S2). An in-depth 
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analysis of complete genome sequencing is required to confirm and to detail the distribution 

pattern of SIRE and to understand their dynamics in genomes of the Coffea genus. 

Here, with the availability of high coverage Illumina sequencing data of 24 wild diploid 

Coffea species/sub-species, we attempted to first characterize SIRE LTR-RTs content in these 

genomes. Their complete absence in species of the WIOIs is not fully confirmed, since a very 

low copy number of elements were detected from species in Madagascar and a complete 

absence in C. humblotiana.  

Phylogenetic study of a broad Coffea genome sampling highlights the dynamics of SIRE in 

these genomes. The evolution of Coffea genus is discussed as well. 

 

MATERIAL AND METHODS 

 
Genomic resources 

24 accessions corresponding to 24 species/sub-species were studied. Information on their 

origin and classification (from Hamon et al. 2017) are given in Table 1. The twenty-four wild 

coffee-trees genome sequences generated under the G13 Consortium (Oral communication 

PAG 2015) were used in this study in addition to C. canephora and C. eugenioides genomes 

sequencing obtained from the Arabica Coffee Genome Consortium (ACGC 2014). Genomic 

data information for each studied species is reported in Table 1.  

The genome of C. canephora (accession DH 200-94) generated under the ACGC Consortium 

(ACGC 2014) with the PacBio technology was also used in this study.  
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Table 1: Information on Coffea species examined in this study 

 

 

Estimation of SIRE copy number in 24 Coffea genomes 

 
SIRE copy number was previously mined in ten Coffea genomes partially sequenced with the 

454 sequencing technology. Here, with the 24 genomes sequenced by the Illumina 

technology, a more precise estimation can be done with mapping techniques. We used 

Bowtie2 (Langmead and Salzberg 2012) on raw-data of 24 wild Coffea species (Table 1). 

These data are in FASTQ format and are generated randomly. We choose to use only one 

million sequences, so the four first millions of lines of each file in FASTQ format 

(representing 100 Mb of sequences). RT domain of the most conserved SIRE copy found in C. 

canephora (Dupeyron et al. in preparation) was used as a reference. Then Bowtie 2 was 

launched with these parameters: end-to-end mode for a more precise alignment during the 

mapping, no unaligned sequences in the output file, very fast and output file in SAM format 

(Sequence Alignment/Map format). The counts obtained were adjusted according to the 

number of base pair in the raw-data file and the genome size of each Coffea genome (some of 
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them are estimated, Table 1). The same analyse was launched with the envelope-like domain 

found in C. canephora (from families A and B, see Dupeyron et al. in preparation). 

 

Mining of the three SIRE families in 24 Coffea genomes 

 
Full set of Illumina data for each species was used for genome assembly, using MaSuRCA 

(Zimin et al. 2013, Version 3.2.2) or Abyss (Simpson et al. 2009 - Table 1). RT domains of 

LTR-RTs were searched in 24 assembled genomes of the G13 project by one by one BLASTx 

(Altschul et al. 1990) analyses against GyDB database reference RT domains, with a 

minimum e-value of 1.10e-4 and only one sequence targeted per hit found. Then, a Bash script 

containing GeneWise (Birney et al. 2004) was launched to extract RT domains (> 200 amino 

acid residues, excepted for C. brassii: > 180 amino acid residues) corresponding to LTR-RTs 

that were recognized in the BLASTx analysis. If the presence of SIRE RT domains was 

confirmed, the same analysis was launched with this time representative RT domains of C. 

canephora (complete copies of the three families and copies of the family 1 found by Censor 

(Dupeyron et al. in preparation) as references. Once extracted, SIRE RT domains of each 

genome were aligned with those of C. canephora and a NJ phylogenetic tree was computed in 

ClustalW (Thompson et al. 1994) with 1,000 bootstraps replicates for each species. 

The same procedure was used to extract and compute NJ phylogenetic trees with the 

envelope-like domains (> 180 amino acid residues). The references used were the domains 

from families A and B from C. canephora (accession HD-200) and from the tomato SIRE 

element Tortl-1 available in GyDB. NJ phylogenetic trees of SIRE ENV domains have also 

been computed according to the Coffea molecular phylogeny from Hamon et al. (2017) and 

rooted with the four SIRE ENV references from GyDB (Endovir1-1 from A. thaliana, Opie-2 

from Zea mays, SIRE1-4 from Glycine max and TorTL1 from Lycopersicon esculentum). 

ENV domain references of families A and B from C. canephora and C. eugenioides have 

been added to the alignments. C. brassii was not used in the ENV domains analysis because 

of the small contig length of its genome assembly. 
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RESULTS 

 

SIRE are present in the 23 Coffea diploid species, but in variable copy numbers 

depending on the species 

 

In order to estimate the copy number of the SIRE in the 24 species/sub-species used in this 

study, Bowtie 2 was launched on the raw-data of 24 wild Coffea species with the RT domains 

of SIRE elements annotated in C. canephora as reference. SIRE elements were detected in all 

species, with the exception of C. humblotiana (Figure 1). Considering an eastward species 

distribution from West Africa to North-Australia, the highest copy numbers are obtained for 

WCA species plus C. eugenioides and C. mufindiensis. Intermediate copy numbers are 

observed for the EA clade, C. charrieriana, and the Xeno-Coffea clade, whatever their origin 

(African or Asian) as observed previously (Guyot et al. 2016). The WIOIs species present the 

lowest SIRE content, and no copy were detected in the Comorian C. humblotiana. 

The same analysis based on the detection of the envelope-like domains shows global similar 

patterns of estimated copy numbers among the 24 species. The highest copy numbers are 

obtained for the Central-East clade and the WCA African species exception to C. 

charrieriana. Low copy numbers are obtained for C. neoleroyi, EA and Asian ex-Psilanthus 

(part of Xeno-Coffea). None envelope-like domain has been detected in C. rhamnifolia, 

WIOIs and Asian Xeno-Coffea species (Suppl. material Figure S2).  
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Figure 1: Copy number estimation of SIRE RT domains in 24 species of coffee-trees 

classified according to their geographical origin. 

XC: Xeno-Coffea; EC-CA: Eu-Coffea – Central Africa; WIOIs: Western Indian Ocena 

Islands; EA & CEA: East and Centre-East Africa; WCA: West and Central Africa. EBR: C. 

ebracteolata; MAN: C. mannii; MEL: C. melanocarpa; RHA: C. rhamnifolia; NEO: C. 

neoleroyi; BRA: C. brassii; MER: C. merguensis; HOR: C. horsefieldiana; BAB: C. 

bababudanii; BEN: C. benghalensis; CHA: C. charrieriana; MAC: C. macrocarpa; HUMB: 

C. humblotiana; TET: C. tetragona; DOL: C. dolichophylla; PSE: C. pseudozanguebariae; 

RAC: C. racemosa; MUF: C. mufindiensis; EUG: C. eugenioides (DA56, Kenya); 

STE=Coffea stenophylla; HUM=C. humilis; LIB=C. liberica; KAP: C. kapakata; CAN: C. 

canephora (BUD15, Uganda). 

 

SIRE elements are differentially structured in Coffea genomes  

 

To compare the results with simple mapping analysis, NJ trees were performed with RT 

amino-acid domains recovered from each genome assembly. NJ trees performed with SIRE 

RT domains were presented with concatenated branches obtained for the different main clades 

together with the complete Coffea molecular phylogeny tree as a frame obtained from Hamon 

et al. (2017), and enlarged with the addition of three new ex-Psilanthus species (one African 

and two Asian) (Figure 2). SIRE that were organized in 3 families (A, B and C) according to 

NJ trees of LTR sequences from the SIRE detected by LTR_STRUC in C. canephora, were       
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used as references (Dupeyron et al. in preparation). Due to the large data set used, NJ trees are 

presented clade by clade: Xeno-Coffea, WIOIs, EA, CEA and WCA (Figure 2).  

All the trees generated from each clade showed an overall similar pattern. The family C of 

SIRE is at a basal position (in green) whereas B and C families (in red and blue) showed 

shorter branch lengths. One overall interesting observation is that the majority of SIRE RT 

domains formed new families (in grey) in the branches leading to C or to A and B families, 

suggesting more complex relationships at the amino-acid level in wild species. In addition, 

while some RT domains fell into the family C clade (but present in all species studied), very 

few or none elements were found associated to A or B families, identified originally in C. 

canephora.  

Concerning more specifically the Xeno-Coffea clade with species from Africa (Figure 2 (A)), 

only C. melanocarpa shows several copies included to A and B families (turquoise names). C. 

rhamnifolia and C. neoleroyi didn’t get any A and B family RTs. This contrasted situation 

may suggest that the presence of the A and B RT families is relatively versatile among Xeno-

Coffea species. For C. charrieriana, the formed clades are very similar to the Xeno-Coffea C. 

rhamnifolia and C. neoleroyi species with the complete absence of A and B families. Species 

from the WIOIs also exhibit a very similar pattern to C. charrieriana, Xeno-Coffea C. 

rhamifolia and C. neoleroyi species. 

NJ tree from the EA and CEA species (Figure 2 (B)) showed a very similar clade 

organization between each other, with RT belonging to C and B families and numerous extra 

clades in the C and B branches. The exception is for C. mufindiensis that shows the same tree 

organization than WCA species (Figure 2 (C)). 

NJ trees were also generated using the ENV domains only present in SIRE families A and B 

(Figure 3). Concerning the Xeno-Coffea clade, C. rhamnifolia and C. neoleroyi exhibited 

similar topologies together, with the formation of new families (in grey) and ENV domains 

falling into the B family but not in the A family (at the exception of one ENV sequence in C. 

neoleroyi). This result differs with the RT-based NJ trees, where no RT domain is present for 

family A and B for C. rhamnifolia and C. neoleroyi. C. melanocarpa from African Xeno-

Coffea (Figure 3 -1) and Eu-coffea species from WCA, show ENV domains clustering with A 

and B families. Eu-coffea species from East and Central-East Africa contain B family ENV 

domains and only C. mufindiensis contains A family ENV domains.  

Finally, Asian Xeno-Coffea (Figure 3 -2), C. charrieriana, and species from the WIOIs do 

not contain any ENV domains into A or B families in concordance with the absence of A and 
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B families RT domains. Presence and absence of RT and ENV domains in A, B and C clades 

are summarized in Figure 4.  

 

 
Figure 2: Phylogenetic tree of Coffea genus and SIRE RT domains NJ trees of Coffea diploid 
species. 
(A) Representative trees of species without families A and B (excepting C. melanocarpa, 
turquoise names); (B) Representative tree of species with family C and B only (excepting C. 

mufindiensis, green names); (C) Representative tree of species with the three families. Blue: 
family A; Red: family B; Green: family C; Grey: other families or sub-families; LA: low 
altitude species; HA: high altitude species. 
 
 
 

Xeno-Coffea clade 
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Figure 3: Phylogenetic tree of Coffea genus and SIRE ENV domains NJ trees of Coffea 

diploid species. 
(A) Representative trees of species without family A (excepting C. melanocarpa, turquoise 
names); (B) Representative tree of species without families A and B; (C) Representative tree 
of species with the two families. Blue: family A; Red: family B; Grey: other families or sub-
families; LA: low altitude species; HA: high altitude species. 
 
 

 
Figure 4: Presence/absence summary of SIRE RT and ENV domains in the main Coffea 
clades. The size of the dots indicates the more or less important detected copy number. 
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DISCUSSION 

 

SIRE elements are present in all Coffea genomes with contrasted amplitudes. 

 
The analysis of partial 454 sequencing of ten diploid Coffea species and specific PCR 

amplifications suggested that SIRE were absent from the genomes of WIOI species 

(supplemental Figure S2 – data from Guyot et al. 2016). Read mapping using Illumina data 

from 24 diploid Coffea species and sub-species revealed that a small number of reads can be 

detected in WIOIs genomes at the exception of the Comorian species C. humblotiana. 

However, SIRE RT domains were identified in all assembled genomes, including C. 

humblotiana. These apparent contradictions suggest that each result should be carefully 

interpreted. 

454 partial sequencing gave an approximation of TE content in genomes, but partial 

sequencing (i.e. < 10% of the genome) is only a good method for evaluating high copy 

number and conserved TEs. TEs in small copy numbers are not statistically accurately 

evaluated, as seen for SIRE elements in the WIOIs species. Read mapping against a reference 

genome or sequence is a robust and stringent method when the genome is sequenced with an 

elevated coverage. However, if the reference sequences are incomplete or don’t represent all 

the diversity found in genomes, target sequences might be discarded from the results by the 

stringency of the mapping algorithm parameters. Here, BLASTx algorithm allows more 

flexibility to search for slightly divergent amino-acid sequences when compared to the 

reference, but works well with large sequences such as contigs. The clear demonstration is the 

recovery of numerous domains (RT and ENV) that do not clustered with defined families in 

C. canephora, using LTR nucleotide based phylogeny.  

Taking into account all methods, the results of SIRE elements dynamics agree fully with a 

strong divergence in the Eu-coffea clade between African and WIOI species, as observed 

previously (Charrier 1978; Razafinarivo et al. 2013; Hamon et al. 2017), but also highlight 

clear separation between African, Asian and C. rhamnifolia/C. neoleoroyi in Xeno-Coffea 

(Figure 4). 

Full long read sequencing and complete assembly of one reference species in each clade will 

give an important resource to study diversity of SIRE elements and described new families 

and as well study genomes divergence.  

 

 



 105 

SIRE structuring is different according to Coffea clades 

 
SIRE elements were organized into three families (or families) in C. canephora reference 

genome (HD200-94; noted A, B and C, Dupeyron et al. in preparation). RT and ENV 

domains of these families have been searched in 24 assembled genome sequences of wild 

coffee-trees representatives of the Xeno- and Eu-Coffea clades and the Coffea genus 

phylogeny (Hamon et al. 2017).  

Elements of the C family, the only one without any ENV domains in C. canephora (Dupeyron 

et al. in preparation), C. eugenioides and C. arabica, were identified in all genomes analysed 

whatever the clade. Together with its basal position in NJ trees, this information suggests that 

an overall stability of the family C elements and probably it might be present in the ancestor 

of all Coffea species. The A and B families, when present in studied species, showed shorter 

branch lengths. This suggest that A and B families arose later than the C families from a 

common ancestor element. The presence of A and B families in Xeno and Eu-Coffea support 

this hypothesis, but lead to a complex evolutionary history, with successful diversification in 

Africa and a complete lost in WIOI species (Figure 4). At this step of our analysis, we cannot 

exclude that the presence of A and B families both in African Xeno- (C. melanocarpa) and 

Eu-Coffea species from CEA might be due to horizontal transfer mechanisms between species 

(Dias et al. 2015) or ancestral interspecific homoploid hybridizations.  

The Eu-Coffea clade from East and Central-East African species is sub-divided in two 

families with East African species of low altitude (LA Figures 2 and 3), represented by C. 

racemosa and C. pseudozanguebariae and with East and Central-East African species of high 

altitudes (HA Figures 2 and 3), represented by C. mufindiensis and C. eugenioides. These two 

species cluster close to the WCA clade in the Coffea genus phylogeny (Figure S1) and their 

NJ tree topologies appear similar, suggesting a different history between East and Central-

East African species of high altitude and East African species of low altitude. This different 

history may be related to the presence of the Great Rift Valley, where different flora and 

fauna were observed according to each side of the rift (White 1983). More genomic data on 

East African species are needed to detail their place in the phylogeny and TE content, as 17 

species were described but only four are available to date and in the present study. 

 

SIRE dynamics and species evolution  

 
Different African species such as C. melanocarpa (Xeno-Coffea), C. charrieriana (basal to 

Eu-Coffea), C. mufindiensis from East Africa (Eu-Coffea) and C. canephora from West 
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Africa (Eu-Coffea) showed individual SIRE phylogenetic structures (Figures 2 and 3) 

different from the clade they belong. 

C. charrieriana, found in South East Cameroon, is the most ancient Eu-Coffea (> 11 My, 

Hamon et al. 2017). Together with its lack of caffeine, its lowest sucrose content and lowest 

LTR-RTs genome composition, C. charrieriana represents a unique Coffea species in Africa 

(Hamon et al. 2017). This basal species need to be more investigated at the molecular level to 

understand the origin of their characteristic similarities with C. melanocarpa and C. 

mufindiensis. 

Previous taxonomic studies placed C. melanocarpa in Psilanthus subgenus Afrocoffea 

(Psilanthus melanocarpus), but weakly supported due to an atypical morphological shape 

compared to other ex-Psilanthus species in this subgenus (presence of filaments and 

submedifixed anthers) (Davis et al. 2006). Moreover, contrary to the two other Xeno-Coffea 

species from Africa studied here, C. ebracteolata and C. mannii occurring in WCA, C. 

melanocarpa naturally resides in the northern forests of Angola, Central-South Africa, with 

diverse climates and different types of forests, particularly in the North-West of the country 

(USAID 2008). The special features of Angolian forests might have impacted C. melanocarpa 

adaptation to its environment, leading to differences in flowers shape and so in specific 

evolution of transposable element such as SIRE. The diversification of SIRE of C. 

melanocarpa when compare to C. mannii and C. ebracteolata supports its classification into a 

different sub-clade (Hamon et al. 2017). 

C. mufindiensis, belonging to East and Central-East African Eu-Coffea, is the only species of 

this clade that contains both family A RT and ENV domains. This species found in Tanzania 

is in the clade close to WCA Eu-Coffea, containing the three SIRE families. C. mufindiensis 

resides in humid evergreen forests between 1,200 and 2,150 meters, similarly to C. 

eugenioides, whereas C. pseudozanguebariae and C. racemosa are rather dispersed in lower 

altitudes areas in seasonally dry and often littoral evergreen forests (Davis et al. 2006). Did 

these clear habitat differences influence the SIRE differentiation during their adaptation to 

different environments? Deep analyses at the level of population for each species are now 

necessary to better understand the impact of the environment to transposable elements 

diversification.  
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CONCLUSION 
 
SIREs have been found as a very active lineage of elements in all studied plant species. In 

Coffea genus, they are present in all species but with different copy number amplitudes 

following phylogenetic clades, species diversification and probably adaptation to their 

environments. RT and ENV based phylogenetic analysis highlight a higher diversity of SIRE 

in wild species than previously expected based on the C. canephora genome. An accurate re-

classification of SIRE families using wild species sequencing resources will bring more 

detailed information of how Coffea species diversified in Africa and Western Indian Ocean 

Islands and their role in ecological adaptation of species.  
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Figure S1: Phylogeny of the Coffea genus, from Hamon et al. 2017. 
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Figure S2: detection of SIRE elements in ten Coffea genome sequences obtained with 454 

sequencing technology. HD200: C. canephora (Democratic Republic of the Congo); CHA: C. 

charrieriana; BUD15: C. canephora (Uganda); DA56: C. eugenioides (Kenya); RAC: C. 

racemosa; PSE: C. pseudozanguebariae; HUMB: C. humblotiana; DOL: C. dolichophylla; 

TET: C. tetragona; HOR: C. horsefieldiana. 
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Figure S3: Copy number estimation of SIRE ENV domains in 24 species of coffee-trees 

classified according to their geographical origin. 

XC: Xeno-Coffea; EC-CA: Eu-Coffea – Central Africa; WIOIs: Western Indian Ocean 

Islands; EA & CEA: East and Centre-East Africa; WCA: West and Central Africa. EBR: C. 

ebracteolata; MAN: C. mannii; MEL: C. melanocarpa; RHA: C. rhamnifolia; NEO: C. 

neoleroyi; BRA: C. brassii; MER: C. merguensis; HOR: C. horsefieldiana; BAB: C. 

bababudanii; BEN: C. benghalensis; CHA: C. charrieriana; MAC: C. macrocarpa; HUMB: 

C. humblotiana; TET: C. tetragona; DOL: C. dolichophylla; PSE: C. pseudozanguebariae; 

RAC: C. racemosa; MUF: C. mufindiensis; EUG: C. eugenioides (DA56, Kenya); 

STE=Coffea stenophylla; HUM=C. humilis; LIB=C. liberica; KAP: C. kapakata; CAN: C. 

canephora (BUD15, Uganda). 
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:2 !YZNTJ[HYZ[)LX)WLK[WLNXH`L[)
*

L’étude présentée dans cet article a donc confirmé l’utilité 5")* 1.1#"'()* ./0&*

%6##"*6-(&.)*#6.1%-./&$")*36-$*%6#3$"'5$"*l’évolution du genre +9KK:!7*=6'($/&$"#"'(*

à ce que l’étude précédente avait montré, les ./0&* '"* )6'(* 3/)* /:)"'()* 6-* 9-/)&#"'(*

/:)"'()*5"*%"$(/&')*+1'6#")7*E.)*)6'(*3$1)"'()*#/&)*)6-)*5")*06$#")*5&G"$+"'(")*)".6'*

.")*%./5")*%6')&51$1)2*3/$*$/336$(*/-4*1.1#"'()*5"*$101$"'%")*51%$&()*%,"Q*+3'<!5:AG9E!7*

U"-$*51("%(&6'*5/')* %")*")3;%")*5&)(/'(")*'1%"))&("*56'%*5"*G/$&"$*5")*#1(,656.6+&")*

.")*3.-)*)($&%(")*V6-*)($&'+"/'(")]*G"$)*5")*/33$6%,")*3.-)*$".w%,1")7*

k'* 3"-(* %6'%.-$"* 5")* 1(-5")* )-$* %"(("* .&+'1"* 9-e l’activité et la divergence des 

1.1#"'()*./0&*a accompagné l’évolution du genre +9KK:!*"(*./*5&G"$)&0&%/(&6'*5")*")3;%")*

)".6'* ."-$* 5&)($&:-(&6'* +16+$/3,&9-"7* ="$(/&'")* ")3;%")* #6'($"'(* -'"* )($-%(-$"* 5")*

./0&* 5&001$"'("* 5"* %"..")* 5")* ")3;%")* 5-* %./5"* /-9-".* "..")* /33/$(&"''"'(* V+3'

=:"!59<!EA!*36-$*.")*n"'6<Coffea d’Afrique, +3'=7K#58#:5$#$*36-$*.")*D-<coffea d’Afrique 

de l’est), suggérant une évolution particulière de leur génome.*B'"*/'/.O)"*3.-)*0&'"*5-*

contenu et de l’évolution de ces génomes permet($/*%"$(/&'"#"'(*5"*%6#3$"'5$"* ."-$*

,&)(6&$"*1G6.-(&G"7*
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=,/3&($"*s*–*C&)%-))&6'*"(*3"$)3"%(&G")*

*
*

*2 !YZNTJ[HYZ)IPZPKRTL)
*

Mon travail de thèse avait pour objectif principal d’analyser la dynamique des LTR<

!P*/-*)"&'*5-*+"'$"*+9KK:!, en se focalisant sur l’étude de l’impact d’une famille et d’une 

.&+'1"* 5"* UP!<!P* )-$* l’-'&9-"* 1G;'"#"'(* 5"* 36.O3.6j5&)/(&6'* 5-* +"'$"* "(* )-$* )6'*

1G6.-(&6'7*[-/($"*/$(&%.")*6'(*#&)*"'*G/."-$*.")*($/G/-4*$1/.&)1)*: l’un sur les données de 

)19-"'T/+"* 3/$(&".)* 36-$* /'/.O)"$* ."* %6'("'-* +.6:/.* "'* UP!<!P* 5"* ff* ")3;%")* 5"*

%/01&"$)2* ."*5"-4&;#"*)-$* ./* 0/#&.."*%#@92* /33/$("'/'(*>* ./* .&+'1"*3"-*%6''-"*4#!5<!* "(*

)6'*&#3/%(*sur l’allopolyploïdie, ."*($6&)&;#"*)-$*./*)($-%(-$/(&6'*"(* ./*5O'/#&9-"*5"*./*

.&+'1"* ./0&* dans l’allotétraploïde +3' !E!F#<!* "(* )")* 5"-4* 3$6+1'&("-$)* "(* "'0&'* ."*

quatrième sur l’évolution des ./0&*5/')*."*+"'$"*+9KK:!7*="%&*/*3-*J($"*$1/.&)1*+$w%"*/-4*

56''1")*5"*)19-"'T/+"*F/%`&6*5"*+3'<!5:AG9E!2*+3'!E!F#<!*"(*+3':7I:5#9#8:$*V?=@=]2*/&')&*

9-’/-4* 56''1")* 5"* )19-"'T/+"* /G"%* ./* ("%,'6.6+&"* E..-#&'/* 5"*24 génomes d’espèces 

)/-G/+")*V3$6W"(*@fp]7*

U")*$1)-.(/()*3$&'%&3/-4*5"*%")*1(-5")*)6'(*.")*)-&G/'()*_*

· U")* /'/.O)")* 5")* 56''1")* 5"* )19-"'T/+"* lgl* 6'(* 3"$#&)* 5"* #6'($"$* 9-"* .")*

G/$&/(&6')*5"*(/&.."*5")*+1'6#")*6:)"$G1")*36-$*.")*ff*")3;%")*1(-5&1")*'"*)6'(*

3/)* "43.&9-1")* 3/$* ./* %6#36)&(&6'* +.6:/."* 5"* %")* +1'6#")* "'* DP7* ="3"'5/'(2*

l’analyse plus fine de* ./* .&+'1"* 5")* ./0&* /G"%* .")* )19-"'%")* 5"* $101$"'%"* 5"* +3'

<!5:AG9E!* /*#6'($1* -'"* 5&)3/$&(1* 5-* '6#:$"* 5"* %63&")* )".6'* .")* +$6-3")* :&6<

+16+$/3,&9-")*%6')&51$1)7*=")*56''1")*5"*)19-"'T/+"*3/$(&".*)6'(*56'%*-(&.")*>*

-'"* 3$"#&;$"* /'/.O)"* 5"* ./* %6#36)&(&6'* 5")* +1'6#")* "'* UP!<!P2* #/&)* 6'(*

'1%"))&(1*d’être complétées pour %6#3$"'5$"*3.-)* 0&'"#"'(* ."-$*5O'/#&9-"* "(*

."-$)*&#3/%()*)-$*.")*+1'6#")*5")*+9KK:!7*

· U/* 0/#&.."*%#@92* /33/$("'/'(* >* ./* .&+'1"* +9A#!' _* 4#!5<!2* ")(2* %6'($/&$"#"'(* /-4*

./0&P*3$1)"'("*%,"Q*(6-(")*.")*")3;%")*5"*%/01&"$)*1(-5&1")*)/')*+$/'5"*G/$&/(&6'*

5-* '6#:$"* 5"* %63&")7* ="(* 1.1#"'(* #6'($"* -'"* /%(&G&(1* )&+'&0&%/(&G"* %,"Q* +3'

<!5:AG9E!, ce qui n’est pas le cas chez +3' :7I:5#9#8:$* 9-&* )"#:."* %6'($c."$*
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l’activité* 5"* %"(("* 0/#&.."7*="(("*5O'/#&9-"*5&001$"'("*"'($"* .")*5"-4* +1'6#")*>*

l’origine de +3'!E!F#<!*'"*)"#:."*3/)*/G6&$*3$6G69-1*5"*+$/'5)*%,/'+"#"'()*%,"Q*

.’allo(1($/3.6j5"2* 6�* %#@9* ")(* 3$1)"'(* "(* )"#:."* /G6&$* "-* -'"* /%(&G&(1* $1%"'("*

5&)%$;("2*%6$$")36'5/'(*/-4*5"-4*+1'6#")*3/$"'(/-47*=eci suggère que l’activité 

5"* %#@9* est indépendante des évènements à l’origine de la polyploïdie ou 

d’éventuels évènements post<36.O3.6j5&"7**

· U/* .&+'1"* 5")* ./0&* ")(* 3/$(&%-.&;$"#"'(* )($-%(-$1"* %,"Q* +3' <!5:AG9E!* "(* +3'

:7I:5#9#8:$2*#/&)*3/)*5/')*(6-(")*.")*363-./(&6')*5"*%")*5"-4*")3;%")2*)-++1$/'(*

-'"* 5O'/#&9-"* 5&001$"'("* 5"* %")* 1.1#"'()* /-* %6-$)* 5"* ."-$* 5&001$"'%&/(&6'7*

=6'%"$'/'(* ./* 36.O3.6j5&)/(&6'2* .>* "'%6$"* /-%-'* +$/'5* :6-."G"$)"#"'(*

génomique n’est observé en lien avec l’activité des ./0&7*="3"'5/'(2*./*0/#&.."*=2*

./* 3.-)* /'%&"''"* 5")* ./0&P* )"#:."* /G6&$* 1(1* 1.&#&'1"* 5-* +1'6#"* 5"* +3'!E!F#<!*

V3$1)"'%"* 5"* '6#:$"-4* )6.6<UP!* (1#6&')* 5"* $"%6#:&'/&)6')* ,6#6.6+-")*

&'1+/.")]* /.6$)* 9-"* ./* 0/#&.."* ?2* ./* 3.-)* $1%"'("2* /* #6'($1* -'"* 06$("* /%(&G&(1**

G$/&)"#:./:."#"'(* 36)(<36.O3.6j5&)/(&6'7* U/* )($-%(-$/(&6'* 5")* ./0&* "'* ($6&)*

0/#&..")* ")(* 56'%* 5&001$"'("* )".6'* .")* 363-./(&6')* 5"* +3' <!5:AG9E!* "(* +3'

:7I:5#9#8:$2*)-++1$/'(*-'*.&"'*/G"%*."-$*/5/3(/(&6'*>*5&001$"'()*"'G&$6''"#"'()*

"(*./*5O'/#&9-"*5"*%")*($6&)*0/#&..")*")(*1+/."#"'(*5&001$"'("2*'6(/##"'(*5/')*."*

+1'6#"*5"*+3'!E!F#<!7*

· Enfin, l’analyse des trois familles des ./0&P*/-*($/G"$)*5-*)19-"'T/+"*E..-#&'/*5"*

dl* ")3;%")y)6-)<")3;%")* 5"* %/01&"$)* )/-G/+")2* 3$1%&)"* "(* %6#3.;("* .")*

6:)"$G/(&6')*0/&(")*>*3/$(&$*5")*56''1")*5"*)19-"'T/+"*3/$(&".7*U")*./0&*)6'(*"'*

$1/.&(1*3$1)"'()*5/')*(6-)*.")*+1'6#")*1(-5&1)2*#/&)*(6-(")*.")*0/#&..")*("..")*9-"*

510&'&")* 5/')* ."* +1'6#"* 5"* +3' <!5:AG9E!' V/%%"))&6'* KC* drr<tl]* '"* )6'(* 3/)*

retrouvées dans tous les génomes. L’évolution des ./0&* ")(* 56'%* 06$("#"'(*

/))6%&1"* >* ./* 5&G"$+"'%"* 5")* ")3;%")2* /G"%* 5")* 5&001$"'%")* >* -'* '&G"/-* 3.-)* 0&'*

36-$*%"$(/&'")*")3;%")*%6##"*5/')*."*%./5"*5")*n"'6<=600"/7**

*

*

*

*

*
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62 -H[NJ[[HYZ)IPZPKRTL)LX)WLK[WLNXH`L[)
*

#ZZYXRXHYZ)LX)NRKRNXPKH[RXHYZ)SL[)1&'?'&)
*

L’une des problématiques soulevée par notre étude sur %#@9*"(*)-$*./*.&+'1"*5")*./0&*

")(*%".."*5"*./*51("%(&6'*3.-)*+1'1$/."*5")*DP*5/')*.")*+1'6#")*"(*."-$*%./))&0&%/(&6'7*D'*

effet, lorsqu’un élément n’a été que peu de fois détecté et de ce fait2* ")(*3"-*G6&$"*3/)*

%/$/%(1$&)12* &.* ")(* 5&00&%&."* 5"* ."* $"($6-G"$* 5/')* .")* :/)")* 5"* 56''1")* )31%&0&9-")7* a&* ./*

51("%(&6'*"(* ./*%./))&0&%/(&6'*)"*:/)"'(*)-$*5")*/33$6%,")*3/$*)&#&./$&(12*5")*"$$"-$)*"(*

5")*#/'9-")*5/')*.")*:/)")*5"*56''1")*3"-G"'(*"'+"'5$"$*-'"*#/-G/&)"*51("%(&6'*"(*

%./))&0&%/(&6'7* C/')* ."* %/)* 5"* %#@9* "(* 5"* ./* .&+'1"* 4#!5<!2* ."* 0/&:."* '6#:$"* 5"* %63&")*

$"($6-G1")*"'*+1'1$/.*/*)\$"#"'(*3/$(&%&31*>*%"(("*5&00&%-.(1*5"*51("%(&6'7*U")*3$"#&"$)*

1.1#"'()*51%6-G"$()*5"* %"(("* .&+'1"* 1(/&"'(* 3/$(&".)* Vx&%S"$* "(* /.7* drrsv*K/#6'*"(* /.7*

drff]2*)-++1$/'(*9-"*4#!5<!*"(*%#@9*1(/&"'(*5")*+9A#!*anciens et en cours d’élimination 

et aucun domaine de référence n’était disponible dans la base de données GyDB. De plus, 

%,/9-"*4#!5<!* 5"* %,/9-"* ")3;%"* /* 1(1*'6##1* )31%&0&9-"#"'(*_*4#!5<!* 36-$*W9E8:7='

@7"I!E:2*4:B"!*36-$*)EBL!'$!6#@!*"(*09=!5#*36-$*-E!F#89A$#$'6G!"#!5!*Vx&%S"$*/'5*R".."$*

drrs]2*J!6#6!*pour l’arachide VZ&"."'*"(*/.7*drfd]7*U"*#/'9-"*5"*56''1")*)-$*4#!5<!2*%")*

'6#)* 5&001$"'()* )".6'* .")* ")3;%")* "(* 5")* 1.1#"'()* )"-."#"'(* 3/$(&".)* 51%$&()* 6'(*

participé à la difficulté d’assigner %#@9* >* -'"* 5")* .&+'1")* 5"* +9A#!* "4&)(/'(")2* .")*

$"%,"$%,")* 3/$* `U?aP* '"*#6'($/'(* 3/)* 5"* )&#&./$&(1)* /G"%* 5")*4#!5<!* %6''-)* 3./%1)*

5/')* Z=`E7* B'"* /-($"* 3$6:.1#/(&9-"* ")(* ./* 51("%(&6'* :&6<&'06$#/(&9-"* 5")* 1.1#"'()*

%6#3."()*"(*06'%(&6''".)2*3/$(&%-.&;$"#"'(*36-$*.")*0/#&..")*5"*UP!<!P*>*3"(&()*'6#:$")*

5"*%63&")*%6##"*%#@9. L’absence de copie complète de 4#!5<!*51%$&("*5/')*-3'6G!"#!5!'

")(* )-$3$"'/'("2* #J#"* )&* .")* 09=!5#* 5"* ./* :/)"* 5"* 56''1")* P?E!*

V,((3)_yyXXX7/$/:&563)&)76$+]* )6'(* $"./(&G"#"'(* %6#3."()7* F6-$(/'(2* '6-)* /G6')*

51("%(1* -'"* %63&"* %6#3.;("* "(* 36("'(&".."#"'(* 06'%(&6''".."* 5/')* le génome d’-3'

6G!"#!5!, c’est<><5&$"* %6#36$(/'(* .")* 56#/&'")* %6#3."()* @/+* "(* F6.2* )/')* %656'* )(637*

C/')* )3' $!6#@!2* -'* 3.-)* +$/'5* '6#:$"* 5"* %63&")2* #/&)* (6-(")* 51+$/51")* V51.1(&6')2*

%656')*)(63]*6'(*/-))&*1(1*51("%(1")2*"'*/%%6$5*/G"%*%"*9-&*/*1(1*6:)"$G1*%,"Q*W9E8:7='

@7"I!E:*Vx&%S"$*/'5*R".."$*drrs]7*U")*/-($")*1(-5")*$"%,"$%,/'(*./*3$1)"'%"*5"*4#!5<!*

dans des génomes variés comme ceux de l’herbe à chapelets (+9#R'"!<E#=!?M9F#]* 5"* ./*

36-$+,;$"* VC!6E9AG!' <7E<!$]* 6-* 5-* 9-&'6/* 6'(* 1(1* :/)1")* )-$* ./* 51("%(&6'* 3/$*
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,O:$&5/(&6'*&'*)&(-*VNEaK]7*="3"'5/'(2*.")*UP!<RT n’o'(*3/)*1(1*%/$/%(1$&)1)*"(*."*'6#:$"*

de leurs copies n’a pas été estimé V?.&36-$* "(* /.7* drfpv* R6./'6* "(* /.7* drfpv* =/&* "(* /.7*

drfl]7**

4#!5<!* /* )"#:.1* J($"* -'"* .&+'1"* 5"*+9A#!* 5&)3/$/&))/'(* 3"-* >* 3"-* 5")* +1'6#")* "(*

56'%* )/')* +$/'5* &'(1$J(*3"'5/'(* .6'+("#3)7* ="3"'5/'(2* ".."* /* 1(1* $"($6-G1"* "'* +$/'5*

'6#:$"*5"*%63&")*V."*3.-)*+$/'5*'6#:$"*5"*%63&")*3/$#&*.")* .&+'1")*5"*+9A#!]*5/')*."*

+1'6#"*5"* ./*36&$"* Vi&'*"(*/.7*drfg]*"(*"'*'6#:$"*5"*%63&")*#651$1*%,"Q* .")*%/01&"$)7*

Ainsi, il semblerait que l’activité de 4#!5<!* )6&(* 5&001$"'("* )".6'* ./* '/(-$"*

monocotylédone ou dicotylédone de l’organisme considéré*"(*5/')*(6-)*.")*%/)*1(-5&1)2*

)-31$&"-$"*5/')*.")*5&%6(O.156'")7*U/*0/&:."*/%(&G&(1*($/')%$&3(&6''".."*"(*&')"$(&6''".."*

d’une famille de LTR<RT associée à l’évitement des systèmes de contrôle des génomes 

+/$/'(&$/&(*)/*3"$)&)(/'%"7*?-*)"&'*5")*5&%6(O.156'")2*4#!5<!*+/$5"$/&(*56'%*-'"*/%(&G&(1*

/-*#&'&#-#*#651$1"7**

=6'%"$'/'(* ./* .&+'1"*5")*./0&2* ./*5&00&%-.(1*5"* ."-$*51("%(&6'*5/')*%"$(/&'")*")3;%")*

5"* %/01&"$)* $"W6&'(* ./* 3$6:.1#/(&9-"* 5"* 51("%(&6'* "(* %./))&0&%/(&6'* 5")* DP* 5/')* .")*

+1'6#")7*D'*"00"(2*'6-)*/G6')*G-*9-"*)".6'*.")*#1(,65")*-(&.&)1")2*.")*./0&*)31%&0&9-")*

5"*+3'<!5:AG9E!*'"*)6'(*3/)*51("%(/:.")*5/')*.")*")3;%")*5")*EkE*"(*3"-*51("%(/:.")*%,"Q*

.")* n"'6<Coffea d’Asie particulièrement (Chapitres 3 et 6). L’idéal pour étudier une 

.&+'1"* 5"* UP!<!P* 5/')* -'* +"'$"* "'(&"$* ")(* 56'%* 5"* $"%,"$%,"$* 5")* 56#/&'")* /#&'6<

/%&5")* %6')"$G1)* 5"* %"(("* .&+'1"* /G"%* 5")* #1(,65")* #6&')* )($&%(")* %6##"* ."* `U?aP2*

plutôt que des méthodes utilisant l’homologie de séquence très précise)* %6##"* ."*

#/33&'+*5")*."%(-$")*'-%.16(&5&9-")7*="*(O3"*5"*)31%&0&%&(1*5")*./0&*5/')*%"$(/&')*%./5")*

5")*+9KK:!*n’est pas ou très peu observable par exemple avec %#@92* 51("%(1*#J#"*3/$*

#/33&'+* 5/')* (6-)* .")* +1'6#")* +9KK:!* étudiés. L’analyse des ./0&* /*#6'($1* 9-"* ."-$*

51("%(&6'*0/&:."*5/')*les génomes des espèces des IOI et d’Asie n’était pas due à un 0/&:."*

'6#:$"*5"*%63&")2*#/&)*>*-'"*5&G"$+"'%"*&#36$(/'("*5")*)19-"'%")*5"*+3'<!5:AG9E!*3/$*

$/336$(*/-4*%63&")*5/')*%")*")3;%")7**

C/')* ."* %/)* 5"* %#@9* "(* 5")* ./0&2* ./* 3$1)"'%"* 5"* '6#:$"-4* 1.1#"'()* 3/$(&".)2*

51+1'1$1)*"(*$"%6#:&'1)*V)6.6<UP!]*3/$(&%&3"*/-))&*>* ./*5&00&%-.(1*5"*./*%./))&0&%/(&6'*"(*

de l’annotation des LTR<RT. La création d’une base de donnée expertisée des ET chez les 

%/01&"$)*56&(*)\$"#"'(*J($"*"'($eprise pour faciliter l’analyse des séquences génomiques 

9-&*)"$6'(*+1'1$1")*5/')*.")*3$6%,/&'")*/''1")*%,"Q*.")*!-:&/%1")7*F.-)*+.6:/."#"'(2*./*

qualité de séquençage et d’assemblage des génomes est indispensable à une bonne 
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détection et caractérisation d’/'%&"')* UP!<!P* "'%6$"* /%(&0)* 5/')* %"$(/&')* +1'6#")2*

%6##"*."*)6'(*4#!5<!*"(*.")*./0&7*

*

1L[))'*$)LX)TLJK)SYQRHZL)94>927<<9)
*

U")* ./0&* )6'(* 5")* UP!<!P* +9A#!* :&"'* 3.-)* %6''-)* "(* 1(-5&1)* 9-"* .")* 4#!5<!7* ="./*

n’empêche pas de soulever des questions à leur propos*encore aujourd’hui, notamment 

)-$*./*3$1)"'%"*5-*56#/&'"*:5@:"9AA:'VDZA]2*)6'*-(&.&(1*/-*%O%."*5"*G&"*5")*./0&*"(*>*."-$*

1G6.-(&6'7*Jusqu’à maintenant, .")*./0&*6'(*1(1*1(-5&1)*3$&'%&3/."#"'(*5/')*5")*3./'(")*

/''-"..")* 5"* (O3"* 86'6%6(O.156'"* "(* C&%6(O.156'"* VU/("'* "(* /.7* drrpv* F"/$%"* drrsv*

x":"$* "(* /.7* drfrv* `6-)&6)* "(* /.7* drfd]. Moins d’études ont concerné les plantes 

31$"''")* .&+'"-)")2*"(*"..")*)"*:/)/&"'(*)-$(6-(*)-$* ./*51("%(&6'*5-*56#/&'"* :5@:"9AA:*

V8&+-".*"(*/.7*drrqv*=/$G/.,6*"(*/.7*drfr], limitant la possibilité d’étudier des ./0&*)/')*

:5@:"9AA:*%6##"*%"-4*5"*./*0/#&.."*=*5")*%/01&"$)*V=,/3&($")*g*"(*o]7*F$1)"'()*1+/."#"'(*

%,"Q*.")*@O#'6)3"$#")2*.")*./0&*)6'(*)/')*/-%-'*56-("*-'"*.&+'1"*($;)*/'%&"''"7*L(/'(*

donné le manque de connaissances et de techniques d’étude précises sur la mobilisation 

5")*UP!<RT, on ne peut qu’émettre des hypothèses quant à l’acquisition de l’:5@:"9AA:*"(*

l’histoire des ./0&* 5/')* .")* +1'6#")* 5")* %/01&"$)* "(* 3.-)* ./$+"#"'(* 5")* 3./'(")7* ="*

56#/&'"* DZA* ")(* 3$1)"'(* 5/')* :"/-%6-3* 5"* )19-"'%")* 5"* ./0&2* O* %6#3$&)* %,"Q* .")*

@O#'6)3"$#")* V8&+-".* "(* /.7* drrq]. Chez les caféiers, l’arbre raciné avec 5")*

H*6-(+$6-3)*I* &'5&9-"*9-"* ./* 0/#&.."* ./*3.-)*/'%&"''"*'"* %6'(&"'(*3/)* ."*56#/&'"*&(*2*

contrairement aux familles A et B, qui semblent plus récentes. Les profils d’arbre)*

6:("'-)* >* 3/$(&$* 5")* )19-"'%")* !P* 6-* DZA* /-* $"+/$5* 5"* ./* 3,O.6+1'&"* 5")* %/01&"$)*

)"#:."'(*"'*/%%6$5*/G"%*%"(("*%6')(/(/(&6'7*F/$*%6'($"2* ./*3$1)"'%"*5"*)19-"'%")*DZA*

%,"Q*+3'EG!=5#K9"#!* "(*+3'5:9":E9B#2* (6-(")* 5"-4* /33/$("'/'(* /-* %./5"* 5")* n"'6<=600"/2*

)"#ble indiquer que l’enveloppe a 3-*J($"*/%9-&)"*($;)*(c(*%,"Q*-'*/'%J($"*%6##-'*/-4*

caféiers, conduisant à une population d’éléments SIRE avec et sans :5@:"9AA:'6-* J($"*

/%9-&)"*3.-)*$1%"##"'(*#/&)*5"*#/'&;$"*&'513"'5/'("*3/$*l’ancêtre des deux espèces 

sœurs pré<%&(1")* "(* 3/$* .")* ")3;%")* /0$&%/&'")* 5-* %./5"* D-<=600"/7* =")* 5"-4* (O3")*

d’éléments auraient alors évolué indépendamment, donnant la famille C sans +;'"*&(**

V3$1)"'("*%,"Q*(6-)*.")*%/01&"$)]*"(*5"*'6-G"..")*0/#&..")*V"'*+$&)*<*=,/3&($"*o]2*3-&)*.")*

familles A et B présentes essentiellement dans les espèces d’Afrique de l’6-")(* "(* 5-*

%"'($"*"(*5"*'6-G"..")*0/#&..")*V5&001$"'(")*6-*'6'*5")*3$1%15"'(")]*/G"%*:5@:"9AA:7*
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L’acquisition de l’:5@:"9AA:*3"-(*$"3$1)"'("$*-'"*&''6G/(&6'*1G6.-(&G"*/O/'(*0/%&.&(1*

l’activité des séquences, menant à ce que nous observons aujourd’hui*_*-'"*0/#&.."*=*"'*

3"(&(*'6#:$"*5"*%63&")*"(*en cours d’1.&#&'/(&6'*5"*%"$(/&')*+1'6#")*%6##"*%".-&*5"*+3'

!E!F#<!2* 5")* 0/#&..")* V?* "(* `* 6-* /-($")]* (6-W6-$)* /%(&G")* "(* "'* 3.-)* +$/'5* '6#:$"* 5"*

%63&")7*Chez les rétrovirus, l’:5@:"9AA:*")(*'1%"))/&$"*/-*3/))/+"*5")*3/$(&%-.")*G&$/.")*

"'($"*.")*%"..-.")*VD&%S:-),*/'5*8/.&S*drrd]. Ceci est possible chez les animaux, mais n’a 

3/)*1(1*51#6'($1*%,"Q*.")*3./'(")2*36-$*.")9-"..")*./*3/$6&*5")*%"..-.")*")(*-'"*:/$$&;$"*

&#36$(/'("*/-*3/))/+"*5")*3/$(&%-.")*G&$/.")7* E.*$")("*56nc à comprendre l’utilité de ce*

56#/&'"* )-33.1#"'(/&$"* %,"Q* .")* UP!<!P* 5")* 3./'(")7* L’origine ancienne 5")* ./0&*

)-++;$"*."-$*3$1)"'%"*5/')*.")*/-($")*+"'$")*5"*./*($&:-*5")*+9KK::!:2*G6&$"*./*0/#&.."*5")*

!-:&/%1")*5/')*)6'*"')"#:."7*L‘étude conjointe de la structuration des ./0&*"'*3/$/..;."*

à l’établissement d’une phylogénie moléculaire robuste des Rubiacées permettrait sans 

doute d’appréhender des tranches de l’histoire évolutive de cette famille. L’analyse du 

+1'6#"* 5"* +3' G7=F"96#!5!2* )19-"'%1* $1%"##"'(* /G"%* ./* ("%,'6.6+&"* F/%`&6* VC7*

=$6-Q&../(2*%6##-'&%/(&6'*3"$)6''".."]*36-$rait permettre l’identification 5"*)19-"'%")*

5"* ./0&* %6#3.;(")* )31%&0&9-")* >* %"* +1'6#"* "(* >* %"-4* 5")* ")3;%")* 5")* }les de l’océan 

E'5&"'7*=")*1.1#"'()*)"$G&$/&"'(*/.6$)*à mieux comprendre l’origine de la différenciation 

5")*./0&*%,"Q*.")*%/01&"$)7*

*

-bZRQHhJL)SL)&1>7)LX)SL[))'*$+NOL])TL[)NRaPHLK[)
*

%#@9* ")(* G$/&)"#:./:."#"'(* /'%&"'* "(* 3"-* /%(&0* +.6:/."#"'(* /-* '&G"/-* 5-* +"'$"*

+9KK:!2*/.6$)*9-"*.")*./0&, même s’ils sont anciens, sont plus actifs et se différencient en 

plusieurs familles. Par contre, au niveau spécifique, l’espèce qui semble être le siège 

d’une activité particulièrement importante à la fois de %#@9*"(*5")*./0&*")(*)/')*/-%-'*

56-("*+3'<!5:AG9E!. En fait, c’est l’espèce ayant la plus grande répartition géographique 

naturelle allant d’ouest en est de la Guinée Conakry à l’Ouganda et du nord au sud, de la 

République Centrafrique à l’Angola V`"$(,/-5*ftqo]. C’est l’espèce la plus différenciée 

+1'1(&9-"#"'(*/G"%*o*+$6-3")*&5"'(&0&1)*jusqu’à maintenant V8-)6.&*"(*/.7*drrtv*@6#"Q*

"(*/.7*drrt]7*%#@9*")(*/))6%&1*>*%"(("*5&001$"'%&/(&6'*VK/#6'*"(*/.7*drffv*C-3"O$6'*"(*/.7*

drfs]. Il ne nous a pas été possible d’analyser des représentants des différents groupes 

+1'1(&9-")*5"*+3'<!5:AG9E!*5/')*'6($"*1(-5"*5")*./0&7*Z1/'#6&')2*./*)($-%(-$/(&6'*5")*

./0&* 5/')* .")*5"-4*/%%"))&6')*5&)36'&:.")*5"*+3'<!5:AG9E!* &'5&9-"*-'"*5&001$"'%&/(&6'*
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moins poussée dans l’accession d’Ouganda avec la présence de familles n’étant pas A, B, 

ou C. Quoi qu’il en soit, les LTR<!P*+9A#!*"(*"'*3/$(&%-.&"$*%#@9*"(*./0&*6'(*3-*W6-"$*-'*

$c."*5/')y6-*J($"*/))6%&1)*>*)/*5&G"$)&0&%/(&6'7*

U/*3$1)"'%"*5"*%#@9*3$;)*5"*+;'")*%,"Q*+3'<!5:AG9E!*36-$$/&(*J($"*-'"*&'5&%/(&6'*5"*

)6'*$c."*36("'(&".*5/')*./*$1+-./(&6'*5")*+;'")2*/-*#6&')*%,"Q*%"(("*")3;%"7*U‘ex3$"))&6'*

5&001$"'(&".."*5"*%#@9*"(*5")*./0&*V1("'5-"*>*(6-)*.")*UP!<!P*51("%(1)*5/')*+3'<!5:AG9E!]*

5/')* .")* +1'6#")* 5"* +3' <!5:AG9E!2* +3' !E!F#<!* "(* +3' :7I:5#9#8:$* >* 3/$(&$* 5"* 56''1")*

!Z?)"92* )6-)* %6'5&(&6'* 5"* 5&001$"'()* )($"))")* :&6(&9-")* "(* /:&6(&9-")* V5&)36'&:.")* /-*

sein de l’équipe CoffeeAdapt]*5"G$/*J($"*"'($"3$&)"7*?&')&2*%6##"*&.*/*1(1*51#6'($1*%,"Q*

."* $&Q* /G"%*H9$;T2* "'* 0/&:."* '6#:$"* 5"* %63&")*#/&)* s’exprimant dans le cas du stress 

&'5-&(*3/$*./*%-.(-$"*%"..-./&$"*VF&00/'"..&*drrs]2*%#@9*36-$$/&(*/G6&$*-'"*/-+#"'(/(&6'*5"*

)6'* /%(&G&(1* &')"$(&6''".."* "'* %/)* 5"* )($"))7* U")* ./0&* "'* 3.-)* +$/'5* '6#:$"* 5"* %63&")*

%6##"* H56;* %,"Q* ."* (/:/%* V@$/'5:/)(&"'* "(* /.7* ftqt]2* 36-$$/&"'(* 1+/."#"'(* J($"*

"43$&#1)*5/')*%"$(/&'")*%6'5&(&6')*5"*)($"))2*:&6(&9-")*'6(/##"'(*V`-&*b*@$/'5:/)(&"'*

drfd]7* ="$(/&'")* %63&")* %6#3.;(")*5"*%#@9* )"* )&(-"'(*3$;)*5"* +;'")* %,"Q*+3'<!5:AG9E!*

V=,/3&($"*l]7*k'*3"-(*)-336)"$*./*#J#"*%,6)"*36-$*.")*./0&, pour lesquels je n’ai pas eu 

."*("#3)*5"*G1$&0&"$*."-$*.6%/.&)/(&6'*%,"Q*+3'<!5:AG9E!7*U")*56''1")*!Z?)"9*5&)36'&:.")*

au sein de l’équipe CoffeeAdapt concernent plusieurs conditions d’expérimentations 

V.-#&'6)&(12* /.(&(-5"2* ("#31$/(-$"2* )($"))* ,O5$&9-"2* %O%."* %&$%/5&"'2* &'0"%(&6'* 3/$* 5")*

3/(,6+;'")2*G/$&1(1)*,O:$&5")*6-*)/-G/+")) pouvant avoir une influence sur l’expression 

5")*+;'")*%,"Q*.")*%/01&"$)*%-.tivés. L’outil TEtools VU"$/(*"(*/.7*drfo]*36-$$/*J($"*-(&.&)1*

spécifiquement pour analyser l’expression différentielle des ET. Les LTR<!P*51("%(1)*3/$*

UP!{aP!B=*5/')*.")*+1'6#")*5"*+3'<!5:AG9E!2*+3'!E!F#<!*"(*+3':7I:5#9#8:$*36-$$6'(*J($"*

($&1)* "(* #&)* )6-)* 06$#"* 5"* .&)("* 36-$* ."* 0&%,&"$* 5"* $101$"'%"* '1%"))/&$"* /-*

fonctionnement de l’outil. Selon la condition de stress considérée, il n’est pas 

&'%6')&51$1*5"*3"')"$*9-"*%"$(/&')*UP!<RT auront un patron d’expressi6'*5&001$"'(&".*

9-&* 36-$$/&(* 3"$#"(($"* 5"* #&"-4* %6#3$"'5$"* ."* 06'%(&6''"#"'(* 5"* %"$(/&')* +;'")2*

'6(/##"'(*%"-4*3$6%,")*5"*%63&")*%6#3.;(")*5"*UP!<!P7*U"-$*"43$"))&6'*5&001$"'(&".."*

&'5&9-"$/&(* 1+/."#"'(*9-"*5")*#1%/'&)#")*5"*H*)&."'%&'+*I* )6'(* ."G1)*9-/'5* ./*3./'("*

")(*)($"))1"2*3"-(<être pour que l’activation de certains ET #65-."*l’expression de gènes*

)31%&0&9-")2*%6##"*&.*/*51W>*1(1*3$636)1*%,"Q*?$/:&563)&)*VE(6*drfd]7*

*
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!:+3=3?1;3)LX)WYTbWTY^SHL)
*

=6##"*36-$*%#@9, l’évènement de polyploïdisation ne semble pas avoir eu de forts 

&#3/%()*)-$*.")*./0&2*5-*#6&')*+.6:/."#"'(*V=,/3&($")*l*"(*g]7* E.*#"*)"#:."*&#36$(/'(*

5"*)6-.&+'"$*."*0/&(*9-"*9-/)&#"'(*/-%-'"*)19-"'%"*5"*./*famille C n’a pu être détectée 

5/')*+3'!E!F#<!*"(*9-"*5"*'6#:$"-4*)6.6<UP!*6'(*1(1*51("%(1*V=,/3&($"*g]7*F/$*/&.."-$)2*./*

0/#&.."*?*)"#:."*/G6&$*$1%"##"'(*)-:&*-'"*/#3.&0&%/(&6'*($;)*&#36$(/'("*1(/'(*56''1*."*

'6#:$"*")(&#1*5"*%63&")7*k'*3"-(*/&')&*3"')"$*9-"*./*36.O3.6j5&)/(&6'*/*1(1*/))6%&1"*>*

l’élimination de la plupart des copies de la famille C, déjà en cours chez +3':7I:5#9#8:$*"(*

"'*#6&'5$"*#")-$"*%,"Q*+3'<!5:AG9E!7*B'*#1%/'&)#"*5"*%6'($c."*5-*'6#:$"*5"*%63&")*

%,"Q* +3' !E!F#<!* après l’1G;'"#"'(* 5"* 36.O3.6j5&)/(&6'* 36-$$/&(* /-))&* /G6&$* .&#&(1*

l’augmentation de la taille*5-*+1'6#"7*U/*36.O3.6j5&)/(&6'*/*/-))&*3-*3$6G69-"$*./*."G1"*

5")*%6'($/&'(")*13&+1'1(&9-")*5")*%63&")*5"* ./* 0/#&.."*?2*3"$#"((/'(*-'"*/#3.&0&%/(&6'*

5"* %".."<%&7* C"* (".)* 1G;'"#"'()* 6'(* 1(1* 6:)"$G1)* %,"Q* .")* :.1)* )/-G/+")* V-:I#"9A$2*

a"'"$%,&/*"(*/.7*drfl]*et l’orobanche VF&"5'6h.*"(*/.7*drfp]7**

L’étude de %#@9' "(* 5")* ./0&* /* 3"$#&)* 5"* 3$1%&)"$* %"$(/&'")* 6:)"$G/(&6')* 0/&(")*

3$1%15"##"'(* /G"%* 5")* 56''1")* 5"* )19-"'T/+"* 3/$(&".* 5/')* %"$(/&'")* ")3;%")* 5"*

caféiers, ainsi que de donner plus d’informations sur la formation de +3' !E!F#<!7*

Néanmoins, l’identification plus précise de l’origine des populations parentales aurait 

'1%"))&(1* -'"* 1(-5"* 3.-)* "4,/-)(&G"* 5")* 5&001$"'(")* 363-./(&6')* 5"* +3'<!5:AG9E!* "(*+3'

:7I:5#9#8:$* en gardant à l’esprit que les populations actuelles ne sont pas 

6:.&+/(6&$"#"'(* $"3$1)"'(/(&G")* 5"* ."-$)* 06$#")* /'%")($/.")7* U")* 56''1")* 5"*

séquençage partiel des génomes d’un jeu d’espèces sauvages ont permis d’estimer leur 

%6#36)&(&6'*"(*/:6'5/'%"*"'*UP!<!P*/-3/$/G/'(*&5"'(&0&1)*%,"Q*+3'<!5:AG9E!'V@-O6(*"(*

/.7*drfo*–*Chapitre 3). Ainsi d’autres éléments, tels que ceux de la lignée %:"* VUP!<!P*

>BA$B]2*6'(*#6'($1*5")*5&001$"'%")*)&+'&0&%/(&G")*5-*'6#:$"*5"*%63&")*)".6'*.")*")3;%")*

%6')&51$1")*V56''1")*'6'*3-:.&1")*–*N&+-$"*fo). L’analyse fine de ces éléments pourrait 

3"$#"(($"* 5"* #&"-4* %6#3$"'5$"* .")* 5O'/#&9-")* 5&001$"'(")* 5")* UP!<!P* %,"Q* .")*

%/01&"$)* "(* '6(/##"'(* ."-$* &#3/%(* )-$* 6-* ."-$* 1G6.-(&6'* 3$63$"* )6-)* ."* 3$&)#"* 5"*

l’évolution du genre +9KK:!*et de l’unique évènement de polyploïdisation '/(-$".."*5/')*

%"*+"'$"7**

=6'($/&$"#"'(*>*%"*9-&*/*1(1*6:)"$G1*5/')*5"*'6#:$"-)")*3./'(")*/''-"..")*VA&%&"'(*

/'5* =/)/%-:"$(/* drfs]2* ."* +1'6#"* 5"* +3' !E!F#<!* '"* )"#:."* 3/)* /G6&$* )-:&* 5"*

réarrangements drastiques ou bien d’augmentation ou diminution significative de la 
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(/&.."*5"*)6'*+1'6#"7*C"*3.-)2* &.*3$1)"'("* .")*#J#")* .&+'1")*5"*+9A#!*"(*>BA$B*9-"*)")*

5"-4* 3$6+1'&("-$)2* )/')* +$/'5)* %,/'+"#"'()* V"4%"3(1* 3"-(<J($"* 36-$* ./* 0/#&.."* =* 5")*

./0&'et des petites modifications potentielles dans d’autres lignées de LTR<!P]7*C/')*.")*

#/.,"-$"-sement peu nombreuses études concernant l’évolution des LTR<!P*5/')*5")*

+1'6#")*5"*3./'(")*31$"''")*.&+'"-)")2*%")*#J#")*%6'%.-)&6')*6'(*1(1*06$#-.1")7*="%&*

)-++;$"*9-"*./*5&001$"'%"*#/W"-$"*"'($"*.")*3./'(")*/''-"..")*"(*31$"''")2*>*)/G6&$*."-$*

%O%."*5"*Gie, est probablement en liaison avec l’importance des restructurations et donc 

de l’évolution de ces génomes. Pour faire face à un stress, une plante annuelle doit très 

vite s’adapter et être en mesure de se reproduire faute de quoi, la survie de la popula(&6'*

ou de l’espèce peut être remise en cause. Au niveau individuel, la plante sans cette 

/5/3(/(&6'* 36-$$/&(* 3"$5$"* ./* %/3/%&(1* >* ($/')#"(($"* )")* +;'")7* B'"* 3./'("* 31$"''"*

ligneuse, au contraire, n’a pas besoin de se reproduire tous les ans puisqu’elle va*G&G$"*

3.-)&"-$)*/''1")*_*-'*6-*3.-)&"-$)*)($"))")*"#3J%,/'(*./*$"3$65-%(&6'*-'"*/''1"*'"*)"*

($/5-&$/* 3/)* 6:.&+/(6&$"#"'(* 3/$* ./* #6$(* 5&$"%("* 5"* ./* 3./'("* "(* )-$(6-(2* 3/$* )6'*

&#36))&:&.&(1*>*3/$(&%&3"$*>*./*%6')(&(-(&6'*5")*+1'1$/(&6')*)-&G/'(")7*U/*3./'("*31$"''"*

pourrait donc réagir de manière moins brutale que la plante annuelle. C’est peut être 

cette différence d’intensité de réactions qui aurait des conséquences différentes par 

exemple sur l’intensité d’activation des LTR<!P7* ="* (O3"* 5"* 5&001$"'%"* "'($"* 3./'(")*

pérennes et annuelles a été soulignée dans l’étude sur la dynamique des +9A#!* "(* 5")*

>BA$B'5/')* ."* +1'6#"* 5-* 3"-3.&"$* VZ/(/.&* "(* /.7* drfg]. Plus d’études sur l’activité et 

l’évolution des LTR<!P* 5/')* 5")* +1'6#")* 5"* 3./'(")* 31$"''")* .&+'"-)")* )6'(*

'1%"))/&$")*36-$*%6'0&$#"$*%"(("*,O36(,;)"7*Avec l’accessibilité croissante de données 

génomiques, l’étude comparative entre génomes issus d’espèces ligneuses pérennes et 

d’espèces annuelles est possible. L’étude détaillée des LTR<!P* 5"G$/&(* 06-$'&$* 5")*

1.1#"'()* 5"* $136')"* 9-/'(* /-* %6#36$("#"'(* 5&001$"'(&".* "'($"* %")* 5"-4* (O3")* 5"*

3./'(")7*
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7HIJKL)*>)M)([XHQRXHYZ)SJ)ZYQ_KL)SL)NYWHL[)SL+&92)SRZ[)[HV)[PhJLZNL[)IPZYQHhJL[)SL)!788932))ENlfr*_*+3'<!5:AG9E!*5"*@-&'1"*v*KC<drr*_*+3'
<!5:AG9E!*5"*!C=*v*`BCfg*_*+3'<!5:AG9E!*d’Ouganda*v*C?go*_*+3':7I:5#9#8:$*5-*R"'O/*v*`BCfl*_*+3':7I:5#9#8:$*d’Ouganda*v*===?l*_*+3'!E!F#<!*%-.(&G17)
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*

0`YTJXHYZ)SJ)ILZKL)!78893)
*

U")*1(-5")*$1/.&)1")*5-$/'(*#/*(,;)"*6'(*#6'($1*9-"* ."*+"'$"*+9KK:!* %6'(&"'(*5"-4*

.&+'1")*UP!<!P*/O/'(*-'"*5O'/#&9-"*5&001$"'("2*#/&)*3$1)"'(")*(6-(")*.")*5"-4*5"3-&)*

.6'+("#3)*%,"Q*.")*3./'(")7*="$(/&'")*")3;%")*%6##"*+3'=:"!59<!EA!*"(*+3'=7K#58#:5$#$*

#6'($"'(*-'"*)($-%(-$/(&6'*5")*./0&*commune à celle des caféiers d’Afrique de l’ouest 

et du centre, alors qu’elles font partie du clade des Xeno<Coffea pour l’une et des Eu<

Coffea d’Afrique du centre<est pour l’autre. Des analyses plus poussées de %#@9*

#6'($"$/&"'(*3"-(<être des particularités chez ces deux espèces, faisant d’elles des cas 

3/$(&%-.&"$)*/-*)"&'*5-*+"'$"*+9KK:!P*>*1(-5&"$*3.-)*"'*51(/&.)7*

Maintenant qu’une phylogénie résolue du genre +9KK:!* ")(* 5&)36'&:."2* &.* )"$/&(*

possible de caractériser d’év"'(-".)*1G;'"#"'()*5"*($/')0"$()*,6$&Q6'(/-4*VPK]7*?-%-'"*

horloge moléculaire n’est malheureusement disponible pour les caféiers, on ne pourrait 

56'%*3/)*estimer la date d’éventuels TH, mais on peut tout de même essayer d’identifier*

5"*(".)*1G;'"#"'()7*F/$*"4"#3."2*C&/)*"(*/.7*Vdrfg]*)-++;$"'(*-'"*5O'/#&9-"*1G6.-(&G"*

d’un élément +9A#!*&))-*5"*+3'<!5:AG9E!*%,"Q*.")*/'+&6)3"$#")2*&#3.&9-/'(*"'($"*/-($")*

-'* 36))&:."* ($/')0"$(* ,6$&Q6'(/.7* k'* 3"-(* /-))&* $"%,"$%,"$* 5")* 1.1#"'()*

3/$(&%-.&;$"#"'(*%6')"$G1)*"'($"*+3'<!5:AG9E!*6-*+3'!E!F#<!*et l’un de leurs pathogènes. 

D'*"00"(2*-'*1G1'"#"'(*5"*TH n’est possible que si des individus de populations, espèces 

6-*+"'$")*5&001$"'()*)6'(*+16+$/3,&9-"#"'(*"(*1%6.6+&9-"#"'(*3$6%,")7*B'*3/(,6+;'"*

3"-(*56'%*$"3$1)"'("$*-'*51%."'%,"-$*6-*-'*G"%("-$* &51/.*36-$*-'*DPK* V@&.:"$(*"(*/.7*

drfr]7* U/* $6-&.."* 5-* %/01&"$* VW:=#":#!' @!$6!6E#R]* ")(* -'* %,/#3&+'6'* #&%$6)%63&9-"*

&'0"%(/'(* .")* %/01&"$)* 3/$* .")* )(6#/(")* "(* )"* 51G".633/'(* 5"* 0/T6'* "4($/<* "(* &'($/<

%"..-./&$"*5/')* %"-4<%&* VP/.,&',/)* "(* /.7* drfs]7* a/*3$64&#&(1*3,O)&9-"* /G"%* .")* %"..-.")*

5")*%/01&"$)*&'0"%(1)*")(*(".."*9-"*."*($/')0"$(*5"*#/(1$&".*+1'1(&9-"*"'($"*%"*3/(,6+;'"*

"(* )")* ,c(")* ")(* "'G&)/+"/:."7*C"* 3.-)2* ./* $6-&.."* )"#:."* %6'("'&$* -'"* +$/'5"* 9-/'(&(1*

d’ET, plus de 74% V=$&)(/'%,6* "(* /.7* drfl]7* ="-4<%&* 36-$$/&"'(* J($"* &#3.&9-1)* 5/')* ./*

$1+-./(&6'* 5"* +;'")* 0/G6$&)/'(* ./* 3/(,6+1'&%&(1* 5-* %,/#3&+'6'7* U")* &5"'(&0&"$* "(*

identifier d’éventuelles insertions dans le génome des caféiers par ETH pourraient 

/336$("$*5")*&'06$#/(&6')*($;)*&#36$(/'(")*36-$*./*.-(("*%6'($"*./*$6-&.."*5-*%/01&"$7**

D'0&'2* .")* /'/.O)")* $1/.&)1")* 3"'5/'(* %"(("* (,;)"* 36-$$6'(* J($"* %6#3.1(1")* %,"Q*

d’autres espèces de caféiers sauvages, notamment celles des IOI. En effet, les séquences 
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Illumina de 45 génomes d’espèces malgaches sont maintenant disponibles, ainsi que 

5"-4*)19-"'T/+")*F/%`&6*5"*5"-4*")3;%")*)/')*%/01&'"2*+3'G9=9"":#'"(*+3'G7=F"96#!5!2*."*

3.-)*3"(&(*+1'6#"*5-*+"'$"*V3$6W"(*@fp]7*P$"'("<)&4*/%%"))&6')*5"*+3'!E!F#<!*)/-G/+")*"(*

%-.(&G1)*6'(*1(1*$"<)19-"'%1")*5/')*."*%/5$"*5-*3$6W"(*?=@=7*U"-$*1(-5"*3"$#"(($/&(*5"*

%6'0&$#"$* l’origine* +1'1(&9-"* V-'* 6-* 3.-)&"-$)* 1G;'"#"'()* 5"* 36.O3.6j5&)/(&6']* "(*

+16+$/3,&9-"*5"*+3'!E!F#<!7**

*

*

:2 0`YTJXHYZ)SL[))'*$)LX)SL)&1>7)SRZ[)TL)ILZKL)!78893)
*

?G"%* .")* 56''1")* 6:("'-")* /-* %6-$)* 5"* %"(("* (,;)"2* '6-)* 36-G6')* $1)-#"$* '6)*

3$&'%&3/-4*$1)-.(/()*5/')*./*N&+-$"*fs7*C/')*%"(("*0&+-$"2* .")*1.1#"'()*./0&*'6'</00&.&1)*

/-4* 0/#&..")*?2*`*6-*=*3$1)"'()*5/')* ./*9-/)&<(6(/.&(1*5")*")3;%")2*'6(/##"'(*5/')* .")*

")3;%")*5")*%./5")*.")*3.-)*/'%&"')*VK/#6'*"(*/.7*drfs]2* &'%.-"'(*5")*1.1#"'()*/G"%*"(*

)/')* :5@:"9AA:. Ceci laisse à penser que l’ancêtre commun des caféiers le plus récent 

%6#36$("*%")*5"-4*(O3")*5"*./0&7*U/*5&001$"'%&/(&6'*($;)*36-))1"*5")*./0&*V($6&)*0/#&..")*

%,"Q*+3'<!5:AG9E!*et probablement d’aurtes familles à d10&'&$]*")(*>*#"(($"*"'*3/$/..;."*

/G"%*%".."*6:)"$G1"*%,"Q* .")*%/01&"$)*"(* %6'5-&)/'(*/-4*5"-4*%./5")* 0$;$")*?k=*"(*?=D7**

B'"*06$("*5&001$"'%&/(&6'*5")'./0&*/*/-))&*1(1*6:)"$G1"*%,"Q*-'*)"-.*n"'6<=600"/2*>*)/G6&$*

+3'=:"!59<!EA!. Cette espèce n’est pas particulière qu’à cet égard, elle présente /-))&*

d’autres caractéristiques qui en font une exception au sein des ex<2$#"!56G7$* V=,/3&($"*

6). L’origine de ces particularités reste à définir.*

%#@9, également présent chez l’ancêtre commun le plus récent* 5")* %/01&"$)2* :&"'*

9-"*($/')#&)*>*(6-(")*.")*")3;%")2*/*"-*-'"*/%(&G&(1*&'513"'5/'("*5"*./*)31%&/(&6'7*F6-$*

-'"*$/&)6'*9-&*$")("*>*51("$#&'"$2* &.*/*1(1*/%(&0*5/')* ./*5&001$"'%&/(&6'*5"*+3'<!5:AG9E!2*

sans pour autant s’être différencié en sous<0/#&..")7*="(("*")3;%"*/O/'(*-'"*/5/3(/(&6'*>*

5")* "'G&$6''"#"'()* 5&001$"'()2* &.* )"$/&(* &'(1$"))/'(* d’étudier %#@9* %,"Q* +3' <95I:5$#$7*

C’est* -'"* ")3;%"* +1'1(&9-"#"'(* ($;)* 3$6%,"* 5"* +3' <!5:AG9E!2* 3-&)9-"* qr|* 5")*

,O3:$&5")*Nf*"'($"*%")*5"-4*")3;%")*)6'(*0"$(&.")*VU6-/$'*fttd]2*/.6$)*9-"*."-$)*'&%,")*

1%6.6+&9-")*)6'(*"4%.-)&G")*_*+3'<95I:5$#$*)"*51G".633"*5/')*5")*Q6'")*("#36$/&$"#"'(*

&'6'51")*V/-*:6$5*5")*0."-G")]2*.>*6�*'"*3"-(*3/)*)"*51G".633"$*+3'<!5:AG9E!*V`"$(,/-5*

ftqo]7*



! "#$!

!

!"#$!"#$!%!&'()!

%&'() *! +! ,! -./012!

3*!4!,5*! 4!6!"*+,)! 4!6!"*+,)!

3*!4!,&!

3*!4!,271! 4! 4!

*,! 4! 4!

858! 4! 4!

,&!4!+,! 4!

,*&!4!9,!

,5*!

4!

4! 4!

4!

C. eugenioides 

C. canephora 

C. arabica 

BU-A 

DA56 

BUD15 

HD 200 

ET39 

AE - BA 

ACE - HA 

AOC 

IOI 

XC 
AOC 

AE 

Asie 

CA 

EC 

!"#$%&'()'*'+,-./0'1&'20'3%.4&5,&'&6'1&'27084&5,&'1&'!"#$'&6'1&4'%&'('1054'2&4'&439,&4'.6$1".&4'1$'

#&5%&')$**+,:'%&'!()*+,'!')+,!(-)()-,*)++&.'!/0!+)12-&!3&!4)(*&'!,-)056&'7!80/+3!&',*169!:!;!/2'&+4&!<!

=>!;!=&+):>)??&/!<!@>!;!@0:>)??&/!<!AB>!;!A?-*80&!3&!.C)0&',!&,!30!4&+,-&!<!A@!;!A?-*80&!3&!.C&',!<!>A!;!4&+,-&!

A?-*80&!<!DBD!;!E.&'!3&!.C)0&',!3&!.C)46/+!D+3*&+!<!FA!;!2/''&!/.,*,0,&!<!GA!;!H/0,&!/.,*,03&!<!A>@!;!A?-*80&!30!

4&+,-&:&',9!
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`&:.&6+$/3,&"!

*

?5/#)* 8C2* =".'&S"$* aD2* K6.(* !?2* "(* /.* Vdrrr]* P,"* @"'6#"* a"9-"'%"* 60* C$6)63,&./*
#"./'6+/)("$7*@"'"(&%)*dqs_dfqg–dftg7*56&_*fr7ffdoy)%&"'%"7dqs7glof7dfqg*

?+$"'* M?2*x$&+,(* aE* Vdrfg]* a".0&),* +"'"(&%* "."#"'()* /'5* 3./'(* +"'6#"* )&Q"* "G6.-(&6'7*
P$"'5)*F./'(*a%&*f–d7*56&_*fr7frfoyW7(3./'()7drfg7rp7rrs*

?.&36-$*?2*P)-%,&#6(6*a2*a/S/&*K2*"(*/.*Vdrfp]*a($-%(-$/.*%,/$/%("$&Q/(&6'*60*%63&/<(O3"*
$"($6($/')36)6')* ."/5)*(6* &')&+,()* &'(6*(,"*#/$S"$*5"G".63#"'(* &'*/*:&60-".*%$632*
M/($63,/*%-$%/)*U7*`&6("%,'6.*`&60-".)*o_f–fp7*56&_*fr7ffqoyfsgl<oqpl<o<fdt*

?.G")* a2* !&:"&$6* P2* E'�%&6* A2* "(* /.* Vdrfd]* @"'6#&%* 6$+/'&Q/(&6'* /'5* 5O'/#&%)* 60*
$"3"(&(&G"* CZ?* )"9-"'%")* &'* $"3$")"'(/(&G")* 60* (,$""* N/+/%"/"* +"'"$/7* @"'6#"*
gg_plq–pgt7*56&_*fr7ffpty+drfd<rdr*

?##&$/W-* Maa2* m-%%6.6* ?2* i-* i2* "(* /.* Vdrrs]* DG6.-(&6'/$O* 5O'/#&%)* 60* /'* /'%&"'(*
$"($6($/')36)6'*0/#&.O*3$6G&5")*&')&+,()*&'(6*"G6.-(&6'*60*+"'6#"*)&Q"*&'*(,"*+"'-)*
k$OQ/7*F./'(*M*gd_pld–pgf7*56&_*fr7ffffyW7fpog<pfpn7drrs7rpdld74*

?'5$&/'/)6.6*CZ2*C/G&)*?F2*!/Q/0&'/$&G6*ZM2*"(*/.*Vdrfp]*K&+,*+"'"(&%*5&G"$)&(O*60*&'*)&(-*
/'5*"4*)&(-*363-./(&6')*60*8/5/+/)%/'*%600""*)3"%&")_*N-$(,"$*&#3.&%/(&6')*06$*(,"*
#/'/+"#"'(* 60* %600""* +"'"(&%* $")6-$%")7* P$""* @"'"(* @"'6#")* t_fdtg–fpfd7* 56&_*
fr7frrsy)ffdtg<rfp<ropq<l*

?$"'):-$+"$*F2*F&1+-*`2*`&+6(*i*Vdrfo]*P,"* 0-(-$"*60* ($/')36)/:."*"."#"'(*/''6(/(&6'*
/'5*(,"&$*%./))&0&%/(&6'*&'*(,"*.&+,(*60*0-'%(&6'/.*+"'6#&%)*<*X,/(*X"*%/'*."/$'*0$6#*
(,"* 0/:.")* 60* M"/'* 5"* ./* N6'(/&'"e* 86:* @"'"(* D."#"'()7* 56&_*
fr7frqrydfgtdgon7drfo7fdgoqgd*

`/&56-$&*8*D.2*=/$3"'(&"$*8=2*=66S"*!2*"(*/.*Vdrfl]*x&5")3$"/5*/'5*0$"9-"'(*,6$&Q6'(/.*
($/')0"$)* 60* ($/')36)/:."* "."#"'()* &'* 3./'()7* @"'6#"* !")* dl_qpf–qpq7* 56&_*
fr7ffrfy+$7follrr7ffp*

`/6*x2*R6W&#/*RR2*R6,/'O*k*Vdrfg]*!"3:/)"*B35/("2*/*5/(/:/)"*60*$"3"(&(&G"*"."#"'()*
&'*"-S/$O6(&%*+"'6#")7*86:*CZ?*o_f–o7*56&_*fr7ffqoy)fpfrr<rfg<rrlf<t*

`/6*m2*D55O*a!*Vdrrd]*?-(6#/("5*5"*'6G6*&5"'(&0&%/(&6'*60*$"3"/(*)"9-"'%"*0/#&.&")*&'*
)"9-"'%"5*+"'6#")7*@"'6#"*!")*fd_fdot–fdso7*56&_*fr7ffrfy+$7qqgrd*

`"''"((* 8C2* U"&(%,* EM* Vdrfd]* F./'(* CZ?* =<G/.-")* 5/(/:/)"7*
,((3_yyXXX7S"X76$+y%G/.-")y7**

`"''"(Q"'*MU*Vdrrg]*P$/')36)/:."*"."#"'()2*+"'"*%$"/(&6'*/'5*+"'6#"*$"/$$/'+"#"'(*
&'* 0.6X"$&'+* 3./'()7* =-$$* k3&'* @"'"(* C"G* fg_odf–ods7* 56&_*
fr7frfoyW7+5"7drrg7rt7rfr*

`"''"(Q"'*MU2*R"..6++*D*Vftts]*C6*F./'()*K/G"*/*k'"<x/O*P&%S"(*(6*@"'6#&%*k:")&(Oe*
F./'(*="..*t_fgrt–fgfl7*

`"''"(Q"'* MU2*8/* M2* C"G6)*R8* Vdrrg]*8"%,/'&)#)* 60* $"%"'(* +"'6#"* )&Q"* G/$&/(&6'* &'*
0.6X"$&'+*3./'()7*?''*`6(*tg_fds–pd7*56&_*fr7frtpy/6:y#%&rrq*

`"$+#/'*=82*[-")'"G&.."*K*Vdrrs]*C&)%6G"$&'+*/'5*5"("%(&'+*($/')36)/:."*"."#"'()*&'*
+"'6#"*)"9-"'%")7*`$&"0*`&6&'06$#*q_pqd–ptd7*56&_*fr7frtpy:&:y::#rlq*

Berthaud J (1986) Les ressources génétiques pour l’amélioration des caféiers africains 
5&3.6j5")7*F/$&)*a-5*

`6"S"*MC2*@/$0&'S".*CM2*a(O.")*=?2*N&'S*@!*Vftqg]*PO*"."#"'()*($/')36)"*(,$6-+,*/'*!Z?*
&'("$#"5&/("7*="..*lr_ltf–grr7*56&_*fr7frfoyrrtd<qoslVqg]trfts<s*

`6-,/$#6'(*M*Vftgt]*!"%,"$%,")*)-$*.")*/00&'&(1)*%,$6#6)6#&9-")*5/')*."*+"'$"*=600"/7*
E7Z7L7?7=72*86'(3"..&"$*
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`6-)&6)* ?2* C/$Q"'(/)* Z* Vdrfp]* a&$"G&$-)* UP!* $"($6($/')36)6')_* 3,O.6+"'"(&%*
#&)%6'%"3(&6')*&'*(,"*3./'(*X6$.57*86:*CZ?*l_f–g7*56&_*fr7ffqoyfsgt<qsgp<l<t*

`6-)&6)*?2*C/$Q"'(/)*Z2*P)/0(/$&)*?2*F"/$%"*a!*Vdrfr]*K&+,.O*%6')"$G"5*#6(&0)* &'*'6'<
%65&'+* $"+&6')* 60* a&$"G&$-)* $"($6($/')36)6')_* (,"* S"O* 06$* (,"&$* 3/(("$'* 60*
5&)($&:-(&6'*X&(,&'*/'5*/%$6))*3./'()e*`8=*@"'6#&%)*ff_f–fl7*56&_*fr7ffqoyflsf<
dfol<ff<qt*

`6-)&6)* ?2* R6-$#3"(&)* i?E2* F/G.&5&)* F2* "(* /.* Vdrfd]* P,"* (-$:-."'(* .&0"* 60* a&$"G&$-)*
$"($6($/')36)6')*/'5*(,"*"G6.-(&6'*60*(,"*#/&Q"*+"'6#"_*86$"*(,/'*("'*(,6-)/'5*
"."#"'()*("..*(,"*)(6$O7*F./'(*M*ot_lsg–lqq7*56&_*fr7ffffyW7fpog<pfpn7drff7rlqro74*

`$"'%,."O*!2* a3/''/+.*82*F0"&0"$*82* "(* /.* Vdrfd]*?'/.O)&)* 60* (,"*:$"/5*X,"/(* +"'6#"*
-)&'+* X,6."* +"'6#"* ),6(+-'* )"9-"'%&'+7* Z/(-$"* ltf_srg–sfr7* 56&_*
fr7frpqy'/(-$"ffogr7?'/.O)&)*

`-'56%S* F2* K66OS//)* F* Vdrrg]* ?'* ?$/:&563)&)* ,?P<.&S"* ($/')36)/)"* &)* "))"'(&/.* 06$*
3./'(*5"G".63#"'(7*Z/(-$"*lpo_dqd–dql7*56&_*fr7frpqy'/(-$"rpoos*

`-),#/'* NC* Vdrrp]*P/$+"(&'+* )-$G&G/._* E'("+$/(&6'* )&("* )"."%(&6'* :O* $"($6G&$-)")* /'5*
UP!<!"($6($/')36)6')7*="..*ffg_fpg–fpq7*56&_*fr7frfoyarrtd<qoslVrp]rrsor<q*

`-("..&*D2*U&%%&/$5"..6*=2*m,/'+*i2*"(*/.* Vdrfd]*!"($6($/')36)6')*=6'($6.*N$-&(<a3"%&0&%2*
=6.5<C"3"'5"'(* ?%%-#-./(&6'* 60* ?'(,6%O/'&')* &'* `.665* k$/'+")7* F./'(* ="..*
dl_fdld–fdgg7*56&_*fr7ffrgy(3%7fff7rtgdpd*

=/&* m2* U&-* K2* K"* [2* "(* /.* Vdrfl]* C&00"$"'(&/.* +"'6#"* "G6.-(&6'* /'5* )3"%&/(&6'* 60* =6&4*
./%$O#/<W6:&* U7* /'5* =6&4* /9-/(&%/* !64:7* ,O:$&5* +-/'+4&* $"G"/."5* :O* $"3"(&(&G"*
)"9-"'%"* /'/.O)&)* /'5* 0&'"* S/$O6(O3&'+7* `8=* @"'6#&%)* fg_f–fo7* 56&_*
fr7ffqoyflsf<dfol<fg<frdg*

=/3O*F2*U/'+&'*P2*K&+-"(*C2*"(*/.*Vftts]*C6*(,"*&'("+$/)")*60*UP!<$"($6($/')36)6')*/'5*
%./))* EE* "."#"'(* ($/')36)/)")*,/G"* /* %6##6'*/'%")(6$e*@"'"(&%/*frr_op–sd7* 56&_*
fr7frdpy?_frfqprrsdftgp*

=/$$* 82* `"')/))6'* C2* `"$+#/'* =8* Vdrfd]* DG6.-(&6'/$O* @"'6#&%)* 60* P$/')36)/:."*
D."#"'()* &'* a/%%,/$6#O%")* %"$"G&)&/"7* FU6a* k'"* s_grtsq–grttp7* 56&_*
fr7fpsfyW6-$'/.736'"7rrgrtsq*

=/$G/.,6* ?* Vftgd]* P/46'6#&/* 5"* =600"/* ?$/:&%/* U7* AE* <* =/$/%("$")* #6$06.6+&%6)* 56)*
,/3.6&5")7*`$/+/'(&/*fd_drf–dfd7*

=/$G/.,6*82*!&:"&$6*P2*A&"+/)*x2*"(*/.*Vdrfr]*F$")"'%"*60*"'G<.&S"*)"9-"'%")*&'*[-"$%-)*
)-:"$*$"($6($/')36)6')7*M*?33.*@"'"(*gf_lof–los7*56&_*fr7frrsy`Nrpdrqqsg*

=/)/%-:"$(/*D2*@6'Q�."Q*M*Vdrfp]*P,"*&#3/%(*60*($/')36)/:."*"."#"'()*&'*"'G&$6'#"'(/.*
/5/3(/(&6'7*86.*D%6.*dd_fgrp–fgfs7*56&_*fr7ffffy#"%7fdfsr*

=/)3&* ?2* F/%,("$* U* Vdrro]* E5"'(&0&%/(&6'* 60* ($/')36)/:."* "."#"'()* -)&'+* #-.(&3."*
/.&+'#"'()*60*$"./("5*+"'6#")7*@"'6#"*!")*fo_dor–dsr7*56&_*fr7ffrfy+$7lpofdro*

=,/3/$$6* =2* @/O$/-5* P2* a6-Q/* !N*C"2* "(* /.* Vdrfg]* P"$#&'/.<!"3"/(* !"($6($/')36)6')*
X&(,*@?@*C6#/&'* &'*F./'(*@"'6#")_*?*Z"X*P")(&#6'O*6'* (,"*=6#3."4*x6$.5*60*
P$/')36)/:."*D."#"'()7*@"'6#"*`&6.*DG6.*s_ltp–grl7*56&_*fr7frtpy+:"y"GGrrf*

=,/$$&"$*?*Vftsq]*U/*a($-%(-$"*+1'1(&9-"*5")*%/01&"$)*)36'(/'1")*5"*./*$1+&6'*#/.+/%,"*
(Mascarocoffea). Leur relations avec les caféiers d’origine africaine (Eucoffea).**

=,/$$&"$*?2*`"$(,/-5*M*Vftqg]*`6(/'&%/.*=./))&0&%/(&6'*60*=600""7*=600""*`6(*`&6%,"#*F$65*
`"/')*`"G"$/+"*fp–ls7*56&_*fr7frrsytsq<f<lofg<oogs<f*

Chevalier A (1929) Principes d’arboriculture fruitière applicables aux caféiers. Encycl. 
`&6.7*f–ds7*

=6#/&*U2*8adlung A, Josefsson C, Tyagi A (2003) Do the different parental “heteromes” 
%/-)"*+"'6#&%* ),6%S* &'*'"X.O* 06$#"5*/..636.O3.6&5)e*F,&.6)*P$/')*!*a6%*U6'56'*
`&6.*a%&*pgq_fflt–ffgg7*56&_*fr7frtqy$)(:7drrp7fprg*
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Comfort NC (1999) “The real point is control”: The* reception of Barbara McClintock’s 
%6'($6..&'+*"."#"'()7*M*K&)(*`&6.*pd_fpp–fod7*

=6-(-$6'* D2* !/,/$&#/././* ZD2* !/S6(6#/././* M<M2* "(* /.* Vdrfo]* =/01&"$)* )/-G/+")* <* B'*
($1)6$*"'*31$&.*/-*%6"-$*5")*06$J()*($63&%/.") Y*86'(3"..&"$*

=$&)(/'%,6*8?2*`6("$6<!6Q6*Ck2*@&$/.56*x2*"(*/.*Vdrfl]*?''6(/(&6'*60*/*,O:$&5*3/$(&/.*
+"'6#"* 60* (,"* %600""* $-)(* VK"#&."&/* G/)(/($&4]* %6'($&:-(")* (6* (,"* +"'"* $"3"$(6&$"*
%/(/.6+*60*(,"*F-%%&'&/.")7*N$6'(*F./'(*a%&*g_f–ff7*56&_*fr7ppqty03.)7drfl7rrgtl*

=$6)* M2* @/G/.5/* 8=2* =,/:$&../'+"* Z2* "(* /.* Vfttl]* A/$&/(&6')* &'* (,"* (6(/.* '-%."/$* CZ?*
%6'("'(*&'*/0$&%/'*=600"/*)3"%&")*V!-:&/%"/"]7*=/01*=/%/6*P,1*nnnAEEE_p–fr7*

=$6)*M2*U/),"$#")*F2*8/$#"O*F2*"(*/.*Vfttp]*86."%-./$*/'/.O)&)*60*+"'"(&%*5&G"$)&(O*/'5*
3,O.6+"'"(&%* $"./(&6'),&3)* &'* =600"/7* E'_* [-&'Q&;#"* %6..69-"* )%&"'(&0&9-"*
&'("$'/(&6'/.* )-$* ."* %/017* ?))6%&/(&6'* a%&"'(&0&9-"* E'("$'/(&6'/."* 5-* =/01* V?aE=]2*
86'(3"..&"$2*33*lf–lo*

=-$%&6* 8M2* C"$:O),&$"* R8* Vdrrp]* P,"* 6-()* /'5* &')* 60* ($/')36)&(&6'_* 0$6#* 8-* (6*
R/'+/$667*Z/(*!"G*86.*="..*`&6.*l_qog–qss7*56&_*fr7frpqy'$#fdlf*

Darré T (2014) Evolution et diversité du genre Coffea à travers l’étude des 
$1($61.1#"'()*>*UP!7*B'&G"$)&(1*86'(3"..&"$*EE*

C/G&)*?F2*@6G/"$()*!2*`$&5)6'*C82*a(600"."'*F*Vdrro]*?'*/''6(/(/("5*(/46'6#&%*60*(,"*
+"'-)*%600"/*V!-:&/%"/"]7*`6(*M*U&''*a6%*fgd_log–gfd7*

C/G&)* ?F2* P6),* M2* !-%,* Z2* N/O* 8N* Vdrff]* @$6X&'+* %600""_* F)&./'(,-)* V!-:&/%"/"]*
)-:)-#"5*6'* (,"*:/)&)*60*#6."%-./$*/'5*#6$3,6.6+&%/.*5/(/v* &#3.&%/(&6')* 06$* (,"*
)&Q"2* #6$3,6.6+O2* 5&)($&:-(&6'* /'5* "G6.-(&6'/$O* ,&)(6$O* 60* =600"/7* `6(* M* U&''* a6%*
fos_pgs–pss7*56&_*fr7ffffyW7frtg<qppt7drff7rffss74*

C"*R6%,S6*?2*?S/006-*a2*?'5$/5"*?=2*"(*/.*Vdrfr]*?5G/'%")*&'*=600"/*@"'6#&%)7*?5G*`6(*
!")*gp_dp–op7*56&_*fr7frfoyarrog<ddtoVfr]gprrd<s*

5"*A$&")*K2*8/%C6-+/.*CP*Vftrg]*a3"%&")*/'5*A/$&"(&")_*P,"&$*k$&+&'*:O*8-(/(&6'7*P,"*
F./'(*x6$.5*q_qo–tr7*

C"#"$"%*8*Vftpg]*B')(/:."*@"'")7*`6(*!"G*f_dpp–dlq7*
C"'6"-5* N2* =/$$"("$6<F/-."(* U2*C"$""3"$*?2* "(* /.* Vdrfl]*P,"* =600""*@"'6#"*F$6G&5")*

E')&+,(* &'(6* (,"* =6'G"$+"'(* DG6.-(&6'* 60* =/00"&'"* `&6)O'(,")&)7* a%&"'%"* Vqr<* ]*
plg_ffqr–ffql7*56&_*fr7ffdoy)%&"'%"7fdggdsl*

C&/)*Da2*K/((*=2*K/#6'*a2*"(*/.*Vdrfg]*U/$+"*5&)($&:-(&6'*/'5*,&+,*)"9-"'%"*&5"'(&(O*60*/*
=63&/<(O3"* $"($6($/')36)6'* &'* /'+&6)3"$#* 0/#&.&")7* F./'(*86.*`&6.* qt_qp–ts7* 56&_*
fr7frrsy)fffrp<rfg<rpgd<q*

C66.&((."* xN2* a/3&"'Q/* =* Vftqr]* a".0&),* +"'")2* (,"* 3,"'6(O3"* 3/$/5&+#* /'5* +"'6#"*
"G6.-(&6'7*Z/(-$"*dql_orf–orp7*

C-* =2* =/$6''/* M2* K"* U2* C66'"$* KR* Vdrrq]* =6#3-(/(&6'/.* 3$"5&%(&6'* /'5* #6."%-./$*
%6'0&$#/(&6'* 60* K".&($6'* ($/')36)6')* &'* (,"*#/&Q"* +"'6#"7* `8=* @"'6#&%)* t_gf7*
56&_*fr7ffqoyflsf<dfol<t<gf*

C-3"O$6'*82*5"*a6-Q/*!N2*K/#6'*F2*"(*/.*Vdrfs]*C&)($&:-(&6'*60*C&G6*&'*=600"/*+"'6#")2*
/* 366$.O* 5")%$&:"5* 0/#&.O* 60* /'+&6)3"$#* UP!<!"($6($/')36)6')7* 86.* @"'"(*
@"'6#&%)*f–fl7*56&_*fr7frrsy)rrlpq<rfs<fprq<d*

D5+/$* !=* Vdrrl]*8Ba=UD_*#-.(&3."* )"9-"'%"* /.&+'#"'(*X&(,* ,&+,* /%%-$/%O* /'5* ,&+,*
(,$6-+,3-(7*Z-%."&%*?%&5)*!")*pd_fstd–s7*56&_*fr7frtpy'/$y+S,plr*

D&%S:-),*PK2*8/.&S*Ka* Vdrrd]*k$&+&')* /'5*DG6.-(&6'*60*!"($6($/')36)6')7*?a8*F$"))2*
x/),&'+(6'*C=*

D&./#*P2*?'&S)("$*i2*8&.."(*D2*"(*/.*Vdrrq]*Z-%."/$*CZ?*/#6-'(*/'5*+"'6#"*56X')&Q&'+*
&'* '/(-$/.* /'5* )O'(,"(&%* /..636.O3.6&5)* 60* (,"* +"'"$/* ?"+&.63)* /'5* P$&(&%-#7*
@"'6#"*gf_ofo–ods7*56&_*fr7ffpty@rq<rlp*
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D..&'+,/-)*C2*R-$(Q*a2*x&..,6"0(*B*Vdrrq]*UP!,/$G")(2*/'*"00&%&"'(*/'5*0."4&:."*)60(X/$"*
06$* 5"* '6G6* 5"("%(&6'* 60* UP!* $"($6($/')36)6')7* `8=* `&6&'06$#/(&%)* t_f–fl7* 56&_*
fr7ffqoyflsf<dfrg<t<fq*

D#"$)6'*!?*Vftfl]*P,"*E',"$&(/'%"*60*/*!"%-$$&'+*a6#/(&%*A/$&/(&6'*&'*A/$&"+/("5*D/$)*
60*8/&Q"7*?#*Z/(*lq_qs–ffg7*

DX&'+*?C*Vdrfg]*P$/')36)/:."*"."#"'(*5"("%(&6'* 0$6#*X,6."* +"'6#"*)"9-"'%"*5/(/7*
86:*CZ?*o_dl–pd7*56&_*fr7ffqoy)fpfrr<rfg<rrgg<p*

N/&G$"*!/#3/'(*F2*U")-$*E2*`6-))/$56'*=2*"(*/.*Vdrff]*?'/.O)&)*60*`?=*"'5*)"9-"'%")*&'*
6/S2* /* S"O)(6'"* 06$")(* ($""* )3"%&")2* 3$6G&5&'+* &')&+,(* &'(6* (,"* %6#36)&(&6'* 60* &()*
+"'6#"7*`8=*@"'6#&%)*fd_dtd7*56&_*fr7ffqoyflsf<dfol<fd<dtd*

N"5"$600* Z* A7* Vdrfd]* P$/')36)/:."* D."#"'()2* D3&+"'"(&%)2* /'5* @"'6#"* DG6.-(&6'7*
a%&"'%"*Vqr<*]*ppq_sgq–sos7*

N"56$600* Z* A72* `"''"(Q"'* MU* Vdrfp]* P$/')36)6')* 2* @"'6#&%* a,6%S* 2* /'5* @"'6#"*
DG6.-(&6'7* E'_* N"56$600* Z* A7* V"5]* F./'(* P$/')36)6')* /'5* @"'6#"* CO'/#&%)* &'*
DG6.-(&6'7*M6,'*x&."O*b*a6')2*E'%72*33*fqf–drf*

N"56$600* Z* A* Vdrfd]* P$/')36)/:."* D."#"'()2* D3&+"'"(&%)2* /'5* @"'6#"* DG6.-(&6'7*
a%&"'%"*Vqr<*]*ppq_sgq–sos7*

N&''"+/'* CM* Vftqt]* D-%/$O6(&%* ($/')36)/:."* "."#"'()* /'5* +"'6#"* "G6.-(&6'7* P$"'5)*
@"'"(*g_frp–frs7*

N&)(6'<U/G&"$*?<a2*=/$$&+/'*82*F"($6G*C?2*@6'Q/."Q*M*Vdrfr]*P<."4_*/*3$6+$/#*06$*0/)(*/'5*
/%%-$/("* /))"))#"'(* 60* ($/')36)/:."* "."#"'(* 3$")"'%"* -)&'+* '"4(<+"'"$/(&6'*
)"9-"'%&'+*5/(/7*Z-%."&%*?%&5)*!")*pt_f–fr7*56&_*fr7frtpy'/$y+S9fdtf*

N6$(-'"*F82*!6-.&'*?2*F/'/-5*k*Vdrrq]*K6$&Q6'(/.*($/')0"$*60*($/')36)/:."*"."#"'()*&'*
3./'()7*=6##-'*E'("+$*`&6.*f_sl–ss7*56&_*fr7lfofy%&:7f7f7opdq*

@&.:"$(*=2*a%,//%S*a2*F/%"*EE* MR2*"(*/.*Vdrfr]*?*$6."*06$*,6)(<3/$/)&("* &'("$/%(&6')*&'*(,"*
,6$&Q6'(/.* ($/')0"$* 60* CZ?* ($/')36)6')* /%$6))* /'&#/.* 3,O./7* Z/(-$"* lol_fpls–
fpgr7*

@6#"Q* =2* C-))"$(* a2* K/#6'* F2* "(* /.* Vdrrt]* =-$$"'(* +"'"(&%* 5&00"$"'(&/(&6'* 60* =600"/*
%/'"3,6$/* F&"$$"* "4* ?7* N$6",'* &'* (,"* @-&'"6<=6'+6.&/'* ?0$&%/'* Q6'"_* %-#-./(&G"*
&#3/%(*60*/'%&"'(*%.&#/(&%*%,/'+")*/'5*$"%"'(*,-#/'*/%(&G&(&")7*`8=*DG6.*`&6.*t_f–
ft7*56&_*fr7ffqoyflsf<dflq<t<fos*

@$/'5:/)(&"'* 8<?2* a3&".#/''* ?2* =/:6%,"* 8* Vftqt]* P'(f2* /* #6:&."* $"($6G&$/.<.&S"*
($/')36)/:."* "."#"'(* 60* (6:/%%6* &)6./("5* :O* 3./'(* %"..* +"'"(&%)7* Z/(-$"* pps_pso–
pqr7*

@$/'5:/)(&"'*8?* Vdrfg]* UP!* $"($6($/')36)6')2* ,/'5O* ,&(%,,&S"$)* 60* 3./'(* $"+-./(&6'*
/'5* )($"))* $")36')"7* `&6%,&#* `&63,O)* ?%(/* fqlt_lrp–lfo7* 56&_*
fr7frfoyW7::/+$#7drfl7rs7rfs*

@$6G"$*=D2*x"'5".*MN*Vdrfr]*!"%"'(*E')&+,()*&'(6*8"%,/'&)#)*60*@"'6#"*a&Q"*=,/'+"*&'*
F./'()7*M*`6(*drfr_f–q7*56&_*fr7ffggydrfrypqdspd*

Guillemat J (1946) Quelques observations sur la Trachéomycose du “Coffea excelsa.” Rev 
Int Bot appliquée d’agriculture Trop 542–ggr7*

@-O6(*!2*=,"'+*n2*a-*i2*"(*/.*Vdrrg]*=6#3."4*6$+/'&Q/(&6'*/'5*"G6.-(&6'*60*(,"*(6#/(6*
3"$&%"'($6#"$&%* $"+&6'* /(* (,"* ND!* +"'"* .6%-)7* F./'(* F,O)&6.* fpq_fdrg–fdfg7* 56&_*
fr7ffrly337frl7rgqrtt*

@-O6(*!2*C/$$1*P2*C-3"O$6'*82*"(*/.*Vdrfo]*F/$(&/.*)"9-"'%&'+*$"G"/.)*(,"*($/')36)/:."*
"."#"'(* %6#36)&(&6'* 60* =600"/* +"'6#")* /'5* 3$6G&5")* "G&5"'%"* 06$* 5&)(&'%(*
"G6.-(&6'/$O* )(6$&")7* 86.* @"'"(* @"'6#&%)* dtf_ftst–fttr7* 56&_* fr7frrsy)rrlpq<
rfo<fdpg<s*

K/:"$*MD*Vdrrr]*!"3/&$&'+*/*C6-:."<a($/'5*`$"/S7*P$"'5)*@"'"(*fo_dgt–dol7*
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K/#6'* F2* C-$6O* Fk2* C-:$"-&.<P$/'%,/'(* =2* "(* /.* Vdrff]* PX6* '6G".* POf<%63&/*
$"($6($/')36)6')* &)6./("5* 0$6#* %600""* ($"")* %/'* "00"%(&G".O* $"G"/.* "G6.-(&6'/$O*
$"./(&6'),&3)* &'* (,"*=600"/* +"'-)* V!-:&/%"/"]7*86.*@"'"(*@"'6#&%)*dqg_lls–lor7*
56&_*fr7frrsy)rrlpq<rff<rofs<r*

K/#6'*F2*@$6G"$*=D2*C/G&)*?F2*"(*/.*Vdrfs]*@"'6(O3&'+<:O<)"9-"'%&'+*3$6G&5")*(,"*0&$)(*
X"..<$")6.G"5* 3,O.6+"'O* 06$* %600""* V=600"/]* /'5* &')&+,()* &'(6* (,"* "G6.-(&6'* 60*
%/00"&'"* %6'("'(* &'* &()* )3"%&")7* 86.* F,O.6+"'"(* DG6.* frt_pgf–pof7* 56&_*
fr7frfoyW7O#3"G7drfs7rd7rrt*

K/#6'* F2* K/#6'* a2* !/Q/0&'/$&G6* ZM2* "(* /.* Vdrfg]* =600"/* @"'6#"* k$+/'&Q/(&6'* /'5*
DG6.-(&6'7*E'_*=600""*&'*K"/.(,*/'5*C&)"/)"*F$"G"'(&6'7*33*dt–ps*

K/#6'* F2* a&.W/S<i/S6G."G* a2* a$&)-X/'* a2* "(* /.* Vdrrt]* F,O)&%/.* #/33&'+* 60* $CZ?* /'5*
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3"/'-(_*%,/$/%("$&Q/(&6'*/'5*"G6.-(&6'/$O*%6'("4(* &'*(,"*.&+,(*60*(,"*?$/%,&)*?*–*`*
+"'6#"* 5&G"$+"'%"7* 86.* @"'"(* @"'6#&%)* dqs_df–pq7* 56&_* fr7frrsy)rrlpq<rff<
rogo<o*

Z&),&,/$/*82*i/#/5/*D2*a/&(6*82*"(*/.*Vdrfl]*86."%-./$*%,/$/%("$&Q/(&6'*60*#-(/(&6')*&'*
X,&("<0.6X"$"5*(6$"'&/*3./'()7*`8=*F./'(*`&6.*fl_qo–tq7*56&_*fr7ffqoyflsf<dddt<
fl<qo*

Z6&$6(*82*F6'%"(*A2*`/$$"*F2*"(*/.*Vdrrp]*@"'6#"*)&Q"*G/$&/(&6')*&'*5&3.6&5*?0$&%/'*=600"/*
)3"%&")7*?''*`6(*td_srt–sfl7*56&_*fr7frtpy/6:y#%+fqp*

Z6X/S*8C2*C/G&)* ?F2*i65"$*?C* Vdrfd]* a"9-"'%"*C/(/* 0$6#*Z"X*F./)(&5* /'5*Z-%."/$*
=kaEE* !"+&6')* !")6.G")* D/$.O* C&G"$+&'+* U&'"/+")* &'* =600"/* V!-:&/%"/"]7* aO)(* `6(*
ps_ttg–frrg7*56&_*fr7forryrpopollfdnogolqd*

Ohno S (1972) So much “junk” DNA in our genome. Evol Genet Syst 23:366–psr7*
k'+<?:5-../,*82*k$5X/O*M82*M&/'+*Z2*"(*/.*Vdrfg]*U6))*60*R/$#/*($/')36)6'*#"(,O./(&6'*

-'5"$.&")* (,"* #/'(."5* )6#/%.6'/.* G/$&/'(* 60* 6&.* 3/.#7* Z/(-$"* gdg_gpp–ggr7* 56&_*
fr7frpqy'/(-$"fgpog*

k$+".*UD2*=$&%S*NK=*Vftqr]*a".0&),*CZ?_*(,"*-.(&#/("*3/$/)&("7*Z/(-$"*dql_orl–ors7*
F/+/'*KMP2* a#&(,* MC2* K-:."O* !82* !/O*C* /* Vdrfr]* F&++O`/%<&'+* 6'* /* 3$&#/("* +"'6#"_*

'6G".* "."#"'()2* $"%"'(* /%(&G&(O* /'5* ,6$&Q6'(/.* ($/')0"$7* @"'6#"*`&6.* DG6.* d_dtp–
prp7*56&_*fr7frtpy+:"y"G9rdf*

F/$5-"*8<U2*C"`/$O),"*F@* Vdrff]*!"($6($/')36)6')* (,/(*#/&'(/&'*%,$6#6)6#"*"'5)7*
F$6%*Z/(.*?%/5*a%&*B*a*?*frq_drpfs–drpdl7*56&_*fr7frspy3'/)7ffrrdsqfrq*

F/$&)65*=2*?.&4*R2*M-)(*M2*"(*/.*Vdrfr]*E#3/%(*60*($/')36)/:."*"."#"'()*6'*(,"*6$+/'&Q/(&6'*
/'5* 0-'%(&6'* 60* /..636.O3.6&5* +"'6#")7* Z"X* F,O(6.* fqo_ps–lg7* 56&_*
fr7ffffyW7flot<qfps7drrt7rprto74*



 136 

F/$&)65* =2* a"'"$%,&/* Z* Vdrfd]* !")36')")* 60* ($/')36)/:."* "."#"'()* (6* 36.O3.6&5O7* E'_*
@$/'5:/)(&"'* 8<?2* =/)/%-:"$(/* M8* V"5)]* F./'(* P$/')36)/:."* D."#"'()7* a3$&'+"$<
A"$./+2*33*fls–foq*

F/("$)6'*?K2*`6X"$)* MD2*`$-++#/''*!2*"(*/.* Vdrrt]*P,"*a6$+,-#*:&%6.6$*+"'6#"*/'5*
(,"*5&G"$)&0&%/(&6'*60*+$/))")7*lgs_ggf–ggo7*56&_*fr7frpqy'/(-$"rssdp*

F"/$%"*a!*Vdrrs]*aE!D<f2*/*3-(/(&G"*3./'(*$"($6G&$-)*&)*%.6)".O*$"./("5*(6*/*."+-#"*Pif<
%63&/*$"($6($/')36)6'*0/#&.O7*="..*86.*`&6.*U"((*fd_fdr–fdo7*56&_*fr7dlsqy)ffogq<
rro<rrgp<Q*

F"($6G*C?2*x"'5".*MN*Vdrro]*DG6.-(&6'*60*"-S/$O6(&%*+"'6#"*)($-%(-$"7*E'_*N64*=x2*`7*
xM*V"5)]*DG6.-(&6'/$O*+"'"(&%)_*=6'%"3()*/'5*%/)"*)(-5&")7*k406$5*B'&G"$)&(O*F$"))2**

F&"5'6h.* 82* =/$$"("<A"+/* @2* !"''"$* aa* Vdrfp]* =,/$/%("$&Q/(&6'* 60* (,"* UP!*
$"($6($/')36)6'*$"3"$(6&$"*60*/*3./'(*%./5"*60*)&4*5&3.6&5*/'5*6'"*("($/3.6&5*)3"%&")7*
F./'(*M*sg_ott–srt7*56&_*fr7ffffy(3W7fddpp*

F&1+-* `2* `&$"* a2* ?$"'):-$+"$* F2* `&+6(* i* Vdrfg]* ?* )-$G"O* 60* ($/')36)/:."* "."#"'(*
%./))&0&%/(&6'* )O)("#)* <* ?* %/..* 06$* /* 0-'5/#"'(/.* -35/("* (6*#""(* (,"* %,/.."'+"* 60*
(,"&$* 5&G"$)&(O* /'5* %6#3."4&(O7* 86.* F,O.6+"'"(* DG6.* qo_tr–frt7* 56&_*
fr7frfoyW7O#3"G7drfg7rp7rrt*

F&1+-*`2*@-O6(*!2*F&%/-.(*Z2*"(*/.*Vdrro]*C6-:.&'+*+"'6#"*)&Q"*X&(,6-(*36.O3.6&5&Q/(&6'_*
CO'/#&%)*60*$"($6($/')36)&(&6'<5$&G"'*+"'6#&%*"43/')&6')*&'*k$OQ/*/-)($/.&"')&)2*/*
X&.5*$"./(&G"*60*$&%"7*@"'6#"*!")*fo_fdod–fdot7*56&_*fr7ffrfy+$7gdtrdro760*

F&00/'"..&* F2* C$6%* @2* 8&"-."(* C2* "(* /.* Vdrrs]* U/$+"<)%/."* %,/$/%("$&Q/(&6'* 60* P6)fs*
&')"$(&6'* )&(")* &'* /* $&%"* P<CZ?* #-(/'(* .&:$/$O7* F./'(* 86.* `&6.* og_gqs–orf7* 56&_*
fr7frrsy)fffrp<rrs<tddd<p*

F$&%"*?U2*M6'")*Z=2*F"GQ'"$*F?*Vdrrg]*C"*'6G6*&5"'(&0&%/(&6'*60*$"3"/(*0/#&.&")*&'*./$+"*
+"'6#")7*`&6&'06$#/(&%)*df_pgf–pgq7*56&_*fr7frtpy:&6&'06$#/(&%)y:(&frfq*

[-")'"G&.."* K2* Z6-/-5* C2* ?'46./:1,;$"* C* Vdrrd]* C"("%(&6'* 60* '"X* ($/')36)/:."*
"."#"'(* 0/#&.&")* &'* C$6)63,&./*#"./'6+/)("$* /'5* ?'63,".")* +/#:&/"* +"'6#")7* M*
86.*DG6.*gs_gr–gt7*56&_*fr7frrsy)rrdpt<rrp<rrrs<d*

!/#/#-$(,O*!R2*x/("$)*`8*Vdrfs]*8/33&'+*/'5*%,/$/%("$&Q/(&6'*60*(,"*0"0"*+"'"*(,/(*
%6'($6.)* &$6'* -3(/S"* &'* 8".6'* V=-%-#&)* #".6* U7]7* N$6'(* F./'(* a%&* q_f–fp7* 56&_*
fr7ppqty03.)7drfs7rfrrp*

!/Q/0&'/$&G6*ZM2*!/S6(6#/././* MM2*`$6X'*a=2*"(*/.* Vdrfd]*@"6+$/3,&%/.*+$/5&"'()* &'*(,"*
+"'6#"*)&Q"*G/$&/(&6'*60*X&.5*%600""*($"")*V=600"/]*'/(&G"*(6*?0$&%/*/'5*E'5&/'*k%"/'*
&)./'5)7*P$""*@"'"(*@"'6#")*q_fplg–fpgq7*56&_*fr7frrsy)ffdtg<rfd<rgdr<t*

!,6/5")*88* Vftpq]*D00"%(* 60* (,"*C(* +"'"* 6'* (,"*#-(/:&.&(O* 60* (,"* /f* /.."."* &'*#/&Q"7*
@"'"(&%)*dp_pss–pts7*

!,6/5")*88* Vftpo]*P,"* "00"%(* 60* G/$O&'+* +"'"*56)/+"*6'* /."-$6'"* %6.6-$* &'*#/&Q"7* M*
@"'"(*dp_pls–pgl7*

!,6/5)*?2*?-*RN*Vdrfg]*F/%`&6*a"9-"'%&'+*/'5*E()*?33.&%/(&6')7*@"'6#&%)2*F$6("6#&%)*
`&6&'06$#/*fp_dsq–dqt7*56&_*fr7frfoyW7+3:7drfg7rq7rrd*

!6::$"%,(* D2* 8/'"'* M<N* Vdrro]* P,"* #/W6$* "G6.-(&6'/$O* .&'"/+")* 60* (,"* %600""* 0/#&.O*
V!-:&/%"/"2* /'+&6)3"$#)]7* =6#:&'"5* /'/.O)&)* V'CZ?* /'5* %3CZ?]* (6* &'0"$* (,"*
36)&(&6'* 60* =63(6)/3".(/* /'5* U-%-.&/2* /'5* )-3"$($""* %6')($-%(&6'* :/)"5* 6'* $:%U2*
$3)fo2*($'U<($'N*/'5*/(3`<$:%U*5/(/7*?*'"X*%./))7*aO)(*@"6+$*F./'()*so_qg–flo7*

!6%S&'+"$*?2*a6-)/*?2*=/$G/.,6*N?2*!"''"$*aa*Vdrfo]*=,$6#6)6#"*'-#:"$*$"5-%(&6'*&'*
(,"*)&)("$*%./5"*60*%/$&%/*3/3/O/*X&(,*%6'%6#&(/'(*+"'6#"*)&Q"*56-:.&'+7*?#*M*`6(*
frp_frqd–frqq7*56&_*fr7pspdy/W:7forrfpl*

!6'%/.*M2*@-O6(*!2*K/#6'*F2*"(*/.*Vdrfg]*?%(&G"*($/')36)/:."*"."#"'()*$"%6G"$*)3"%&")*
:6-'5/$&")* /'5* +"6+$/3,&%* )($-%(-$"* &'* 8/5/+/)%/'* %600""* )3"%&")7* 86.* @"'"(*
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@"'6#&%)*dtf_fgg–foq7*56&_*fr7frrsy)rrlpq<rfg<frtq<p*
!6(,:"$+* M82* U"/#6'* MK* Vdrrq]*P,"*5"G".63#"'(* /'5* &#3/%(* 60* lgl* )"9-"'%&'+7*Z/(*

`&6("%,'6.*do_fffs–ffdl7*56&_*fr7frpqy':(flqg*
!-(,"$06$5* R2* F/$S,&..* M2* =$66S* M2* "(* /.* Vdrrr]* ?$("#&) _* )"9-"'%"* G&)-/.&Q/(&6'* /'5*

/''6(/(&6'7*`&6&'06$#/(&%)*fo_tll–tlg7*
a/'8&+-".* F2* @/-(* `a2* P&S,6'6G* ?2* "(* /.* Vfttq]* P,"* 3/."6'(6.6+O* 60* &'("$+"'"*

$"($6($/')36)6')*60*#/&Q"7*Z/(*@"'"(*dr_lp–lg7*56&_*fr7frpqyfotg*
a%,//%S* a2* @&.:"$(* =2* N")%,6(("* =* Vdrfr]* F$6#&)%-6-)* CZ?_* ,6$&Q6'(/.* ($/')0"$* 60*

($/')36)/:."* "."#"'()* /'5* X,O* &(* #/(("$)* 06$* "-S/$O6(&%* "G6.-(&6'7* P$"'5)* D%6.*
DG6.*dg_gps–glo7*

a%,'/:."* F2* x/$"* C2* N-.(6'* !2* "(* /.* Vdrrt]* P,"* `sp* 8/&Q"* @"'6#"_* =6#3."4&(O2*
C&G"$)&(O2*/'5*CO'/#&%)7*a%&"'%"*Vqr<*]*pdo_fffd–fffg7*

a%,-.#/'*?K*Vdrfd]*K&(%,&'+*/*$&5"_*'6'/-(6'6#6-)*$"($6($/')36)6')*/'5*3/$/)&(&)#*
/)* /* .&0")(O."7* E'_* @$/'5:/)(&"'* 8<?2* =/)/%-:"$(/* M8* V"5)]* F./'(* P$/')36)/:."*
D."#"'()7*a3$&'+"$<A"$./+2*33*sf–qq*

a"'"$%,&/*Z2*N".:"$*N2*F/$&)65*=*Vdrfl]*=6'($/)(&'+*"G6.-(&6'/$O*($/W"%(6$&")*60*#-.(&3."*
$"($6($/')36)6')*06..6X&'+*&'5"3"'5"'(*/..636.O3.6&5O*&'*X&.5*X,"/()7*Z"X*F,O(6.*
drd_tsg–tqg7*56&_*fr7ffffy'3,7fdspf*

a#&(*?N?2*K-:."O*!2*@$""'*F*!"3"/(8/)S"$7**
a6'',/##"$* DUU2* C-$:&'* !* Vftto]* ?* 56(<#/($&4* 3$6+$/#* X&(,* 5O'/#&%* (,$"),6.5*

%6'($6.*)-&("5*06$*+"'6#&%*CZ?*/'5*3$6("&'*)"9-"'%"*/'/.O)&)7*@"'"*fos_f–fr7*
a-.(/'/* P2* m/#:6$.&'&* ?2* =$&)(60/$&* @2* U")/+"* F* Vdrfs]* E'("+$/(&6'* )&("* )"."%(&6'* :O*

$"($6G&$-)")*/'5*($/')36)/:."*"."#"'()*&'*"-S/$O6(")7*Z/(*!"G*@"'"(*fq_dtd–prq7*
56&_*fr7frpqy'$+7drfs7s*

P/.,&',/)* F2* `/(&)(/* C2* C&'&Q* E2* "(* /.* Vdrfs]* F/(,6+"'* 3$60&."* P,"* %600""* ."/0* $-)(*
3/(,6+"'*K"#&."&/*G/)(/($&4 _*6'"*/'5*/*,/.0*%"'(-$&")*/$6-'5*(,"*($63&%)7*86.*F./'(*
F/(,6.*fq_frpt–frgf7*56&_*fr7ffffy#337fdgfd*

P"$Q&/'*=2*N"$$/Q*=2*C"#/&.."*M2*`-%,"(6'*?*Vdrrr]*DG6.-(&6'*60*(,"*@O3)O*D'56+"'6-)*
!"($6G&$-)*&'*(,"*C$6)63,&./*#"./'6+/)("$*a-:+$6-37*86.*`&6.*DG6.*fs_trq–tfl7*

P,"*?$/:&%/*=600""*@"'6#"*=6')6$(&-#*Vdrfl]*P6X/$5)*/*`"(("$*B'5"$)(/'5&'+*60*(,"*
=600"/* ?$/:&%/* @"'6#"* a($-%(-$"7* E'_* ?))6%&/(&6'* 06$* a%&"'%"* /'5* E'06$#/(&6'* 6'*
=600""*V"5]*E'("$'/(&6'/.*=6'0"$"'%"*6'*=600""*a%&"'%"7*=6+&(62*?$#"'&/2*33*ld–lg*

P,"* ?$/:&563)&)* @"'6#"* E'&(&/(&G"* Vdrrr]* ?'/.O)&)* 60* (,"* +"'6#"* )"9-"'%"* 60* (,"*
0.6X"$&'+*3./'(*?$/:&563)&)*(,/.&/'/7*Z/(-$"*lrq_sto–qfg7*

P,&)*F2*U/%6#:"*P2*=/5."<C/G&5)6'*82*kX"')*=U*Vdrrs]*x&'"*+$/3"*VA&(&)*G&'&0"$/*U* 7]*
%6.6$* /))6%&/(")*X&(,* /..".&%* G/$&/(&6'* &'* (,"* 56#")(&%/(&6'* +"'"*AG#O:?f7* P,"6$*
?33.*@"'"(*ffl_sdp–spr7*56&_*fr7frrsy)rrfdd<rro<rlsd<d*

P,6#3)6'* MC2*K&++&')*C@2*@&:)6'*PM* Vfttl]*=UBaP?U*x _* &#3$6G&'+* (,"* )"')&(&G&(O*60*
3$6+$"))&G"* #-.(&3."* )"9-"'%"* /.&+'#"'(* (,$6-+,* )"9-"'%"* X"&+,(&'+2* 36)&(&6'<
)3"%&0&%*+/3*3"'/.(&")*/'5*X"&+,(*#/($&4*%,6&%"7*Z-%."&%*?%&5)*!")*dd_losp–loqr7*

A&%&"'(*=82*=/)/%-:"$(/*M8*Vdrfs]*E#3/%(*60*($/')36)/:."*"."#"'()*6'*36.O3.6&5*3./'(*
+"'6#")7*?''*`6(*fdr_ftg–drs7*56&_*fr7frtpy/6:y#%4rsq*

A&(("* =2* F/'/-5* k* Vdrrg]* UP!* $"($6($/')36)6')* /'5* 0.6X"$&'+* 3./'(* +"'6#"* )&Q"_*
"#"$+"'%"* 60* (,"* &'%$"/)"y5"%$"/)"* #65".7* =O(6+"'"(* @"'6#"* !")* ffr_tf–frs7*
56&_*fr7ffgtyrrrrqltlf*

A6.00*M<Z*Vdrro]*P-$'&'+*W-'S*&'(6*+6.5_*C6#")(&%/(&6'*60*($/')36)/:."*"."#"'()*/'5*(,"*
%$"/(&6'* 60* '"X* +"'")* &'* "-S/$O6(")7* `&6D))/O)* dq_tfp–tdd7* 56&_*
fr7frrdy:&")7drlgd*

A6.06G)SO*Z2*K//)*`M2*a/.Q:"$+*aU*Vdrrf]*?*%.-)("$&'+*#"(,65*06$*$"3"/(*/'/.O)&)*&'*CZ?*
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)"9-"'%")7*@"'6#"*`&6.*d_f–ff7*56&_*fr7ffqoy+:<drrf<d<q<$")"/$%,rrds*
x/../-* @U2* k$(&Q* 8N2* U6$"(6* D* Vdrfd]* K6$&Q6'(/.* P$/')36)6'* P$/')0"$* &'* D-S/$O/_*

C"("%(&6'2*`&/)2*/'5*F"$)3"%(&G")7*@"'6#"*`&6.*DG6.*l_qrf–qff7*
x":"$*`2*x"'S"*P2*N$ee##".*B2*"(*/.*Vdrfr]*P,"*POf<%63&/*0/#&.&")*a?UE!D*/'5*=6(Q&../*

363-./(&'+* (,"* `"(/* G-.+/$&)* +"'6#"* ),6X* $"#/$S/:."* 5&00"$"'%")* &'* /:-'5/'%"2*
%,$6#6)6#/.* 5&)($&:-(&6'2* /'5* /+"7* =,$6#6)6#* !")* fq_dls–dop7* 56&_*
fr7frrsy)frgss<rrt<tfrl<l*

x,&("* aD2* K/:"$/* UN2*x"))."$* a!* Vfttl]* !"($6($/')36)6')* &'* (,"* 0./'S&'+* $"+&6')* 60*
'6$#/.*3./'(*+"'")_*?*$6."*06$*%63&/<.&S"*"."#"'()*&'*(,"*"G6.-(&6'*60*+"'"*)($-%(-$"*
/'5*"43$"))&6'7*F$6%*Z/(.*?%/5*a%&*B*a*?*tf_ffstd–ffsto7*

x&%S"$* P* Vdrfd]* a6* #/'O* $"3"/()* /'5* )6* .&((."* (&#"_* ,6X* (6* %./))&0O* ($/')36)/:."*
"."#"'()7*E'_*@$/'5:/)(&"'*8<?2*=/)/%-:"$(/*M8*V"5)]*F./'(*P$/')36)/:."*D."#"'()7*
a3$&'+"$<A"$./+2*m-$&%,2*33*f–fg*

x&%S"$*P2*R".."$*`*Vdrrs]*@"'6#"<X&5"*%6#3/$/(&G"*/'/.O)&)*60*%63&/*$"($6($/')36)6')*
&'*P$&(&%"/"2*$&%"2*/'5*?$/:&563)&)*$"G"/.)*%6')"$G"5*/'%&"'(*"G6.-(&6'/$O*.&'"/+")*
/'5*5&)(&'%(*5O'/#&%)*60*&'5&G&5-/.*%63&/*0/#&.&")7*@"'6#"*!")*fs_frsd–frqf7*56&_*
fr7ffrfy+$7odflfrs7`"%/-)"*

x&%S"$*P2*a/:6(*N2*K-/<A/'*?2*"(*/.*Vdrrs]*?*-'&0&"5*%./))&0&%/(&6'*)O)("#*06$*"-S/$O6(&%*
($/')36)/:."*"."#"'()7*Z/(*!"G*@"'"(*q_tsp–qd7*56&_*fr7frpqy'$+dfog*

x&%S"$* P2* a("&'* Z2* ?.:/$* U2* "(* /.* Vdrrf]* ?'/.O)&)* 60* /* %6'(&+-6-)* dff* S:* )"9-"'%"* &'*
5&3.6&5*X,"/(* VP$&(&%-#*#6'6%6%%-#*U7]* $"G"/.)*#-.(&3."*#"%,/'&)#)*60*+"'6#"*
"G6.-(&6'7*F./'(*M*do_prs–pfo7*

n&6'+* i2* D&%S:-),* PK* Vfttr]*k$&+&'* /'5* "G6.-(&6'* 60* $"($6"."#"'()* :/)"5* -36'* (,"&$*
$"G"$)"*($/')%$&3(/)"*)"9-"'%")7*D8`k*M*t_ppgp–ppod7*

n-*m2*x/'+*K*Vdrrs]*UP!{NEZCD!_*/'*"00&%&"'(*(66.*06$*(,"*3$"5&%(&6'*60*0-..<."'+(,*UP!*
$"($6($/')36)6')7*Z-%."&%*?%&5)*!")*pg_xdog–xdoq7*56&_*fr7frtpy'/$y+S#dqo*

i&'*K2*C-* M2*x-* M2* "(* /.* Vdrfg]*@"'6#"<X&5"*?''6(/(&6'* /'5*=6#3/$/(&G"*?'/.O)&)* 60*
U6'+*P"$#&'/.*!"3"/(*!"($6($/')36)6')*:"(X""'*F"/$*a3"%&")*60*F7*:$"()%,'"&5"$&*
/'5*F7*=6##-'&)7*a%&*!"3*g_f–fg7*56&_*fr7frpqy)$"3fsoll*

i-*[2*@-O6(*!2*5"*R6%,S6*?2*"(*/.*Vdrff]*8&%$6<%6..&'"/$&(O*/'5*+"'6#"*"G6.-(&6'*&'*(,"*
G&%&'&(O*60*/'*"(,O."'"*$"%"3(6$*+"'"*60*%-.(&G/("5*5&3.6&5*/'5*/..6("($/3.6&5*%600""*
)3"%&")*V=600"/]7*F./'(*M*os_prg–pfs7*56&_*fr7ffffyW7fpog<pfpn7drff7rlgtr74*

i-O/#/*F82*F$6(/)&6*F"$"&$/*UN2*`"'"5&(6*56)*a/'(6)*P2*"(*/.*Vdrfd]*NEaK*-)&'+*/*+/+<
.&S"* 0$/+#"'(*3$6:"*$"G"/.)*/*%6##6'*POp<+O3)O<.&S"*$"($6($/')36)6'* &'*+"'6#"*
60*=600"/*)3"%&")7*@"'6#"*gg_qdg–qpp7*56&_*fr7ffpty+"'<drfd<rrqf*

m",* Cx2* m",* M?2* E),&5/* i* Vdrrt]* P$/')36)/:."* "."#"'()* /'5* /'* "3&+"'"(&%* :/)&)* 06$*
3-'%(-/("5*"9-&.&:$&/7*`&6D))/O)*pf_sfg–sdo7*56&_*fr7frrdy:&")7drrtrrrdo*

m-%%6.6* ?2* a":/)(&/'* ?2* P/./+* M2* "(* /.* Vdrrs]* P$/')36)/:."* "."#"'(* 5&)($&:-(&6'2*
/:-'5/'%"*/'5*$6."*&'*+"'6#"*)&Q"*G/$&/(&6'*&'*(,"*+"'-)*k$OQ/7*`8=*DG6.*`&6.*s_f–
fg7*56&_*fr7ffqoyflsf<dflq<s<fgd*

*
* *



 139 

?''"4"*f*–*N&+-$"*/''"4"*f*

 
F,6(6+$/3,&es et/ou planches d’herbiers des espèces de caféiers 5"*%"(("*1(-5"7*
*
*

*
*
*

!"#$%&'()"*+,-%.'+/$%')"*

!"#$%&'()"*$+-/0#*!"#$%&'()"*1%&&##*23(/'/*4-)#'5*67*8%)-#&9*

!"#$%&'()"*1+$%&/.%-3)"*
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*
*
*

!"#$%&'()"*,-%""##*

!"#$%&'()"*(/-"4#+$:#%&)"*

!"#$%&'()"*1+-;)+&"#"*

!"#$%&'()"*,+&;(%$+&"#"*<%-*,%,%,):%&##*

!"#$%&'()"*,+&;(%$+&"#"*



 141 

*

*

=/44+%*%-%,#.%*

=/44+%*.%&+3(/-%*

=/44+%*+);+&#/#:+"*

=/44+%*.(%--#+-#%&%*

=/44+%*3"+):/>%&;)+,%-#%+*

=/44+%*-%.+1/"%*
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*
*

 
 

=/44+%*()1#$#"* =/44+%*"'+&/3(0$$%* =/44+%*$#,+-#.%* =/44+%*?%3%?%'%*

=/44+%*1%.-/.%-3%*

=/44+%*()1,$/'#%&%*
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=/44+%*'+'-%;/&%*

=/44+%*:/$#.(/3(0$$%*



 144 

?''"4"*d*–*N&+-$"*/''"4"*d*

 

Copie des résultats de PlantCARE pour les motifs dans l’un des deux LTR de +3'<!5:AG9E!*
36-$*.")*($6&)*)19-"'%")*5"*$101$"'%"*36-$*%,/9-"*0/#&.."*5"*./0&7*D'*3$"#&"$*."*UP!*
%6-$(*5"*./*)19-"'%"*5"*$101$"'%"*%6-$("*5"*./*0/#&.."*=7*a-&G/'(*_*)19-"'%"*5-*UP!*.6'+*
5"*./*0/#&.."*=2*3-&)*)19-"'%"*5-*UP!*5"*./*0/#&.."*?*"(*"'0&'*)19-"'%"*5"*$101$"'%"*5"*./*
0/#&.."*`7*
 

*
*



! "#$!

!
L363_2468 



! "#$!



! "#$!

!



! "#$!

!



! "#$!

!
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?''"4"*p*–*A/.6$&)/(&6'*)%&"'(&0&9-"*

*
*

$J_THNRXHYZ[)
* *
@-O6(* !72* C/$$1* P72* C-3"O$6'* 872* C"* R6%,S6* ?72* K/#6'* a72* =6-(-$6'* D72* =$6-Q&../(* C72*
!&+6$"/-*872*!/S6(6#/././* M7<M72*!/,/$&#/././*Z7*D72*C6006-*?S/006-*a72*K/#6'*F7*2!E6#!"'
$:S7:5<#5I'E:@:!"$'6G:'6E!5$A9$!F":':":=:56'<9=A9$#6#95'9K'+9KK:!'I:59=:$'!58'AE9@#8:$'

:@#8:5<:'K9E'8#$6#5<6':@9"76#95!EB'$69E#:$7*86.7*@"'"(7*@"'6#&%)*Vdrfo]*6B*Vg]_ftst<tr7*
*
C-3"O$6'*872*N"$'/'5"Q*5"*a6-Q/*!72*K/#6'*F72*C"*R6%,S6*?72*=$6-Q&../(*C72*=6-(-$6'*D7*
/'5* @-O6(2* !7* %#$6E#F76#95' 9K* %#@9' #5' +9KK:!' I:59=:$P' !' A99E"B' 8:$<E#F:8' K!=#"B' 9K'
-5I#9$A:E=' 1H0?0:6E96E!5$A9$95$7* 86.* @"'"(* @"'6#&%)*Vdrfs]*6B6Vl]_slf<sgl7* 56&_*
fr7frrsy)rrlpq<rfs<fprq<d7*D3-:*drfs*8/$*fs7*
*
C-3"O$6'*872*C"*R6%,S6*?72*=$6-Q&../(*C72*K/#6'*F7*/'5*@-O6(*!7*-5!"B$#$'9K'./0&'1H0?
E:6E96E!5$A9$95$':RA!5$#95'!58'8#@:E$#6B'#58#<!6:'6G:'I:9IE!AG#<'9E#I#5'9K'+9KK:!'!E!F#<!3*
E'*3$"37*
*
C-3"O$6'* 872* C"* R6%,S6* ?72* =$6-Q&../(* C72* K/#6'* F7* /'5* @-O6(* !7* HG:' :@9"76#95'!58'
8#@:E$#6B'9K'./0&'"H0?E:6E96E!5$A9$95$'!E:'!$$9<#!6:8'69'6G:'8#@:E$#K#<!6#95'9K'V#"8'8#A"9#8'

+9KK:!'$A:<#:$3*E'*3$"37*
*
Note sur le blog de BioMed Central à propos de l’ICTE à Saint<8/.6* –* )"%(&6'* H*k'*
`&6.6+O*I7* ,((3_yy:.6+)7:&6#"5%"'($/.7%6#y6'<:&6.6+Oydrfoyrgyfty:$&+,(<5/O)<)/&'(<
#/.6<($/')36)/:."<"."#"'(<)%&"'%"y**

*
*
$KP[LZXRXHYZ)YKRTL)
*

C&)($&:-(&6'*60*%#@9'&'*+9KK:!*+"'6#")2*/*366$.O*5")%$&:"5*0/#&.O*60*?'+&6)3"$#*UP!<
!"($6($/')36)6')7*U6$)*5-*%6..69-"*CO'/@"A*>*86'(3"..&"$*Vq*"(*t*W-&'*drfs]7*

*
*
$Y[XLK[)

*

C-3"O$6'*872*K/#6'*F72*C"*R6%,S6*?72*=$6-Q&../(*C72*K/#6'*a7*/'5*@-O6(2*!7*%#@9P'!'5:V'
1H0?0:6E96E!5$A95$'K!=#"B'#5'+9KK:!'I:59=:$7*
Présenté à l’ICTE 2016 (Internationational Congress on Transposable Elements) à Saint<
8/.6*Vfo<ft*/G$&.*drfo]*"(*/-*%6..69-"*CO'/@"A*VCO'/#&9-"*5")*@1'6#")*A1+1(/-4]*>*
?+$6F/$&)P"%,*Vs*"(*q*W-&.."(*drfo]7*
F$1)"'(1* 3/$* F"$./* K/#6'* /-* %6'+$;)* H*AEE* E'("$'/(&6'/.* !-:&/%"/"* /'5* @"'(&/'/.")*
=6'0"$"'%"*I*>*=63"',/+-"2*C/'"#/$S*Vff<fl*)"3("#:$"*drfs]7*
*
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C-3"O$6'* 872* K/#6'* F72* C"* R6%,S6* ?72* =$6-Q&../(* C7* /'5* @-O6(2* !7* ./0&' 1H0?
E:6E96E!5$A95$'!58'6G:#E':@9"76#95'!<E9$$'V#"8'+9KK:!'8#A"9#8'$A:<#:$7*
F$1)"'(1*>*CO'/@"A*/-*=&$/5*>*86'(3"..&"$*Vq*"(*t*W-&'*drfs]7*
*
C-3"O$6'*872*K/#6'*F72*C"*R6%,S6*?72*=$6-Q&../(*C72*K/#6'*a7*/'5*@-O6(2*!7*./0&'1H0?
E:6E96E!5$A95$' 9EI!5#L!6#95' #$' <95IE7:56' V#6G' =9":<7"!E' +9KK:!' AGB"9I:5:6#<' <"!8:$'

8#@:EI:5<:3*
F$1)"'(1* 3/$* F"$./* K/#6'* /-* %6'+$;)* H*AEE* E'("$'/(&6'/.* !-:&/%"/"* /'5* @"'(&/'/.")*
=6'0"$"'%"*I*>*=63"',/+-"2*C/'"#/$S*Vff<fl*)"3("#:$"*drfs]7*

*
*
$RKXHNHWRXHYZ)i)SL[)NYZIK\[j[PQHZRHKL[)
)

< @C!*L.1#"'()*P$/')36)/:.")*>*F/$&)*.")*f"$*"(*d*51%"#:$"*drfl*v*
< M6-$'1")*5")*56%(6$/'()*VF,C/O)]2*pr*"(*pf*#/$)*drfg2*s*"(*q*/G$&.*drfo*v*
< M6-$'1")*5-* $1)"/-*CO'/@"A*VCO'/#&9-"*5")*@1'6#")*A1+1(/-4]2* dq*"(*dt*

#/&* drfg2* EZ!?* ="'($"* 5"* !"%,"$%,"* 5"* P6-.6-)"* –* s* "(* q* W-&.."(* drfo2*
?+$6F/$&)P"%,*–*q*"(*t*W-&'*drfs2*=E!?C*>*86'(3"..&"$*v*

< E=PD* VE'("$'/(&6'/.* =6'+$"))* 6'* P$/')36)/:."* D."#"'()]* 5-* fo* /-* ft* /G$&.*
drfo*>*a/&'(<8/.6*v*

< ?aE=* V?))6%&/(&6'* 06$* a%&"'%"* /'5* E'06$#/(&6'* 6'* %600""* –* E'("$'/(&6'/.*
=6'0"$"'%"*6'*=600""*a%&"'%"]*5-*fp*/-*ft*'6G"#:$"*drfo2*R-'#&'+2*=,&'"7*
`6-$)"*6:("'-"7*
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!"#$%&$''"( (ex-

21-3%(4*.1 species from 

Africa and Australasia 

plus one !"##$% species) 

!"#$%)*+%,"-,$-,(#./$.$#.0(#10-2"3,0"4$56-3$#0(7,$..083510&'(()*%13/5$310./"73".0

0096/":,$#0;‡<=0>(?$#0@<=01"0A$72B$0C<=0&,$6D355(-09§=0(#10E6:$-0+‡0

 <Evolution des Génomes des Caféiers , UMR DIADE; ‡ CoffeeAdapt, UMR IMPE; IRD, centre IRD de Montpellier, BP 64501, Montpellier Cedex 5, France; § Nestlé R&D Tours, Notre Dame d’Oé, Tours, France 

*2"0!"#$053#"(F"07$#-(3#.0-2,""0'(?353".=0C=0G0(#10&03#0&+%,*-)./'0*+0)$#F",0H,(#72".0'$,0'(?35:0&0.6FF".-0-2(-03-0

3.0$51",0-2(#0-2"0-8$0$-2",.I0

+*%H(."10/2:5$F"#"-370-,""0$'0&'.1*0)*+%+*.03#0&+%,*-)./'0*0F"#$?"I0
Full length LTR-RTs were first predicted with LTR_STRUC in !5&'%($)*"+% genome. The RT domains were extracted and classified with Neighbor-

Joining tree (1000 boot straps) according to the RT reference domains (black branches) from GyDB. 0

&$/:0#6?H",0".-3?(-3$#0JG$8-3"KL0$'0MN+O0+*01$?(3#.03#0KP0./"73".0$'07$''""%-,"".075(..3'3"10(77$,13#F0-$0-2"3,0

F"$F,(/237(50(,"(.I0STE=!"##$%&14$(")*633%; HUM=!5&*.7-3-1; LIB=!5&3-,$+-'%; EBR: !5&$,+%'4$"3%4%; MAN: !5&7%((--; CHA: !5&'*%++-$+-%(%; 

KAP: !5& 8%)%8%4%; MEL: !5& 7$3%("'%+)%; CAN: !5& '%($)*"+% (BUD15, Uganda); NEO: !5& ($"3$+"6-; RHA: !5& +*%7(-#"3-%; EUG: !5& $./$(-"-0$1 

(DA56, Kenya); PSE: !5& )1$.0"9%(/.$,%+-%$; MUF: !5& 7.#-(0-$(1-1; RAC: !5& +%'$7"1%; HUMB: !5& *.7,3"4-%(%; TET: !5& 4$4+%/"(%; DOL: !5&

0"3-'*")*633%; MAC: !5&7%'+"'%+)%; BAB: !5&,%,%,.0%(- -; BEN: !5&,$(/*%3$(1-1; MER: !5&7$+/.$(1-1; HOR: !5&*"+1$#-$30-%(%; BRA: !5&,+%11--. 
The ex-21-3%(4*.1 species are colored in burgundy. 

mathilde.dupeyron@ird.fr 

&'(()*0/2:5$F"#"-370QR0-,"".0$'0!"#$0+*01$?(3#.0(77$,13#F0-$0-2"0'$6,0?(3#0-(S$#$?370F,$6/.0$'0-2"0&'(()*0F"#6.0J',$?0>(?$#0"-0(5I0KTUVLI0
RT domains of :;<= have been extracted from 23 species after a BLASTx search against :;<= RT references of the three families (C red, A blue and purple) from !5&'%($)*"+%. NJ trees of 

these RT domains have been computed (1000 boot straps) with !5&'%($)*"+% RT references and according to each taxonomic group (i n different colors in !"##$%&phylogeny).  

+"'","#7".: 
Denoeud, F.>&$4&%3. (2014) The coffee genome provides insight into the convergent evolution of caffeine 
biosynthesis5&:'-$('$ WPX:62015 

Arabica Coffee Genome Consortium (ACGC 2014). 
Hamon P. et al. (2017). GBS coffee phylogeny and the evolution of caffeine content. ?"3&2*63"/$($4&

=@"3 UTY:351-361. 
Guyot R. et al. (2017). Partial sequencing reveals the transposable element composition of !"##$% 
genomes and provides evidence for distinct evolutionary stories. ?"3&A$($4&A$("7-'1 1-12. 

Bousios A. et al. (2010) Highly conserved motifs in non-coding regions of :-+$@-+.1 retrotransposons: 
the key for their pattern of distribution within and across plants? B?!&A$("7-'1 UU:89 
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LTR-retrotransposons (LTR-RTs) are major components of plant genomes. Numerous lineages and 

families have been described and nowadays, the availability of bioinformatics tools allows us to study 

these transposable elements (TEs) at whole-genome scale. 

The genome of !"##$%&'%($)*"+% (Robusta coffee) has been released recently and contains about 50% 

of TEs, among which 42% are LTR-RTs with A6)16 and !")-% being the predominant super-families. 

Besides !"##$%& '%($)*"+%>&24 wild !"##$% species, representative of the taxonomic groups now well 

resolved, are available to understand the variation of transposable element composition in the genus. 

:;<= LTR-RTs are !")-% elements discovered in A36'-($&7%C&and containing an envelope-like domain. 

They are widespread in plant genomes and present conserved motifs in their sequence, suggesting an 

ancient origin of this lineage. Previous analyses of TE composition in 11 !"##$% species partially 

sequenced with the 454 technology showed a different repartition of :;<=&according to their geographic 

distribution, suggesting different dynamics according to taxonomic groups. A deeper insight in :;<= 

composition and evolution is needed to confirmed or deny our previous observations in !"##$% species. 

We used deep Illumina sequencing data available for the 24 wild diploid !"##$% species to study their 

:;<= composition and evolution. 

We showed that :;<= are present in all the coffee-trees studied but with a difference in copy number. 

This difference seems due to a high divergence of :;<= sequences according to the taxonomic groups 

and not to a high difference in copy number. Moreover, the :;<= LTR-RTs underwent a diversification 

in three families in !"##$% of West and Central Africa, whereas this diversification is subtler in !"##$% 

from East Africa and very different in !"##$% from Indian Ocean Islands and Australasia.  

!"#$053#"(F"03#0&+%,*-)./'0*%

*2"0!"#$053#"(F"03.01"-"7-"103#0?$.-0$'0&'(()*0./"73".0

!"

#!!"

$!!"

%!!"

&!!"

'!!!"

'#!!"

()*" +,-" ./0" *01" -23" 4+2" 526" -*." 423" 3*7" 1+2" *,8" 6(*" -,9" 124"+,-0")*)" :7." -24" 020" 0*3" -*1" +71" 012"

&56.-",0&0

&56.-",0G0

&56.-",0C0

!"#$%6#1",8"#-013''","#-0134",.3'37(-3$#.03#0-2"0'$6,0?(Z$,0

-(S$#$?370F,$6/.0
+".65-.0[093.76..3$#0
:;<= lineage is present in all the species studied here. The copy number estimation 

shows that it is in high number in !"##$% from West and Central Africa. The copy 

number decreases in species from East Africa and in a more important way in Xeno-

Coffea. Finally, they are very poorly detected in !"##$% from the Indian Ocean 

Islands (IOIs). 

As three clusters (families) have been identified in !5&'%($)*"+%, the most conserved 

copies of each has been extracted and mined in !5&'%($)*"+%. The complete copies 

were used as references for BLASTx searches of their RT domains in the 24 diploid 

!"##$% species (Illumina sequencing). Matching RT domains of at least 200 amino-

acids were extracted and NJ trees were computed with !5& '%($)*"+a’s :;<= RT 

domains. First, contrary to what is shown by copy number estimations, the BLASTx 

searches identified :;<= RT domains in the same proportions in all the 24 species 

(depending on sequencing and assembly qualities). Mapping analysis did not 

detected any :;<= in &+% /2345'61*-*0 whereas RT domains were found in the 

BLASTx analysis. This can be due to an important sequence divergence between 

:;<= in !5& '%($)*"+%& and :;<= in !"##$% from the IOIs. When comparing the 

presence of the three families in the 24 !"##$% species analysed, we can precisely 

observe a different diversification of :;<= according to the four major taxonomic 

groups: Xeno-Coffea contains cluster C and :;<= close to cluster B but no RT 

domains belonging to cluster A. This is pretty the same for !5&'*%++-$+-%(% which is 

branched beforehand the split in different clades of Eu-Coffea. Eu-Coffea from East 

Africa show a more important diversification in clade A and B but not as important 

as the Eu-Coffea from West and Central Africa (among which !5& '%($)*"+%& still 

shows the most important :;<= diversification). Finally, the !"##$% from the IOIs 

contain few RT domains in cluster C. The majority of :;<= is close to clusters A and 

B but none of them really belong to these clusters, suggesting a different 

diversification of :;<= in other clusters. This is in agreement with the hypothesis of a 

sequence divergence making the mapping inefficient to detect copies of :;<= in 

IOIs’ !"##$%, as only one sequence from !5&'%($)*"+%&was used as a reference. 

So :;<= seem to have underwent a diversification in three families in Eu-Coffea 

from West and Central Africa, particularly in !5& '%($)*"+%. This diversification 

happened differently or did not happen in the other !"##$% diploid species. 

:;<=&RT domains fro7&!"##$%&species except&!5&'%($)*"+%&(red, 

blue and purple) are represented in green in the cartooned trees. 

O6%&$''"(00from 

East Africa 

O6%&$''"(00from 

West and Central 

Africa 

O6%&$''"(00from the 

Indian Ocean 

Islands 

&$#756.3$#0
The study of :;<= lineage in wild !"##$% diploid species allowed us to observe a different dynamics of these LTR-RTs 

according to the four major taxonomic groups of the !"##$% genus. An important divergence is showed by RT domains 

phylogenies between species from Africa and species from IOIs and Australasia. Moreover, the only species having an 

important geographical repartition area, !5& '%($)*"+%, is also the species showing the most important :;<= 

differentiation. We can suggest that :;<= were present in !"##$% genomes before the emergence of the !"##$% genus and 

they followed its diversification according to the geographical repartition of the species. 

*2,""0'(?353".0$'0!"#$03#0&+%,*-)./'0*%

CCCCCHCC .HH -,.. (7-,-, -0(7(7
LTLL R-retrotransposons (LT(L(L R-RTs) are maja or components of plant genomes. Numerous lineages and

families have been described and nowadays, the availabia lity of bioinformatics tools allows us to study

these transposabla e elements (TEs) at whole-genome scale.

The genome of !"##!"#!"# $## %&'%($)*"+%($ % (Robusta coffeofof e) has been released recently and contains about 50%

of TEs, among which 42% are LTLL R-RTR-RR-R s with tt A6AA )166 6)1)1 and !")-% being the predominant super-families.

Besides !"##!"#!"# $## %& '%($)*"+%($ %>&24 wild !"##!"#!"# $## % species, representative of thett taxonomic groups now well

resolved, are available to understand the variation of transposable element composition in the genus.

:;<= LTLL R-RTR-RR-R s are !")-% elements discovered in A3633 '-($ 7%C and containing an envelope-like domain.

They are widespread in plant genomes and present conserved motifs in their sequence, suggesting an

ancient origin of this lineage. Previous analyses of TE composition in 11 !"##!"#!"# $## % species partially

sequenced with the 454 technology showed a diffeff rent repartition of :;<= according to thett ir geographic

distribution, suggesting diffeff rent dynamics according to taxonomic groups. A deeper insight in :;<=

composition and evolution is needed to confirmed or deny our previous observations in !"##!"#!"# $## % species.

WeWW used deep Illumina sequencing data available for the 24 wild diploid !"##!"#!"# $## % species to study their

:;<= c= omposition and evolution.

WeWW showed that :;<= are present in all the coffeofof e-trees studitt ed but with a diffeff rence in copy number.

This diffeff rence seems due to a high divergence of :;<= sequences according to the taxonomic groups

and not to a high diffeff rence in copy number. Moreover, the :;<= LTLL R-RTs underwent a diversification

in three families in !"##!"#!"# $## % of WeWW st and Central Africa, whereas this diversification is subtler in !"##!"#!"# $## %%

fromfromfromfromfromfrom East Africa and very diffeff rent in !"##!"#!"# $## % from Indian Ocean Islands and Australasia.

!!""!!!!#$#$%"""" 6#66 1## "11 ,"" 8,, "88 #"" -01## 311 ''"33 ,"" ",, #"" -01## 3114"33 ,4"4" .,, 3.. '333 7'3'3 (-377 $#.$#$# 03. #0303 0-2# "22 0'$6" ,$6$6 0?(Z(Z$,$,,

-(-(S$S$##$?$?33### 770F0F,,77 $6$6,,, //$6$6$6 ..////
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*

!"#$%&$''"( (ex-

21-3%(4*.1 species from

Africa and Australasia

plus one !"##$% species)

!"#$ )*+%,"-,$-,(#./$.$#. $,F(#3D(-3$# 3. 7$#F,6"#-083-2 ?$5"765(, &'(()*
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<Evolution des Génomes des Caféiers , UMR DIADE; ‡ CoffeeAdapt, UMR IMPE; IRD, centre IRD de Montpellier, BP 64501, Montpellier Cedex 5, France; § Nestlé R&D Tours, Notre Dame d’Oé, Tours, France

In !5 '%($)*"+%> 4he :;<= lineage is composed with three families, A, B and C5

+*%H(."1 /2:5$F"#"-37 -,"" $' &'.1* )*+%+*. 3# &+ ,*-)./'0* F"#$?"I
Full length LTR-RTs were first predicted with LTR_STRUC in !5 '%($)*"+% genome. The RT domains were extracted and classified with Neighbor-

Joining tree (1000 bootstraps) according to the RT reference domains (black branches) from GyDB.

&$/: #6?H", ".-3?(-3$# JG$8-3"KL $' MN+O +* 1$?(3#. 3# KP ./"73". $' 7$''""%-,"". 75(..3'3"1 (77$,13#F -$ -2"3,

F"$F,(/237(5 (,"(.I STE=!"##$% 14$(")*633%; HUM=!5 *.7-3-1; LIB=!5 3-,$+-'%; EBR: !5 $,+%'4$"3%4%; MAN: !5 7%((--; CHA: !5 '*%++-$+-%(%;

KAP: !5 8%)%8%4%; MEL: !5 7$3%("'%+)%; CAN: !5 '%($)*"+% (BUD15, Uganda); NEO: !5 ($"3$+"6-; RHA: !5 +*%7(-#"3-%; EUG: !5 $./$(-"-0$1

(DA56, Kenya); PSE: !5 )1$.0"9%(/.$,%+-%$; MUF: !5 7.#-(0-$(1-1; RAC: !5 +%'$7"1%; HUMB: !5 *.7,3"4-%(%; TET: !5 4$4+%/"(%; DOL: !5

0"3-'*")*633%; MAC: !5 7%'+"'%+)%; BAB: !5 ,%,%,.0%(--; BEN: !5 ,$(/*%3$(1-1; MER: !5 7$+/.$(1-1; HOR: !5 *"+1$#-$30-%(%; BRA: !5 ,+%11--.

The ex-21-3%(4*.1 species are colored in burgundy.

QR -,"". $' !"#$ +* 1$?(3#. (77$,13#F -$ '$6, ?(3# H3$F"$F,(/237 F,$6/. (?$#F -2" &'(()* F"#6. J/2:5$F"#: (1(/-"1 ',$?

>(?$# "- (5I KTUVLI
:;<= RT domains were extracted from 23 species after a BLASTx search against :;<= RT references of the three families (A, B and C) from !5 '%($)*"+%. NJ trees of these

RT domains have been computed (1000 bootstraps) with !5 '%($)*"+%RT references and according to each biogeographic group (in different colors in the !"##$% phylogeny).
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LTR-retrotransposons (LTR-RTs) are major components of plant genomes. Numerous lineages and

families have been described and nowadays, the availability of bioinformatics tools allows us to study

these transposable elements (TEs) at whole-genome scale.

The genome of !"##$% '%($)*"+% (Robusta coffee) has been released recently and contains about 50%

of TEs, among which 42% are LTR-RTs with A6)16 and !")-% being the predominant super-families.

Besides !"##$% '%($)*"+%> 24 wild !"##$% species, representative of the major biogeographic groups,

are available to understand the variation of transposable element composition in the genus.

:;<= LTR-RTs are !")-% elements discovered in A36'-($ 7%C. They are widespread in plant genomes

and present conserved motifs in their sequence, suggesting an ancient origin of this lineage. Previous

analyses of TE composition in 11 !"##$% species partially sequenced showed a different repartition of

:;<= according to their geographic distribution, suggesting different dynamics.

To get a deeper insight in :;<= composition and evolution, here we used deep Illumina sequencing data

available for 24 wild diploid !"##$% species.

We showed that :;<= are present in all the studied species but with different copy numbers. This

difference more reflects the high divergence of :;<= sequences between the biogeographic groups than

real high difference in copy numbers. Moreover, the :;<= LTR-RTs underwent its differentiation in

three families in Eu-!"##$% from West and Central Africa (apart !5 '*%++-$+-%(%), whereas this

diversification is subtler in East African species and occurred differently and independently in WIOIs.
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:;<= lineage is present in all the species studied here. The copy number estimates

based on nucleotidic sequences show high numbers in West and Central Africa,

decreasing numbers in East Africa and in a more important way in Xeno-Coffea clade.

They are very poorly detected in the Western Indian Ocean Islands (WIOIs).

The most conserved copies of each family (A, B and C) identified in !5 '%($)*"+%

were used as references for BLASTx searches (based on amino acids sequences) of

their RT domains in the 24 diploid !"##$% species. Matching RT domains of at least

200 a.a were extracted and NJ trees computed using !5 '%($)*"+%’s :;<= RT domains

as references.

In that case, the BLASTx searches identified :;<= RT domains in all species including

!5 *.7,3"4-%(%. This can be due to high :;<= divergence at the nucleotidic level

between !5 '%($)*"+% and !5 *.7,3"4-%(%.

Looking at the structuring of :;<= in the 24 !"##$% species, we can note:

* All species contains :;<= belonging to the family C.

* Xeno-Coffea contains also other new groupings but only 25 7$3%("'%+).1 has

representatives of families A & B.

D !5 '*%++-$+-%(% in intermediate position between XC- and EC- clades is similar to

XC-clade for :;<= organization. This observation is one more peculiar feature that set

it apart from EC-clade (all $CE!"##$% but !5 +*%7(-#"3-%).

* Eu-Coffea from East Africa and especially !5 $./$(-"-0$1 from Uganda and !5

7.#-(0-$(1-1 have elements belonging to families A and B.

* The most important :;<= diversification is observed in West and Central Africa.

* :;<= structuring in WIOIs shows similar pattern than in XC-clade.

* Finally, :;<= would underwent its diversification in three families (A, B and C) in

Eu-Coffea from West and Central Africa, particularly in !5 '%($)*"+%.

On an evolutionary point of view, these results support the recent activation of families

A and B in the African Eu-Coffea clade (exception to !5 '*%++-$+-%(%), that occurred

after African and WIOIs divergence.

Assumptions on the presence of :;<= in ancestral !"##$% genomes rise the question on

their presence and level of differentiation in the Coffeeae tribe and related Rubiaceae

tribes.

:;<=&RT domains from !5&'%($)*"+% and other species are noted in blue, 

Fam.A – red, Fam. B, green – Fam.C and grey, new groupings. The presence

of an element is noted by its name colored depending the species it derived.

O6%&$''"( from

East Africa

O6%&$''"( from

West and Central 

Africa

O6%&$''"( from

the Indian Ocean

Islands

&$#756.3$#
In !5 '%($)*"+%, :;<= lineage is composed with three well defined and supported families. The study of this lineage in

wild !"##$% diploids allowed us to observe its different dynamics following major biogeographic !"##$% groups

differentiation. Therefore, the major divergence is showed within the EC-clade, between African and non-African

species. Intriguing, !5 '*%++-$+-%(% from Cameroon, WIOIs- and XC- clades show similar pattern of :;<= organization.

We assume that :;<= was present in ancestral !"##$% genomes and its own diversification followed the genus evolution

at the high level (basal branches) of the !"##$% phylogeny.
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LTR-retrotranaa sposons (LTR-RTs) are majoma r compomm nentnn s of plantnn genomes. Numerous lineages and

faff milies have been described and nowadays, the avaa ailabilitii y of bioinfonfnf rmamm tics tools allows us to study

these transposaba le elementenen s (TEs) at whole-genome scale.

The genome of !"##!! $"##"## % '%($)*"+%($ % (RoRR busta coffff eff e) has been released recently and contnn ainsii aboutuu 50%

of TEs, among which 42% are LTR-RTs with A6)1A6A6 6)1)1 and !")-%!! being the predominant super-faff milies.

Besides !"##!! $"##"## % '%($)*"+%($ %> 24 wild !"##! $"##"## % species, representnn ataa ivii e of the majoma r biogeographiaa c groupsuu ,

are availabla e to understand the variation of transposaba le element compomm sitii ion in the genusnn .

:;<:;:; =< LTR-RTs are !")-%!! elements discovered in A36'-($ 7%C. They are widespread in plantnn genomes

and presentnn conserved motifsff in theirii sequence, suggesting an ancient origin of this lineage. Previous

analyses of TE compomm sitii ion in 11 !"##!! $"##"## % species partrr ially sequenced showed a diffff eff rentnn reparpapa trr itii ion of

:;<:;:; = according to theirii geographaa ic distribii ution, suggesting diffff eff rentnn dyndydy amics.

To get a deeper insii ighthh in :;<:;:; = compomm sitii ion and evolutll ion, here we used deep Illull mina sequencing datdada a

availabla e for 24 wild dipldidi oid !"#! #"#"# $## % species.

We showed thataa :;<:;:; = are present in all the studied species but with diffff eff rentnn copy nunn mbem rs. This

diffff eff rence more reflff ects the high divergence of :;<:;:; =<< sequences between the biogeographaa ic groups than

real high diffff eff rence in copy numbem rs. Moreover, the :;<:;:; =<< LTR-RTs underwentnn its diffff eff rentnn iation in

three faff milies in Eu-!"! ##" $#### % from West and Centnn ral AfrAfAf ica (apaaa rtrr !5!! '*%++-$+-%(%), whereas this

didiversififf cation is subtler in East AfrAfAf ican species and occurred diffff eff rentnn ly and inii dependently in WIOIs.

!!"#$"#$!!! 6#1",8"#-013''","#-0134",.3'37(-3$#.03# -2" '$6, ?(Z$Z$( ,,

-(S$#$?370FF,$6//.

&56.-",0C

&56.-",0G

Nucleotidic search of SIRE failed to detect

these elements in !5&*.7,3"4-%(%
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=6-$)")*–*8kk=*–*51%"#:$"*drfo*"(*W/'G&"$*drfs]2**@)OLJKL[*G/.&51")*3/$*
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Résumé*
 

Les éléments transposables (ET) sont des portions d’ADN capables de se déplacer et d’augmenter le nombre de 
leurs copies dans les génomes. Deux grands types de transposition, correspondant à deux grandes classes d’ET, 
sont retrouvés chez la quasi-totalité des génomes étudiés à ce jour. Les rétrotransposons à LTR (Long Terminal 
Repeats, LTR-RT), appartenant à la Classe 1, sont les composants majoritaires des génomes des plantes. Leur 
prolifération peut avoir un impact important sur l’organisation, la variation de taille, l’évolution des génomes et 
l’activité des gènes. 
Le café, largement consommé dans le monde et produit uniquement par des pays du Sud, est issu de deux 
espèces cultivées d’origine africaine : Coffea arabica et C. canephora. Le genre Coffea est constitué de 139 
espèces occupant des habitats très variés en Afrique, dans les îles de l’ouest de l’océan Indien, l’Inde, l’Asie 
tropicale et du sud-est et au nord de l’Australie. Toutes les espèces son diploïdes, à l’exception notable de C. 

arabica, allotétraploïde, issu d’une hybridation interspécifique récente entre les deux espèces diploïdes : C. 

canephora et C. eugenioides. Pour autant, la taille des génomes des espèces diploïdes varie du simple au double. 
Les nombreuses données génomiques aujourd’hui disponibles au sein du genre Coffea permettent d’étudier la 
dynamique des LTR-RT constituant au minimum 42% du génome de C. canephora, l’espèce séquencée et 
disponible dans les bases de données publiques.  
Dans ce travail, deux lignées remarquables de LTR-RT, Bianca et SIRE, ont été étudiées par des approches bio-
informatiques. Bianca sensu stricto, présente uniquement chez les monocotylédones, est représentée chez les 
dicotylédones par la famille Divo, très peu étudiée à ce jour. L’activation récente de Divo sans induire sa propre 
structuration, est étroitement associée à la différenciation génétique de C. canephora. Par contre, tout en étant 
présente dans toutes les espèces de caféiers étudiées, l’activation semble sporadique. À l’opposé, les éléments 
SIRE, la seule lignée de LTR-RT de la superfamille des Copia contenant un domaine enveloppe comme les 
rétrovirus, montre des variations structurales importantes entre les accessions des espèces diploïdes à l’origine de 
C arabica et plus globalement, et en parallèle de l’évolution du genre. 
Nos travaux montrent que la compréhension de la dynamique des LTR-RT dans un genre peut permettre de 
mieux appréhender son histoire évolutive, chaque famille de LTR-RT pouvant apporter un éclairage différent. 
Nos résultats indiquent qu’à la fois les clades biogéographiques (phylogénie moléculaire des caféiers) mais aussi 
certaines accessions d’espèces diploïdes ont des histoires particulières. Celles-ci seraient vraisemblablement 
liées à la colonisation de nouvelles niches et à la dynamique des LTR-RT composant les génomes des Coffea. 
 

Mots clés : Rétrotransposons à LTR Copia, Divo, SIRE, dynamique évolutive, Coffea. 

 
Summary 
 

Transposable elements (TEs) are DNA fragments that are able to move and to increase their copy numbers. Two 
transposition mechanisms corresponding to the two main TE classes are found in almost all organisms. LTR 
retrotransposons (Long Terminal Repeats, LTR-RTs), belonging to Class 1, are the main components of plant 
genomes. Genome organisation, size variation, evolution and gene activity can be strongly impacted by their 
proliferation. 
Worldwide consumed and produced by South countries, coffee is obtained from two African cultivated species: 
Coffea arabica and C. canephora. The Coffea genus includes 139 species occurring in diverse habitats in Africa, 
Madagascar, Mascarene Islands, Comoros, India, Southeast and Tropical Asia and North Australia. All the 
species are diploids, except the noteworthy allotetraploid C. arabica, originated from a recent inter-specific 
hybridisation between two diploids: C. canephora and C. eugenioides. However, genome size of diploid species 
can vary for up to two folds. Today, the numerous genomic data available for Coffea allows the study of LTR-
RTs, constituting at least 42% of C. canephora genome, the sequenced species available in public databases. 
In this work, two notable LTR-RT lineages, Bianca and SIRE, have been studied by bioinformatics approaches. 
Bianca s.s., is present only in Monocots and it is represented in Dicots by the Divo family, poorly studied 
nowadays. The recent activation of Divo, without leading to its own structuring, is closely associated to the 
genetic differentiation of C. canephora. However, this activation seems sporadic as being present in all the 
coffee-trees species studied here. On the opposite, SIRE elements, which are the only Copia LTR-RTs carrying 
an envelope-like gene as retroviruses, show an important structuring variation between accessions among C. 

arabica progenitors, and in parallel to the genus evolution.  
Our work shows that understanding the LTR-RTs dynamics in a genus allows a better perception of its 
evolutionary history, with the possibility of different evolutionary timing given by different LTR-RTs families. 
Our results also indicate that both the biogeographic clades (coffee molecular phylogeny) and also some diploid 
accessions have peculiar histories, probably related to the colonisation of new ecological niches and to the LTR-
RTs dynamics.  
 

Keywords: Copia LTR retrotransposons, Divo, SIRE, evolutionary dynamics, Coffea.*


