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1. Úvod a cíle práce  

Horizontální genový přenos (HGP) je v posledních desetiletích jedním z nejvíce 

diskutovaných témat evoluční biologie, protoţe do znační míry změnil náš pohled na evoluční 

historii genomů. HGP sehrává klíčovou úlohu v evoluci bakteriálních genomů - významně se 

podílí na schopnosti adaptace a speciace (Doolittle 1999; Keeling a Palmer 2008). Do jaké 

míry HGP tvaruje genomy moderních eukaryot, zůstává zatím neznámé. Názory ohledně 

dynamiky a důleţitosti HGP pro eukaryotické organismy jsou značně kontroverzní. Nicméně, 

HGP byl v podstatě klíčovým procesem při vzniku eukaryot, kdy došlo k pohlcení bakterií, ze 

kterých vznikli plastidy a mitochondrie. Následně se jejich genetický materiál integroval v 

rámci hostitelského genomu s postupným (a u rostlin pořád přetrvávajícím) putováním DNA z 

organel do jádra (Keeling and Palmer 2008). Kdyţ však odhlédneme od přenosu DNA z 

organel, jádra dnešních eukaryot se zdají být poměrně odolná vůči přenosu cizorodé DNA. 

Příčinou  je zjevně  sloţitost a důmyslnost přirozených bariér, které zabraňují 

nekontrolovatelnému příjmu cizí DNA, a také různorodé mechanismy oddělení zárodečné 

linie. Výjimku tvoří poměrně častý HGP u jednobuněčných eukaryot, který je často spojený s 

fagotrofií, endosymbiózou, či s parazitickým ţivotním stylem (Andersson, 2005; Keeling a 

Palmer 2008; Keeling 2009). Existuje však i mnoho příkladů HGP u mnohobuněčných 

eukaryot, jako například velké mnoţství genů z různých donorů v genomu bdeloidních rotifer 

(Gladyshev et al. 2009), nebo přenos genů z vnitrobuněčné bakterie Wolbachia do genomu 

mnoha hostitelů ze skupiny členovců (Hotopp et al. 2007). Rostoucí počet takových případů 

ukazuje, ţe překáţky přenosu cizorodé DNA mohou být překonány i u sloţitějších organismů. 

S přibývajícím mnoţstvím sekvenčních dat a se zvyšující se citlivosti detekčních metod jsou 

objevovány další případy HGP zahrnujících mnohobuněčná eukaryota. Mnohé z těchto 

případů byly popsány u rostlin (Bock, 2010). Rostliny jsou opravdu velice dobrými kandidáty 

pro HGP - ve srovnání se zvířaty  je jejích zárodeční linie více vystavená vnějším vlivům. 

Také genomy rostlin jsou mnohem plastičtější neţ genomy zvířat (Kejnovsky et al. 2009). 

Přehled problematiky horizontálního genového přenosu u rostlin je podrobně shrnutý v 

příloze I. 
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Cílem této práce byla analýza sekvencí, které byly horizontálně přeneseny z bakterií 

příbuzných druhu Ralstonia solanacearum do genomu rostlinných druhů. Jednalo se o tyto 

dva tematické celky: 

- charakterizace a evoluční dynamika sekvence MK14 u druhů rodu Silene (Caryophyllaceae) 

- identifikace dalších případů HGP mezi druhem R. solanacearum a rostlinami  
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2. Přehled získaných výsledků 

2.1.  Přehled metod molekulární fylogenetiky. 

(Talianová 2007, příloha  II) 

 

Většina metod určených k detekci HGP spadá do 4 kategorií: (1) odlišné sloţení bazí v DNA, 

(2) neobvyklá fylogenetická distribuce, (3) neobvyklá sekvenční podobnost (t.j. větší 

podobnost s genem ze vzdáleně příbuzného druhu), a (4) inkongruentní fylogenetické stromy 

(e.g. rozporuplné genealogie genů) (Hervé a Douady 2003).  Různé přístupy vedou k 

podezření, ţe došlo k HGP, nicméně detekce je nedostatečná, pokud není doprovázená řádnou 

fylogenetickou analýzou. Zlatým standardem pro identifikaci HGP je fylogenetická neshoda, 

ke které dochází tehdy, kdyţ je výrazný konflikt mezi fylogenezí genů a fylogenezí druhů. 

Existuje však několik matoucích faktorů, které je potřeba brát v úvahu. Abychom mohli 

spolehlivě usuzovat na fylogenetickou neshodu, je nutný důkladný taxonomický výběr pro 

daný gen, coţ je i v  dnešní době často problém. V některých případech je těţké rozlišit mezi 

dávnou genovou duplikací a rozdílnou ztrátou genů. V jiných případech mohou být neobvyklé 

fylogenetické stromy zavádějící, protoţe rozdílné rychlosti evoluce mohou způsobovat 

artefakty ve fylogenetické rekonstrukci, a tím pádem vést k chybným stromům, které jsou 

silně statisticky podpořeny. Nicméně však značně roste mnoţství případů, ve kterých dobře 

statisticky podpořené fylogeneze se širokým taxonomickým výběrem ukazují jasný konflikt s 

evolučními vztahy mezi organismy. 

       Tato práce představuje přehled fylogenetických metod, které se běţně pouţívají k 

rekonstrukci evolučních vztahů. Jedná se o metody vhodné jak k analýze morfologických, tak 

především sekvenčních dat. U kaţdé metody je uveden princip, na základě kterého metoda 

pracuje, a také je uvedeno, pro jaká data je či není metoda vhodná. Vzhledem k tomu, ţe 

oblast molekulární fylogenetiky je značně široká a metodický pokrok velice rychlý, slouţí tato 

práce k základnímu přehledu pro ty, kteří s fylogenetickou analýzou teprve začínají.  
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2.2.  Identifikace a charakterizace bakteriální sekvence v genomu několika druhů 

rostlinného rodu Silene 

(Talianová et al. 2011, příloha III) 

 

Rod Silene (Caryophyllaceae) je pouţíván jako model  pro studium různých evolučních a 

ekologických aspektů.  Genomické zdroje pro některé druhy začali být dostupné pouze 

nedávno, coţ značně stimulovalo molekulárně-genetické  studie u tohoto rodu.  Mikrodisekce 

chromozomů  a konstrukce genomických knihoven se běţně pouţívá ke studiu genomů a ke 

hledání chromozomově-specifických markerů (e.g. Hobza a Vyskot, 2007). Mikrodisekce 

chromozomů byla také vyuţita ke studiu struktury pohlavních chromozomů X a Y u Silene 

latifolia (knotovka bílá) (Delichère et al. 1999, Matsunaga et al. 1999, Hobza et al. 2004, 

Hobza et al. 2007). Touhle cestou bylo nalezeno několik zajímavých markerů pocházejících z 

Y-chromozom-specifické genomické knihovny S. latifolia, které byly podrobně zkoumány 

(Hobza et al. 2006, Kejnovský et al. 2006).  

        Naším cílem bylo charakterizovat sekvenci nazvanou MK14, která pochází z genomické 

plazmidové knihovny odvozené technikou Degenerate Oligonucleotid Primer (DOP)-PCR na 

Y-chromozomu S. latifolia. Porovnání sekvence MK14 s veřejnou databází sekvencí NCBI 

ukázalo silnou podobnost s částmi dvou sousedících genů bakteriálních druhů rodu Ralstonia 

(gram-negativní Betaproteobakterie, Burkholderiaceae). Porovnání se sekvencemi z rostlinné 

říše neukázalo ţádnou statisticky významnou podobnost. Abychom vyloučili bakteriální 

kontaminaci, pomocí primerů navrţených podle sekvence MK14 jsme PCR-amplifikovali 

příslušnou oblast jak z listů S. latifolia, S. diclinis a S. dioica pěstovaných ve skleníku, také na 

axenických kulturách odvozených z povrchově sterilizovaných semen S. latifolia a S. 

vulgaris. Tyto kultury rostly na médiu s obsahem antibiotika. Bakteriologické testy vyloučily 

přítomnost bakterií rodu Ralstonia v semenech S. latifolia. Pomocí fylogenetických analýz 

bylo potvrzeno, ţe sekvence MK14 ze S. latifolia je s vysokou statistickou významností 

evolučně příbuzná bakteriálním sekvencím druhů rodu Ralstonia. Southern blot hybridizace 

na genomické DNA samečků a samic dvou různých populací S. latifolia pomocí specifické 

sondy odvozené z bakteriální sekvence MK14 potvrdila přítomnost bakteriální inzerce v 

genomu S. latifolia. Zjistilo se, ţe tato inzerce není specifická pro Y-chromozom, a také byly 

prokázany délkové polymorfizmy mezi oběma populacemi. 
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      Získané výsledky ukazují, ţe vzhledem k přítomnosti bakteriální inzerce u blízce 

příbuzných druhů Silene, tato inzerce byla s největší pravděpodobností přítomna u předka 

těchto druhů. Inzerce zřejmě pochází z bakteriálního předka druhů rodu Ralstonia. Současné 

druhy tohoto bakteriálního rodu jsou asociovány s různými ekologickými nikami (voda, půda, 

rhizosféra rostlin). Některé druhy jsou fytopatogenní anebo jsou asociovány s infekcemi u lidí 

se sníţenou obranyschopností (Stelzmueller et al. 2006). Mechanismem odpovědným za 

asexuální přenos genetické informace mezi vzdáleně příbuznými organismy je horizontální 

genový přenos, a je moţné předpokládat několik způsobů, jak se bakteriální DNA mohla 

začlenit do genomu druhů Silene. Nejpravděpodobnější moţností je spontánní transformace 

během infekce (v případě, ţe bakteriální předek byl patogenní), nebo spontánní transformace 

během symbiózy. Oba způsoby přenosu byly pozorovány během experimentální transformace 

rostlin patogenními bakteriálními druhy Agrobacterium tumefaciens, A. rhizogenes, nebo 

symbiotickými druhy Sinorhizobium meliloti, Mesorhizobium loti, Rhizobium sp. (Broothaerts 

et al. 2005). Je obtíţné určit přesný mechanismus HGP, protoţe se zřejmě jedná o dávnou 

událost. Je však zajímavé, ţe druhy rodu Ralstonia mají zvlášní druh mobilní DNA, 

katabolický transpozon pomocí kterého degradují bifenylové sloučeniny (Toussaint et al. 

2003, Ryan et al. 2009). Oblast tohoto mobilního úseku obsahuje geny, které jsou asociované 

s patogenitou, a je známo, ţe tyto geny se podílejí na přenášení substrátových molekul do 

cílových buněk, včetně horizotálního přenosu DNA do jiných bakterií a eukaryot (Backert a 

Meyer 2006). Vzhledem k tomu, ţe bakterie jsou schopné si velice lehce vyměňovat geny, je 

moţné, ţe kromě druhů Agrobacterium existují i jiné druhy schopné přenosu své DNA do 

eukaryotických jader. Exprese bakteriální DNA u S. latifolia nebyla prokázána, coţ můţe být 

způsobeno regulací exprese mechanismy rostlinného hostitele, nebo degenerací sekvence v 

případě, ţe hostiteli neposkytuje ţádnou adaptivní výhodu.  
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2.3.  Spojování proteinových domén pocházejících z různých říší v případě 

antimikrobiálního proteinu u lilku brambory (Solanum tuberosum). 

(Talianova et al., příloha IV) 

 

Značný pokrok v získávaní nových genomických dat z různých organismů výrazně posunul 

porozumění evoluce genů s novými funkcemi. Je známo několik mechanismů, které 

samostatně, nebo v kombinaci vytvářejí nové geny (Long et al. 2003). Jedním z nich je 

horizontální genový přenos (HGP), na který jsme se zaměřili v naší práci. Mnoho faktorů 

znesnadňuje detekci HGP, jako například rozdílná frekvence nukleotidových substitucí 

(Mirkin et al. 2003), ztráta genů specifická pro některou evoluční linii (Huang and Gogarten 

2006), anebo ztráta fylogenetického signálu během evoluce. Navzdory tomu se několik studií 

pokusilo odhadnout rozsah HGP u eukaryot, a zjistit tak, do jaké míry je HGP pro 

eukaryotické organismy důleţitý (e.g. Andersson 2005). Většina těchto studií zkoumala 

přítomnost celých genů u různých organismů, i kdyţ někteří autoři namítají, ţe tento přístup 

je příliš povrchní, aby bylo moţné s větší mírou přesnosti identifikovat případy přenosu (Wolf 

et al. 2000, Choi and Kim 2007, Chan et al. 2009). Chan et al. (2009) ve studii 

prokaryotických genomů předpokládají, ţe horizontálně přenesené a rekombinované úseky 

DNA mohou kódovat strukturně neporušené proteinové domény, které mohou slouţit jako 

jednotky HGP. Autoři ukázali, ţe v rámci genomu můţe HGP doprovázen homologní 

rekombinaci a přestavět i funkčně velice konzervativní oblasti a vytvořit tak geny s 

mozaikovým původem. 

     Prohledáváním veřejné databáze NCBI za účelem identifikace dalších potenciálních 

případů HGP zahrnujících bakterie rodu Ralstonia se nám podařilo najít sekvenci 

antibakteriálního proteinu AP1 (a jemu odpovídajícího úseku DNA) izolovaného ze vzácné 

odrůdy lilku bramboru (Solanum tuberosum) (Feng et al. 2003). Protein AP1 poskytuje 

rostlinám rezistenci vůči několika kmenům bakterie Ralsonia solanacearum (jenţ je 

závaţným patogenem hospodářských plodin) a rezistenci vůči patogenním houbám 

Rhizoctonia solani a Alternaria solani. Feng et al. (2003) si všimli, ţe AP1 se skládá ze dvou 

odlišných proteinových domén. Sekvence na C-konci vykazuje podobnost k ATP-vázající 

doméně proteinu UspA (Universal stress protein A) (UspA doména). ATP-vázající doména 

obsahuje konzervativní motiv, který je příbuzný k nukleotid-váţícím proteinům a k proteinům 
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signalizačních drah (Zarembisky et al. 1998).  N-terminus AP1 nevykazoval statisticky 

významnou podobnost k rostlinným proteinům, ale silnou podobnost k bakteriální kyselé 

fosfatáze (fosfoesterázová doména). Naším cílem bylo přesně určit evoluční původ obou 

domén proteinu AP1. Výhodou naší práce ve srovnání s Feng et al. (2003) je obrovské 

mnoţství sekvenčních dat dostupné v databázích. Získáním velikého mnoţství 

aminokyselinových sekvencí z nejrůznějších taxonomických skupin, které odpovídaly 

jednotlivým doménám proteinu AP1, srovnáním těchto sekvencí do souboru dat, a jejich 

následnou podrobnou fylogenetickou analýzou jsme ukázali, ţe obě proteinové domény, 

UspA doména a fosfoesterázová doména, mají jasně odlišný evoluční původ. UspA doména 

je jednoznačně rostlinného původu, zatímco fosfoesterázová doména ukazuje evoluční 

příbuznost k bakteriím rodu Ralstonia. Předpokládáme, ţe přítomnost bakteriální 

fosfoesterázové domény v proteinu AP1 byla způsobená dávným HGP z předka příbuzného 

bakteriím rodu Ralstonia a následnou reorganizací pomocí rekombinace, která spojila obě 

domény ve funkční celek. K HGP mohlo dojít různými způsoby, nicméně vzhledem k tomu, 

ţe se jedná o dávnou událost, není moţné určit přesný mechanismus. Je taktéţ moţné 

předpokládat i jiné alternativy pro vysokou podobnost fosfoesterázové domény k bakteriálním 

sekvencí, které vylučují HGP (např. ztráta této domény z rostlinných genomů, nebo duplikaci 

rostlinné domény s následnou divergencí). Tyto hypotézy se však ukázaly být nedostatečně 

pravděpodobné.  

      Podrobná fylogenetická analýza antibakteriálního proteinu AP1 u S. tuberosum ukázala, 

ţe horizontální genový přenos a kombinace proteinových domén můţe být důleţitým zdrojem 

genů s novou funkcí, a tím můţe přispět ke schopnosti adaptace eukaryot. Předpokládáme 

však, ţe u vyšších eukaryot k podobným událostem dochází s nízkou frekvencí. Tento případ 

podporuje tvrzení, ţe při identifikaci HGP by měla být věnována větší pozornost evoluční 

historii menších funkčních jednotek, neţ jsou celé geny, t.j. například proteinovým doménám. 
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4. Shrnutí 

 

Evoluční historii rostlin poměrně často (ve srovnání s evolucí zvířat a hub) doprovázely 

"síťové" evoluční události. Takové evoluční sítě jsou tvořeny interspecifickou hybridizací, 

coţ je proces charakteristický pro rostlinnou říši. Také horizontální genový přenos (HGP) 

můţe být povaţován za příčinu síťovité evoluce, i kdyţ u eukaryot k němu dochází zřejmě v 

malé četnosti. Značný pokrok sekvenačních technologií, komparativní genomiky, a zvětšující 

se mnoţství dat umoţňuje identifikaci nových případů HGP. Tyto jsou vzhledem k nedostatku 

experimentálních dat identifikovány většinou náhodně, na základě jejich důsledků, t.j. dochází 

k neshodě v evolučních vztazích rekonstruovaných pouţitím fylogenetických metod.  

      Naše práce dál přispěla ke zvyšujícímu se mnoţství případů HGP zahrnujícímu vyšší 

eukaryota, a zejména rostliny. Byly potvrzeny a popsány dva případy spontánního 

horizontálního genového přenosu, který zahrnují bakterie z rodu Ralstonia a dva různé 

rostlinné hostitele, druhy rodu Silene, a lilek brambor (Solanum tuberosum). Tyto případy 

naznačují, ţe u eukaryot jsou přirozené bariéry, které zabraňují příjmu cizorodé DNA, 

pravděpodobně překonávány ve větší míře, neţ se předpokládalo. Co se týče spontánní 

bakteriální transformace rostlin, doposud je známý pouze případ transformace druhů z rodu 

Nicotiana bakteriálním druhem Agrobacterium rhizogenes. Na základě našich výsledků 

jemoţno tudíţ předpokládat, ţe druhy rodu Agrobacterium nejsou jediné bakterie schopné 

přenášet svou genetickou informaci do rostlinných genomů. Nesmírně zajímavé je zjištění, ţe 

horizontální genový přenos bakteriální DNA v souhře s dalšími procesy, jako například 

rekombinace mezi genomickými oblastmi, dal vznik mozaikovému antimikrobiálnímu 

proteinu AP1 u lilku brambory, který evidentně poskytuje rezistenci vůči bakteriálnímu 

donorovi DNA, a tím hostiteli poskytuje značnou adaptivní výhodu. Tento případ dále 

ukazuje, ţe při snaze identifikovat HGP je třeba věnovat zvýšenou pozornost evoluční historii 

menších strukturních jednotek (např. proteinových domén), neţ jsou celé geny. Nevýhodou 

těchto studií je, ţe se jedná o dávné události, a tak většinou není moţné přesně identifikovat 

okolnosti a mechanismy, které se podílely na začlenění cizorodé DNA do hostitelského 

genomu. Studium případů spontánního HGP však poskytuje nejenom zajímavá vodítka, ale 

především otevírá otázky ohledně nových cest k šíření informačních molekul, transgenů, 

organel, či patogenů, a také ohledně začleňování a expresní kontrole spontánních transgenů v 

rostlinných genomech. 



17 

 

Abstract 

Evolutionary history of plants was relatively frequently (when compared with the evolution of 

fungi and animals) accompanied by reticulate evolutionary events. Such reticulations can be 

caused by interspecific hybridization - a process that is characteristic for plant kingdom. 

Horizontal gene transfer (HGT) can also be regarded as a cause of reticulate evolution, even 

though in eukaryotes it appears to be rather infrequent. Enormous progress in sequencing 

technologies, comparative genomics along with the increasing amount of sequence data 

enables to detect novel cases of HGT. These are mostly ancient events identified randomly 

based on their consequences, i.e. phylogenetic incongruence in evolutionary relationships. 

Our work further contributes to the increasing number of HGT cases involving higher 

eukaryotes.  We confirmed and characterized two cases of spontaneous gene transfer. These 

cases involve donor bacteria from the genus Ralstonia and two plant hosts species from the 

genus Silene and potato (Solanum tuberosum). This suggests that the natural barriers 

preventing uncontrolled uptake of foreign DNA in eukaryotes can be probably circumvented 

at higher frequency than previously though. To date, only one case of spontaneous bacterial 

transformation of plants is known involving species from the genus Nicotiana and bacterial 

species Agrobacterium rhizogenes. Our results thus indicate that species from the genus 

Agrobacterium are not the only bacteria able to naturally transform plants. An interesting 

findings is that HGT in concert with other processes, e.g. recombination between genomic 

regions, gave rise to mosaic antimicrobial protein AP1 in potato. This protein confers 

resistance to the putative donor of DNA, and provides the host with appreciable adaptive 

advantage. This case further shows that while attempting to identify HGT events, attention 

should also be paid to evolutionary history of smaller structural units (e.g. protein domains) 

rather than to whole genes only. A drawback of these studies is that they deal with ancient 

events, and it is thus difficult to exactly identify circumstances and mechanisms that took part 

in the foreign DNA incorporation to the host genome. Studying spontaneous HGT does not 

only provide us with interesting links, but also opens questions regarding novel routes of 

spread of informational molecules, transgenes, organelles, or pathogens. It also provides clues 

concerning integration and the control of expression of spontaneous transgenes in plant 

genomes. 
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In eukaryotic organisms, horizontal gene transfer (HGT) is regarded as an important though 

infrequent source of reticulate evolution.  Many confirmed instances of natural HGT 

involving multicellular eukaryotes come from flowering plants. This review intends to 

provide a synthesis of current knowledge regarding HGT in higher plants with an emphasis 

on tobacco and other species in the Solanaceae family because there are numerous detailed 

reports concerning natural HGT events, involving various donors, in this family. Moreover, in 

depth experimental studies utilizing transgenic tobacco are of great importance for 

understanding this process. Valuable insights are offered concerning the mechanisms of HGT, 

the adaptive role and regulation of natural transgenes, and new routes for gene trafficking. 

With an increasing amount of data on HGT, a synthetic view is beginning to emerge. 

 

 

Key words: Agrobacterium; grafting; horizontal gene transfer; plasmodesmata; reticulate 

evolution; Solanaceae; tobacco; viruses 
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Horizontal gene transfer (HGT) has been one of the most debated topics in evolutionary 

biology during the last two decades, because it has substantially challenged our view of the 

evolutionary history of genomes. In bacteria, HGT occurs at a high frequency and plays a key 

role in the shaping of bacterial genomes throughout evolution.  Historically, HGT played a 

crucial role in eukaryote origins, which involved the engulfment of bacteria that subsequently 

gave rise to plastids and mitochondrion, an integration of their genetic material within the host 

genome, along with subsequent and still ongoing migration of organellar DNA to the nucleus 

(Keeling and Palmer, 2008). Contemporary eukaryotic nuclei seem relatively resistant to the 

transfer of foreign DNA (if transfer of DNA from organelles is excluded). This is apparently 

caused by the complexity and sophistication of natural barriers that prevent uncontrolled 

uptake of nucleic acids and due to various mechanisms of germline sequestration. An 

exception is the frequent DNA uptake by microbial eukaryotes, which is often associated with 

a phagotrophic lifestyle, endosymbiosis, or parasitism (Andersson, 2005; Keeling and Palmer, 

2008; Keeling, 2009). Nevertheless, there are numerous examples of HGT involving 

multicellular eukaryotes.  Examples include the large number of genes from various donors in 

bdelloid rotifers (Gladyshev et al., 2008) or gene transfer from intracellular bacteria 

Wolbachia into several of its arthropod hosts (Hotopp et al., 2007). The growing number of 

such examples suggests that obstacles to the uptake of foreign DNA can be circumvented in 

rather complex organisms. Moreover, with an increasing amount of sequencing data, new 

instances of HGT involving multicellular eukaryotes are being discovered. Many of these 

have been reported in plants (recently reviewed by Bock, 2010). Indeed, plants are very good 

candidates for HGT; compared to animals, their germline is more exposed to external agents, 

and genomes of plants appear to be more plastic than those in animals (e.g., Kejnovsky et al., 

2009). 
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In this short review, we discuss nuclear HGT in flowering plants with an emphasis on tobacco 

(Nicotiana tabacum), its close Nicotiana relatives and other Solanaceae. There are several 

reasons why we decided to focus our attention on the representatives of this family. Although 

the frequency of HGT in eukaryotes has been assumed to be very low, there are several 

reports of foreign genes from various donors (bacteria and viruses) being incorporated in the 

genome of solanaceous species. Moreover, in some species, foreign insertions have been 

experimentally investigated in detail, providing valuable clues about the mechanisms of HGT. 

So far, the detection of numerous natural nuclear HGT events within one taxonomic group is 

rather exceptional (in contrast to HGT of mitochondrial genes). The greater number of 

examples in solanaceous species may be largely due to the fact that many of these species are 

economically important and more attention has been focused on their investigation. In 

addition, in depth experimental studies related to various HGT issues have been performed on 

tobacco, which is also one of the best model species in transgenic research. We review the 

studies concerning cases of natural HGT involving various donors (bacteria and viruses) as 

well as experiments on HGT mechanisms using artificially transformed tobacco.  

 

HGT from bacteria— The most well-known HGT involving bacteria and higher plants 

involves plant transformation by Agrobacterium species (A. tumefaciens and A. rhizogenes). 

While a detailed account of man-made transformation of plants is outside the scope of this 

review, it is worth briefly mentioning the procedure, which has become a widely used tool in 

molecular biology research and biotechnology (e.g., Tzfira and Citovsky, 2006). Moreover, 

most of the information about the molecular mechanism of DNA transfer comes from the 

studies on Agrobacterium-mediated plant transformation.  

During transformation, the production of T-DNA and its transport into plant cells is promoted 

by a set of genes located on the bacterial chromosome and Ti (Ri) plasmid. Host proteins 
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primarily direct T-DNA transport within the cell, its import to the nucleus and integration in 

sites of double-stranded breaks by non-homologous recombination (e.g., Karami et al., 2009; 

Gelvin 2010). Tobacco, like many other Solanaceae species can be transformed both by A. 

tumefaciens and A. rhizogenes (e.g., Visser et al., 1989; de la Riva et al., 1998; Tzfira and 

Citovsky, 2006; Chen et al., 2007). Broothaerts et al. (2005) have shown that tobacco is also 

susceptible to transformation by other non-Agrobacterium species such as Rhizobium sp., 

Sinorhizobium meliloti, Mesorzhizobium loti when these were supplied by the disarmed Ti-

plasmid and a binary vector. 

 

Almost three decades ago a natural transfer of DNA from Agrobacterium rhizogenes was 

reported to have occured during the evolution of the genus Nicotiana (White et al., 1985; 

Furner et al., 1986). It was most probably an ancient infection by an A. rhizogenes-like 

bacteria that left a footprint in at least 15 species (out of 42 species investigated) belonging to 

distinct sections of the genus Nicotiana as suggested by PCR analysis and Southern 

hybridization (Intrieri and Buiatti, 2001). Phylogenetic studies based on corresponding genes 

from different strains of A. rhizogenes and different Nicotiana species suggest that there have 

been at least two independent cases of horizontal gene transfer of T-DNA from A. rhizogenes 

to the genomes of Nicotiana species (i. e., natural transformation) in the history of the genus 

Nicotiana (Intrieri and Buiatti, 2001; Suzuki et al., 2002). This implies that the genus 

Nicotiana is probably more prone to horizontal gene transfer from A. rhizogenes to its genome 

in comparison with other angiosperms as no such cases were reported in other plant genera.    

Cases of natural transformation by A. rhizogenes were studied in detail in N. glauca (Furner et 

al., 1986), where transferred genes comprise a region homologous to the pRi (root-inducing 

plasmid) T-DNA with several ORFs: rolB, rolC, ORF13 and ORF14 ordered as an 

incomplete inverted repeat. The region containing ORFs in N. glauca is called cT-DNA 
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(cellular T-DNA) and ORFs were correspondingly denoted as NgrolB, NgrolC, NgORF13 

and NgORF14. Such homologous ORFs have been also found in wild-type N. tabacum 

(Meyer et al., 1995; Frundt et al., 1998). Artificially transformed plants (tobacco, carrot or 

morning glory) containing pRi of A. rhizogenes displayed an abnormal phenotype known as 

hairy root syndrome, exhibiting increased root mass, dwarfism due to reduced internode 

length, reduced apical dominance, wrinkled leaves or altered flower morphology (David et al., 

1984; Tepfer 1984). It has been surmised that the insertion of pRi T-DNA might have 

contributed to speciation within the genus Nicotiana, since some of the transformation 

symptoms could confer an adaptive advantage to the species (e.g., increased root mass) 

(Suzuki et al., 2002). However, it has been demonstrated that inserted T-DNA genes have 

undergone rearrangement events (duplications, insertions, deletions) in each species since the 

divergence of Nicotiana species from the common ancestor that harboured the insertion 

(Intrieri and Buiatti, 2001; Suzuki et al., 2002) resulting in variable transcription patterns of 

these genes (Intrieri and Buiatti, 2001). In N. glauca for example, Ngrol genes are all 

transcribed to some extent, but the expression does not result in an abnormal phenotype (Aoki 

and Syono, 1999b; Aoki, 2004), thus there is no competitive advantage to be gained. The lack 

of phenotypic changes have been attributed to the truncation of the NgrolB gene that contains 

a premature stop codon when compared to the original rolB gene of A. rhizogenes (Aoki and 

Syono, 1999b; Aoki, 2004). 

Interestingly, in hybrids of N. glauca x N. langsdorffii, as well as in many other Nicotiana 

hybrids in which one parent carries rol genes (i.e., those originated by natural transformation) 

and the second parent lacks these genes, genetic tumors are spontaneously formed (e.g., Ahuja, 

1962; Smith, 1988). The rol genes are thought to be involved in the regulation of growth 

factor synthesis and tumorogenesis (Aoki et al., 1994; Nagata et al., 1995; Udagawa, 2004). 

Indeed, NgORF13, NgORF14, NgrolB and NgrolC genes are expressed in genetic stem 
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tumors of the N. glauca x N. langsdorffii hybrid, while their transcripts were not detected in 

leaves (Aoki et al., 1994), which suggests that the expression of rol genes is strongly 

regulated. It is most probably a disturbance in control that results in tumor formation (e.g., 

Aoki et al., 1994; Ahuja, 1996; Udagawa et al., 2004). Environmental conditions are thought 

to play an important role in the formation of tumors and altered phenotype in interspecific 

hybrids. One of the suggested regulatory mechanisms is epigenetic control by DNA 

methylation as indicated by experiments with 5-azacytidine treatment of cell cultures 

originating from nontumorous N. glauca x N. langsdorffii hybrids where hypomethylation 

triggered tumor induction (Durante et al., 1989). Direct testing of the role of DNA 

methylation and other epigenetic mechanisms in the control of expression in genes 

horizontally transferred into Nicotiana genome from the genus Agrobacterium still remains to 

be performed.  

 

HGT from viruses— Even though bacteria are generally regarded as the most frequent donors 

of DNA to eukaryotes, footprints of viruses in the genomes of flowering plants also appear to 

be relatively frequent (Table 1). There are several reports of incorporation of viral DNA into 

the genomes of species from the genus Nicotiana. A well-studied case is the integration of 

geminiviral DNA into the genome of Nicotiana tabacum (inherited from its N. 

tomentosiformis paternal parent) and its three diploid relatives N. kawakamii, N. tomentosa 

and N. tomentosiformis (from the section Tomentosae) (Day et al., 1991; Bejarano et al., 

1996; Ashby et al., 1997; Murad et al., 2004). Geminiviruses are insect-transmitted single-

stranded DNA viruses that are able to infect a wide range of plants (Lazarowitz, 1992). 

Geminivirus-related DNA (GRD) in Nicotiana genomes is thought to arise through 

illegitimate integration of geminiviral DNA into the nuclear genome of an ancestor followed 

by amplification, divergence by deletions, and rearrangements. GRD’s are arrayed as multiple 
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direct repeats and are composed of a degenerated geminiviral rep gene and a non-transcribed 

intergenic region carrying the origin of replication (ori). These repeats can be classified into 

two main families (denoted as GRD3 and GRD5), each of which contains blocks of several 

tens of direct tandem repeats (Murad et al., 2004). It is hypothesized that these families 

originated from two independent integration events into the ancestor of the Tomentosae 

species (Murad et al., 2002). Although individual members of both families are methylated 

and diverged, it has been speculated that they may have originally been involved in the host 

plant’s resistance to viral infections  (Murad et al., 2004). 

Further studies have identified the presence of pararetroviral sequences, called endogenous 

pararetrovirus (EPRV) sequences, in the genomes of Nicotiana species as well as in several 

other members of Solanaceae. Pararetroviruses possess dsDNA and are considered 

retroelements due to their use of reverse transcription during replication. They usually, but not 

always, lack an integrase activity (Richert-Pöggeler and Shepherd, 1997). EPRVs are 

assumed to integrate via illegitimate recombination into the genome of their hosts where they 

can accumulate to high copy number (Harper et al., 2002). Jakowitsch et al. (1999) discovered 

pararetrovirus-like sequences integrated into the tobacco genome by illegitimate 

recombination. There are at least two families of EPRVs associated with polyploid tobacco, 

presumably inherited from its parental species. One family is supposed to have been 

integrated into N. sylvestris genome before polyploid formation (Jakowitsch et al., 1999), 

showing similar copy number, arrangement and DNA methylation pattern as in N. tabacum 

(Mette et al., 2002). The second family is represented by insertions integrated to N. 

tomentosiformis that show significantly increased abundance compared to N. tabacum due to 

either elimination from the tobacco genome or expansion in the N. tomentosiformis genome 

after polyploid formation (Gregor et al., 2004). Lockhart et al. (2000) identified an 

endogenous form of tobacco-vein-clearing-virus (TVCV) in N. edwardsonii. In this hexaploid 
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hybrid between N. glutinosa and N. clevelandii, activation of EPRVs occurs resulting in 

episomal infectious viral particles. However, in N. glutinosa (the paternal parent from which 

the EPRVs have been inherited; no copies are present in N. clevelandii) the copies are silent, 

showing no traces of virus infection. It is thought that endogenous EPRVs are kept under 

control by gene silencing mechanisms and may confer resistance to the virus (Matzke et al., 

2004; Staginnus and Richert-Pöggeler, 2006). 

Pararetrovirus-like sequences are also integrated in the genomes of other solanaceous species, 

such as petunia (Richert-Pöggeler and Shepherd, 1997), potato (Solanum tuberosum) (Hansen 

et al., 2005) and tomato (Solanum lycopersicum) (Staginnus et al., 2007). EPRVs integrated 

into plant genomes are often non-functional copies. In petunia, tomato and tobacco, EPRVs 

are often cytosine-methylated, suggesting transcriptional silencing. In some cases, EPRVs can 

be activated and can lead to infection symptoms (e.g., Richert-Pöggeler and Shepherd, 1997; 

Lockhart et al., 2000). Activation has often been observed in interspecific hybrids and could 

be triggered by stress conditions (e.g., changes in the light regime (Richert- Pöggeler and 

Shepherd, 1997; Lockhart et al., 2000)). Homology-dependent gene silencing has been 

hypothesized as a possible adaptive role for EPRVs as a mechanism of host defense against 

viruses (Jakowitsch et al., 1999; Mette et al., 2002; Staginnus et al., 2007).  

 

Plant-to-plant exchange of genetic material— There is an increasing number of reports 

concerning natural HGT between higher plants. Most of the reported cases of HGT in 

flowering plants are either associated with parasitism and/or they involve mitochondrial 

sequences. Exchange of mitochondrial genes can occur in diverse directions involving various 

plant groups (angiosperms, gymnosperms, mosses, ferns), and most of the transfers are 

thought to be of recent origin (Bergthorsson et al., 2003; Won and Renner, 2003; Davis and 

Wurdack, 2004; Mower et al., 2004; Nickrent et al., 2004; Berghorsson et al., 2004; 
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Woloszynska et al., 2004; Schönenberger et al., 2005; Davis et al., 2005; Barkman et al., 

2007) (Appendix S1, see Supplemental Data with the online version of this article). A unique 

case is the massive uptake of foreign mitochondrial genes from a wide range of plant donors 

by a basal angiosperm Amborella trichopoda (Bergthorsson et al., 2004). Shrubs of A. 

trichopoda live in diverse epiphytic associations that could serve as potential routes for DNA 

exchange other than parasitism. Interestingly, in contrast to the intensive flow of 

mitochondrial genes involving A. trichopoda, there is no report of chloroplast DNA transfers 

in this species (Goremykin et al., 2003;  Rice and Palmer, 2006). This appears to be a general 

trend that holds for land plants (Rice and Palmer, 2006). To date, there has been no evidence 

for the between-species HGT of plastid genes despite the availability of numerous plant 

plastid genomes (Rice and Palmer, 2006; Keeling, 2010). This contrasting pattern has been 

attributed to the fact that unlike plastids, mitochondria are able to actively take up the DNA 

(Koulintchenko, 2003) and have been shown to often fuse with each other (e.g., Arimura et al., 

2004). Interestingly, in spite of the abundance of mtDNA HGT in land plants, there are only 

negative reports concerning such transfer in tobacco, whose mitochondrial genome has been 

completely sequenced, and in other Solanaceae (e.g., the absence of a homing group I intron 

in the mitochondrial cox1 gene in Solanaceae as shown by Sanchez-Puerta (2008)).  

Further cases of plant-to-plant transfer involve transmission of mobile elements between 

flowering plants, thought to be mediated by some kind of a vector (Table 2). Recently, 

Yoshida (2010) reported on a natural HGT of a nuclear gene encoding a protein with 

unknown function from the parasitic plant Striga hermonthica (from eudicot Orobanchaceae 

family) to its monocot crop host Sorghum bicolor. These findings indicate that cell-to-cell 

contact established between plant species provides another possible route for gene flow 

through cell boundaries.  
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Valuable insights into gene transfer mediated by cell-to-cell contact in plants come 

from tissue grafting experiments. Tissue grafting, which shares some similarities to parasitic 

and symbiotic associations between plants, is widely used in plant breeding; however, similar 

associations also occur in nature (e.g., root-mediated grafting in trees (e.g., Jelínková et al., 

2009)). Since Darwin’s era, grafting has been supposed to give rise to ―graft hybrids‖ (Darwin, 

1883). The term "graft hybrids" was chosen because they arose from grafted plants and 

showed characters of both graft partners.  In general, two different groups of ―graft hybrids‖ 

can be distinguished according to their origin. The first case is so called ―vegetative hybrids‖ 

that are claimed to be result of the ―mentor grafting‖ (e.g., a seedling at cotyledonary phase is 

grafted onto an older stock; leaves of the scion except for two to three at the top are removed 

during the entire growth) (reviewed by Liu, 2006). They represent a controversial topic as 

their existence would mean that not only the phenotype but also genetic properties of scion 

can be influenced by stock. There is a suspicion that these results were often due to 

―ignorance or deliberate deception‖ and therefore the view of genetic community concerning 

―vegetative hybrids‖ has been skeptical (e.g., Redei, 1998). Although more recent efforts 

(spent in, e.g., eggplant, red pepper, petunia, tomato or tobacco) have generated some 

interesting and more credible observations (reviewed by Taller et al. 1998 and Liu 2006), a 

clear-cut interpretation of these observations is still not possible because no reliable molecular 

data are available. There is, however, experimental evidence that RNA molecules can travel 

long distances in a phloem sap and at least some of them are even accumulated in the shoot 

meristem (Ruiz-Medrano et al., 1999). The discovery of mRNA traffic in phloem, the role of 

RNAi (reviewed by Qui and Hanon, 2005), and findings in epigenetics (reviewed by Richards, 

2006) indicate that some cases mimicking ―vegetative hybridization‖ could occur. Occasional 

reverse transcription of the mRNA coming from the rootstock could of course even result in 

the heritable transfer of the acquired information.  
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The second group of ―graft hybrids‖ is represented by periclinal chimeras  that 

originate by regeneration from the boundary between the stock and the scion (reviewed, e.g., 

by Lee and Oda, 2003).  Their origin can be stimulated by the removal of almost the whole 

scion. Until 2009, it was generally assumed that the cells in the chimera completely retain the 

genetic identity of the original ―parents‖ (rootstock or scion) and that no transfer of genetic 

information occurs. However, Stegemann and Bock (2009) provided the first molecular 

support for nucleic acid transfer by performing grafting experiments with two transgenic 

tobacco lines. One line carried the kanamycin resistance gene and the yellow fluorescent 

protein reporter gene in the nucleus, while the second carried the spectinomycin resistance 

gene and the green fluorescent protein gene in its chloroplast genome. They demonstrated, 

that both reciprocal grafting procedures resulted in the occurrence of cells harboring both 

marker and reporter genes, and that these cells occurred in the graft junction area only. 

Transferred genes were shown to be stably inherited in subsequent generations of plants 

recovered from cells originating from the graft site, suggesting that changes can become 

heritable only via formation of lateral shoots from the graft junction. Stegemann and Bock 

(2009) further showed that the direction of gene transfer was solely from plastids to the 

nucleus, indicating that DNA can be transferred as large fragments or even as the entire 

chloroplast genome. While the mechanisms of DNA transfer between cells are largely 

unknown, plasmodesmata are speculated to be involved in the transfer (Stegemann and Bock, 

2009).   

 

Intracellular DNA transfer from chloroplasts to the nucleus— Intracellular gene transfer 

(IGT) from both mitochondria and chloroplasts is a widespread and ongoing process in 

flowering plants (e.g., Timmis et al., 2004; Leister, 2005; Noutsos, 2005; Richardson and 

Palmer, 2007; Bock and Timmis, 2008). Although this kind of gene transfer is not HGT in 
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sensu stricto, it is worth mentioning experimental studies focused on gene trafficking from 

chloroplasts to the nucleus in tobacco, as they provide us with important clues about 

mechanisms that can be extended to the non-organellar gene transfer.  Stegemann et al. (2003) 

and Huang et al. (2003) designed a clever experimental system based on the transformation of 

tobacco chloroplast DNA with a specific construct bearing two antibiotic resistance genes 

(one gene with a chloroplast specific promoter and a second gene with a nuclear specific 

promoter). Leveraging the ability of tobacco plants to regenerate from a single transformed 

cell, the experimenters were able to create cycles of strong selection for antibiotic resistant 

plants. These experiments provided evidence that the invasion of chloroplast DNA to the 

nucleus occurs at an unexpectedly high rate at approximately 1 in 5,000,000 somatic cells 

(Stegemann et al., 2003), and 1 in 16,000 pollen grains (Huang et al., 2003; a similar order of 

magnitude was detected in Sheppard et al., 2008). Such elevated rates of transfer in male 

gametes are attributed to the same mechanisms that serve to prevent paternal inheritance of 

chloroplast; degradation of the plastid genome during male gametogenesis might serve as a 

source of DNA fragments available to enter the nucleus of male gametes (Nagata et al., 1999; 

Sheppard et al., 2008). Moreover, these results suggest that DNA travels predominantly as a 

bulk of chloroplast DNA (rather than mRNA or cDNA, as is often a case of gene transfers 

from mitochondria to nucleus (e.g., Nugent and Palmer, 1991; Adams et al., 2000)) from the 

plastid and recombines into a chromosome in the nucleus. Huang et al. (2003, 2004) used 

transplastomic tobacco plants to characterize de novo insertions of chloroplast DNA in the 

nucleus and revealed signs of insertions that resulted from double-strand break repair 

mediated by non-homologous recombination giving rise to loci with various degrees of 

complexity. Stegemann and Bock (2006) showed that successful activation of the marker gene 

in the nucleus is accompanied by several types of rearrangement such as deletions on short 

directly repeated sequences, deletions without homology at the breakpoints, point mutations, 
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and insertions related to double-strand breaks repair. These rearrangements are a consequence 

of capturing a nuclear gene promoter right upstream of the chloroplast gene (since promoter 

trapping is of key importance for enhancing transcriptional activity), often resulting in fused 

reading frames with upstream nuclear genes. Highly AT-rich non-coding regions downstream 

of chloroplast genes provide ready-to-use sites for RNA cleavage and polyadenylation, further 

contributing to the success of chloroplast-to-nucleus DNA transfer. However, the nuclear 

genome seems to effectively eliminate those sequences that do not become functionally 

activated (Huang et al., 2004; Stegemann and Bock, 2006). Deletions on short direct repeats 

and accumulation of point mutations are two mechanisms suggested to be involved in the 

rapid degeneration and elimination of transferred sequences in tobacco. Attention has so far 

been focused on the escape of DNA from organelles and their incorporation into the nuclear 

DNA as well as the fate of integrated sequences. The mechanisms that enable DNA fragments 

to enter the nucleus remain, however, to be experimentally elucidated. 

 

HGT involving fungi— Despite many differences between land plants and fungi, both groups 

are communally involved in tight ecological associations (e.g., mycorrhiza, endosymbiosis or 

commensalism, host-pathogen interactions, etc.) and thus ample opportunities for the 

exchange of genes are provided. Very close cell-to-cell contact is present in the system: 

mycorrhizal fungal symbiont-plant symbiont and parasitic fungus-plant host. There are 

indications that mycorrhizal fungi can serve as vectors of gene transfer between vascular plant 

species (e.g, between fern Botrychium virginianum (L.) and an unknown member of the 

parasitic order Santalales; Davis et al., 2005). For many cases of HGT, the mechanism of 

DNA transfer is not known (e. g., Bergthorson et al. 2003, Won and Renner 2003), and the 

role of fungi has been considered a viable possibility. The predisposition of fungi to work as 

putative vectors was stressed by Davis et al. (2005). 
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Indeed, mycorrhizas has been detected in 94% angiosperm plant families and in 85% of 

angiosperm species (Wang  and Qiu, 2006).  Moreover, it is known that mycorrhizal fungi are 

unspecific in their host selection and they therefore connect many distantly related plants in 

the same community (Smith and Read, 1997). However, the possibility, that fungi take part in 

HGT involving land plants, has not been largely explored to date. To our knowledge, the only 

systematic survey addressing this issue is the study of Richards et al. (2009). Their analysis 

indicates that the exchange of genetic information between plants (particularly the 

angiosperms) and fungi is rare, though ancient transfers occurred during the plant evolution 

and provided important adaptive phenotypes to both fungi and plants.  Convincing reports of 

recent transfers between fungal and angiosperm lineages are, to our knowledge, lacking. 

However, it has been suggested that the group I intron in the mitochondrial cox1 gene was 

recently horizontally transferred from fungi to some undetermined angiosperm and 

subsequently underwent extensive HGT to other lineages of flowering plants (Vaughn et al., 

1995; Cho et al., 1998). It is questionable why there is such an extremely low rate of HGT 

between fungi and angiosperms being detected, given that fungi are not at all resistant to HGT 

involving various counterparts (e.g., Rosewich and Kistler, 2000; Jones et al., 2005). Are 

there specific barriers preventing an exchange, or does the lack of convincing cases point to 

insufficient sampling and a lack of resolution of analytical methods for HGT detection?  It 

would be worthwhile to examine these findings in the light of cumulative genomic data. 

 

DISCUSSION 

 

The discovery of horizontal gene transfer significantly changed our view of the processes 

governing the evolution of organisms, both prokaryotic and eukaryotic. The frequency of 

HGT in eukaryotes has been a matter of discussions among evolutionary biologists, and the 



 TALIANOVA AND JANOUSEK 17 

 

increasing amount of confirmed cases of genes in eukaryotes acquired via HGT supports the 

idea that it is an ongoing and important process shaping eukaryotic genomes. The relative 

frequency of HGT events is very difficult to estimate. Most likely, the HGT events that 

researchers are discovering in eukaryotes are just "the tip of the iceberg".  Indeed, the 

incorporation of foreign DNA into eukaryotic genomes is a complex process. If transfer 

events go to completion, only those sequences that provide some advantage to the new 

genome have a chance at preservation. Otherwise, they are quickly inactivated and eliminated 

from the nucleus, as is for example the case of chloroplast fragments that were incorporated 

into the nucleus of tobacco (Stegemann and Bock, 2009). This means that we are most likely 

to detect those events that are functional or that have been transferred recently, or those that 

have still remained some evolutionary signal detectable by current phylogenetic methods. 

Furthermore, the case of HGT involving mitochondrial genes reminds us that confirming that 

an HGT event has happened is difficult; one has to carefully consider other alternative 

explanations (Martin, 2005; Cusimano et al., 2008; Goremykin et al., 2009). Moreover, 

sampling is still very sparse; despite enormous advances in sequencing methods and 

comparative genomics, we are still at the very beginning.  

 

Species-specific factors accounting for HGT— It is immensely interesting to follow the 

pattern of HGT occurrence that starts to emerge from the accumulating data on HGT. Despite 

the sparse sampling, it is possible to assume that species vary considerably in the propensity 

to undergo HGT. In contrast to the numerous events of natural HGT in tobacco and other 

solanaceous species, there are no reports of natural HGT in other plant species in literature. 

For example, despite the availability of its complete genome sequence, no HGT events have 

been detected in Arabidopsis thaliana (Brassicaceae). However, though considerable effort 

has been leveraged at detecting HGT events in eukaryotes, it remains possible that the 
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genomes of other completely sequenced plant genomes have not been sufficiently surveyed 

for foreign genes that could have originated via HGT. Detailed analysis is sometimes able to 

reveal cases of HGT that can otherwise escape the detection (e.g., Rice and Palmer, 2006). It 

is possible to speculate that detailed analysis of all the so far sequenced genomes could reveal 

new cases of HGT in land plants. Although such analyses would require substantial effort, we 

believe this would be a valuable initiative. We performed a series of BLAST comparisons of 

several viral genomes (all completely sequenced NCBI representatives of the family 

Bromovirideae, Caulimovirideae and Geminiviridae) and bacterial species able to infect A. 

thaliana (completely sequenced genomes of Agrobacterium tumefaciens, Pseudomonas 

syringae, Pseudomonas aeruginosa, Ralstonia solanacearum, Xanthomonas campestris, 

along with plasmid sequences of Agrobacterium rhizogenes, A. radiobacter, A. vitis) with the 

genome of A. thaliana (more details in Appendix S2, see Supplemental Data with the online 

version of this article). However, we did not detect any convincing traces of potential HGT 

involving these species.  Nevertheless, our approach was limited to only three groups of 

viruses that are known to infect plants and few bacteria that have been shown to infect A. 

thaliana and most probably our methods would not have been able to detect more ancient 

HGT events. Undetected sequences notwithstanding, the seeming lack of the foreign 

sequences in A. thaliana genome is intriguing, and it is tempting to hypothesize about the 

reasons why it is so. If we relax the assumption that HGT occurrence is a purely random 

process, it would be worth examining the hypothesis that there are species-specific factors 

that could increase the probability of HGT events. We admit that in this regard comparing 

Arabidopsis with tobacco is like comparing David with Goliath. Arabidopsis is a rather 

ephemeral species with a rapid life cycle, and thus it is less likely to interact extensively with 

other species. On the other hand, tobacco lives longer (even though the life-span can vary 

within N. tabacum), giving it more potential opportunities for HGT. However, lifespan may 
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not be the best determinant of species interactions. One might assume, due to the ephemeral 

life strategy of A. thaliana, that it is less prone to pathogens, and that interactions with 

pathogens are less important in this species. However, this is not the case; many pathogens are 

able to seriously attack A. thaliana, and numerous resistance genes were selected in natural 

populations to fight bacterial and fungal pathogens (reviewed by Polland et al. 2009).  

It is also well known that species like tobacco and its relatives can readily regenerate 

(in vitro even from a single somatic cells); moreover, they easily propagate clonally. Another 

noteworthy fact is that plastid transformation is to date commonly performed only in tobacco 

because the efficiency in other plants is very low (reviewed in Wang et al. 2009). We can 

speculate that the high degree of the genome plasticity combined with some specificities of 

the lifestyle of the species (e.g., diverse associations with other species, life-span, 

vulnerability to pathogens, etc.) could account for the likelihood that horizontal gene transfer 

will occur. In contrast, A. thaliana is known for its compact genome, suggesting that selection 

forces act at the genome level to maintain reduced genome size. In plants, DSB repair is 

thought to contribute to the variation of genome sizes; it prevents genome enlargement caused 

by the spread of retrotransposons (Grover et al., 2008). Since insertion of exogenous DNA has 

been though to occur via double-strand break repair (e.g., Blanchard and Schmidt, 1995; 

Salomon and Puchta, 1998;), species-specific differences in the effectiveness of DNA repair 

machinery could also contribute to the differences in the content of foreign DNA. 

Comparisons of deletion formation via double-strand break (DSB) repair in somatic cells 

between tobacco and Arabidopsis thaliana revealed strong differences between these two 

relatively closely related taxa with big differences in genome size (~20 fold) (Kirik et al., 

2000).  While in Arabidopsis DSB repair is predominantly accompanied by deletions, most 

probably resulting in its small genome size, in tobacco, various insertions into the break site 

along with smaller-scale deletions (in comparison with Arabidopsis) have been observed 
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(Kirik et al., 2000). In accordance with this, Orel and Puchta (2003) further showed that 

exonucleolytic degradation of exogeneous DNA is much more effective in Arabidopsis than 

in tobacco. Unfortunately, there are no data available for comparisons of other species within 

the same family. Therefore, the hypothesis that DNA repair mechanisms influence the 

likelihood of incorporation of foreign DNA into the genome is still questionable. It is most 

probably a complex of many other factors that is ultimately responsible for the difference in 

the content of foreign DNA.  

 

Adaptive role and regulation of natural transgenes— Regarding the transfer of adaptive 

traits, bacteria have much more to offer compared to viruses. Nonetheless, gains in selective 

advantage from transferred genes are not well documented. Rol genes acquired from A. 

rhizogenes have been suggested to contribute to the phenotype of Nicotiana species, leading 

to reproductive isolation and speciation in the history of this genus (e.g., Suzuki et al., 2002). 

If this had been the case, we would expect the phenotypes characteristic of rol gene 

expression of would be exhibited by wild-type species. Unfortunately, to our knowledge, such 

traits have not yet been reported. The adaptive function of integrated sequences of viral origin 

and their impact on plant genomes is also currently unresolved. In most cases, endogenous 

viral sequences are present in numerous copies and have a repetitive character. Plants grown 

under normal growth conditions do not usually exhibit symptoms of infection. Detection of 

short RNAs homologous to endogenous pararetroviruses in healthy tomato plants (LycEPRV) 

and the methylation of  LycEPRV  (Staginnus et al., 2007) have confirmed previous 

hypotheses suggesting that  EPRVs might confer resistance to the exogeneous virus (Richert-

Pöggeler and Shepherd, 1997; Jakowitsch et al., 1999; Gregor et al., 2004). Thus the 

suggested adaptive role of these sequences could be connected with suppression of viral 
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infection by RNA-mediated silencing, i.e., RNA-directed DNA methylation, or 

postranscriptional- and translational gene silencing (PTGS and TGS) (Staginnus et al., 2007). 

Whatever the adaptive role, if any, of these insertions might be, their activity appears to be 

under strict control. The role of methylation-mediated regulation of expression of foreign 

inserts in plants is supported by the finding that their activity can be restored or increased 

during stress conditions. Such activation of both bacterial and viral insertions was observed 

mostly in interspecific hybrids and was intensified by abiotic stress (growing in in vitro cell 

cultures, frequent wounding, water stress, grafting, heat stress or changing light regime) (Aoki 

et al., 1994; Ahuja, 1996; Lockhart and Lesmann, 1997; Lockhart et al., 2000; Dallot et al., 

2001; Zeidan et al., 2001; Richert-Pöggeler et al., 2003; Lhereux et al., 2003; Udagawa et al., 

2004). The role of stress in HGT does not seem to be restricted to the expression regulation of 

inserts already present in the genome. Incorporation of foreign DNA might be promoted if 

host cells to lose their ability to guard their nuclear genomes (e.g., induction of double-strand 

breaks by transposon activation during stress conditions (e.g., Capy et al., 2000; Puchta, 

2005)). If this is the case, it opens the question of whether stress-mediated transfers are 

controlled or random, and whether they somehow enable plants to deal with the stress. 

However, we currently lack the experimental data that could shed light on these issues. 

 

Agrobacterium is (not) alone— The notion that bacteria are the most common donors of 

genetic material to eukaryotes has been challenged by numerous findings of viral sequences in 

flowering plant genomes. Only a few cases of HGT from bacteria to flowering plants have 

been detected so far. They include Agrobacterium rhizogenes insertions (rol genes) found in 

Nicotiana species (Table 1). Can we assume that there might be other bacteria able to 

naturally transform their eukaryotic hosts? It is not unlikely, given that the determinants of 

gene transfer could be shared by horizontal gene transfer between bacteria. Broothaerts et al. 
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(2005) suggest that if there are other genes responsible for gene transfer other than those 

located on the Ti plasmid of A. tumefaciens (gene transfer being only a part of otherwise more 

complex virulence phenotype), other bacteria (at least Rhizobia) possess homologs of these 

genes. Moreover, Broothaerts et al. (2005) hypothesized that those few vir-genes present on 

the Ti plasmid could be sufficient to make bacteria competent for the gene transfer.  

Few other bacteria (Rhizobium, Sinorhizobium, Mesorhizobium) related to Agrobacterium sp. 

were shown to be able to naturally transform plants as long as they have been equipped with 

the Ti plasmid of Agrobacterium tumefaciens (Broothaerts et al., 2005). There is also a report 

of a horizontal gene transfer from Ralstonia solanacearum-like bacterium into the potato 

(Solanum tuberosum) genome accompanied by protein domain reshuffling, which has resulted 

in a mosaic protein that confers resistance to Ralstonia solanacearum (Feng et al., 2003; 

Talianova et al., submitted). 

 

DNA trafficking through cell-to-cell channels— Apart from a vector- mediated (e.g., viruses, 

bacteria or insects) DNA transfers, an alternative mechanisms of HGT relies on the ability of 

relatively small informational macromolecules (RNAs and proteins), and possibly also of the 

DNA fragments, to migrate between the cells as suggested by the tissue grafting experiments 

on transgenic tobacco. Stegemann and Bock (2009) hypothesized that the transfer of 

chloroplast DNA (or even the whole organelle) could occur through plasmodesmal 

connections of cells in the tobacco graft and scion junction. However, experiments conducted 

in the holoparasitic angiosperm genus Pilostyles have shown that whole, intact mitochondria 

are too large to be passed through plasmodesmata (Nickrent et al., 2004). More support for 

the hypothesis of Stegemann and Bock was provided by studies on associations of plant 

parasites such as shoot holoparasites Cuscuta sp. (Convolvulaceae) or root parasites 

Phelipanche sp. (Orobanchaceae) with their plant hosts. These studies have shown that there 
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is an intensive flow of pathogens, such as viruses (Hosford, 1967; Roos and Aldrich, 1988; 

Gal-On et al., 2009) or phytoplasmas (e.g., Heintz, 1989; Macrone et al., 1999), and 

macromolecules (proteins and RNAs) (Haupt et al., 2001; Roney et al., 2007; Westwood et al. 

2009) between the host and parasite.  Such findings indicate that the symplastic link (i.e., 

plasmodesmata) is established at the host-parasite interface to allow for such transport. 

Trafficking of macromolecules through plasmodesmata is selective and regulated, involving 

various plasmodesmal constituents, accompanied by an actino-myosin-dependent mechanism 

inside plasmodesmata (Gerdes et al., 2007; Lucas et al., 2009). Physical limitation (i.e., size 

exclusion limit; SEL) has been documented to be variable and several proteins have been 

identified that can induce increase the SEL and widen of plasmodesmal channels (Lucas et al., 

2009). The plasmodesmal SEL is supposed to vary according to the developmental stage, and 

it is probably tissue- or even cell-type specific (Zambryski and Crawford, 2000; Cilia and 

Jackson, 2004; Ueki and Citovsky, 2005). 

Whether bulk DNA or organelles can be transported in this manner remains undetermined. 

Interestingly, in mammals, de novo formation of membrane channels (i.e., tunneling 

nanotubes; TNT) similar to plasmodesmal channels in plants have been reported to occur in 

various cell-types (Gerdes and Carvalho, 2008). These channels have been shown to allow 

direct intercellular transfer of organelles (mitochondria or endosomes) (e.g., Koyanagi et al., 

2005), components of plasmatic membrane (e.g., Rustom et al., 2004), or viral proteins (e.g., 

Sowinski et al., 2008).  

In flowering plants, there are reports of the formation of cytoplasmic channels during a 

process called cytomixis - an infrequent cytological phenomenon that occurs in wide range of 

plant species (e.g., Heslop-Harisson, 1966). It involves the migration of chromatin material/ 

chromosomes through intercellular bridges. Cytomictic channels are thought to be derived 

from plasmodesmata (Heslop-Harrison, 1966) since they are large enough to enable transfer 
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of whole nuclei or cytoplasmic organelles (Risueno et al., 1969). Despite being observed at 

very low frequency in mitotic cells (e.g., Bowes, 1973; Wang, 2004), cytomixis most 

frequently occurs spontaneously during the meiosis of pollen mother cells. This often results 

in gametes with reduced fertility and increased or decreased ploidy levels and might 

contribute to evolution of aneuploid and polyploid plant species (e.g., Lattoo et al., 2006; 

Negrón-Ortiz, 2007; Singhal and Kumar, 2008; Mursalimov et al., 2010). However, due to its 

rarity and harmful effects, cytomixis should be regarded as a pathological process. 

Based on above findings it appears that supracellularity applies for fungi, plants and animals 

(Baluška, 2009). Eukaryotic cells appear to communicate intensively and selectively among 

each other. Most interestingly, such connections can be established among cells of different 

organisms (e.g., host and parasite in plants), or they can even be forced by pathogens that 

enable them to spread. Whether this route has more often contributed to horizontal gene 

transfers in eukaryotes, however, remains to be clarified. In addition, in the studies of HGT, 

special attention should be given to the genes whose transcripts are present in the phloem sap, 

since they are accessible for putative vectors (insects or parasitic plants). 

 

Horizontal DNA transfer and GMO— As final reminder, we discuss horizontal gene transfer 

and GMOs (genetically modified organisms). HGT has raised many concerns regarding the 

use of GMOs, especially GMO plants. Many of these concerns are related to the release of 

transgenes to soil and their uptake by soil microorganisms. However, to date, such risks have 

been found to be negligible (e.g., Sweet, 2009). Moreover, the spread of the antibiotic 

resistance genes from crops among bacteria does not constitute any selective advantage, 

because various resistance genes and other genetic determinants are already naturally present 

in the soil (Demanèche et al. 2008). Also, the possible risk of the fungus mediated HGT does 

not seems very dangerous as it appears to be relatively rare, at least according to the present 
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status of knowledge (reviewed in Davis et al. 2005), and the putative cases of this type of 

HGT involved mainly mitochondrial genes (e.g., Bergthorsson et al., 2003). However, this 

risk should be taken into account because of the hypothetical possibility of uncontrolled 

spread of transgenes via mycorrhizal systems (see above). There is, however, a much higher 

risk of pollen-mediated gene flow between crop GMO plants and its crop or wild relatives. 

Many species from the family Solanaceae are important crop species that do undergo 

monitoring to prevent such transgene escape (e.g., Celis et al., 2004; Rotino et al., 2005; 

Warwick et al., 2009). Since one of the containment strategies to prevent pollen-mediated 

transgene flow relies on transformation of chloroplasts (e.g., Bock, 2007; Moon et al., 2009), 

recent findings showing that genes can traffic at high frequency from chloroplast to the 

nucleus in tobacco have important implications for biotechnology. Moreover, a low frequency 

of chloroplast paternal leakage, and transmission of chloroplast-genome transgenes via pollen 

has been shown in tobacco (Ruf et al., 2007). Even though solanaceous species appear to be 

very plastic, the risk of transgene flow mediated by HGT can be regarded as negligible 

compared to that mediated by pollen dispersal. Since there are numerous applications where 

the risk of transgene flow via pollen has to be reduced to zero,  the above findings suggest that 

chloroplast transformation itself is not a panacea and should be accompanied by other 

containment measures (e.g., Warwick et al., 2009; Moon et al., 2009). To ascertain the level 

of such risks, more quantitative studies regarding the frequency of chloroplast DNA 

trafficking to the nucleus are needed from other species used for genetic modification. 

In any case, discovering new routes of gene trafficking between species and understanding the 

mechanisms of HGT is one of the important prerequisites for effective transgene control in 

genetically modified organisms.  
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Conclusion— The evolutionary history of plants compared to many animal and fungal taxa 

has been frequently accompanied by reticulate evolutionary events. Such reticulations are 

mainly caused by interspecific hybridization - a feature characteristic for plant kingdom. 

Horizontal gene transfer can also be regarded as a source of network-like evolution (not only 

in plants), however this process is much less frequent. With an advance in sequencing and 

comparative genomics, increasing amounts of data can be used not only for more exact 

reconstructions of tree-of-life, but also for identification of new cases of HGT. Due to the lack 

of experimental data, currently these events are mostly detected accidentally by studying their 

effects (e.g., incongruence in evolutionary reconstructions). Despite the scarcity of natural 

HGT cases and the lack of detailed knowledge about the mechanisms governing uptake and 

incorporation of foreign DNA in plants, some trends are already starting to come out. Studies 

on natural HGT in solanaceous species along with experimental studies on gene transfer using 

transgenic tobacco have provided researchers with interesting clues about novel routes to the 

spread of informational molecules, transgenes, organelles or pathogens, as well as clues about 

the incorporation and control of expression of natural transgenes in plant genomes.  
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Tables  

 

TABLE 1. Published records of horizontally transferred genes from bacteria and viruses to 

angiosperms. 
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Recipient Donor Gene State Citation 

Several species from the genus 

Nicotiana (Solanaceae)  

(at least two independent natural 

transformation events in this 

genus) 

Agrobacterium  rhizogenes  

 

 

rolB, rolC, ORF13, ORF14 Genes active in some species, 

inactivated in others 

Furner et al. (1986),Meyer et al. (1995), 

Frundt et al. (1998), Aoki and Syono 

(1999a, 1999b),Intrieri and Buiatti 

(2001), Suzuki et al. (2002) 

     

N. tabacum, N. tomentosiformis, 

N. tomentosa, N. kawakamii 

Geminivirus-related 

insertions (Geminiviridae) 

Significant sequence similarity with 

the replication origin and the 

adjacent rep gene 

Copies degenerated and rearranged 

to various extent 

Bejarano et al. (1996), Ashby et al. 

(1997) 

Petunia sp. (Solanaceae) Petunia vein-clearing virus 

(PVCV) (Caulimoviridae) 

Full-length viral genome with 

functional ORFs 

Clusters of integrated PVCV DNA; 

episomal virus can be reconstituted 

Richert-Pöggeler and Shepherd (1997) 

Musa spp. (Musaceae) Pararetroviral banana streak 

virus (Caulimoviridae)  

Full-length viral genome with 

functional ORFs 

Some copies are not functional; 

some integrated viral sequence can 

induce an episomal viral infection 

Harper et al. (1999), Ndwora et al. 

(1999) 

Nicotiana tabacum, N. 

edwardsonii, N. glutinosa,  N. 

sylvestris, N. tomentosiformis 

Tobacco vein clearing virus 

(TVCV)-like insertions 

(Caulimovirideae) 

Both full-length virus copies as well 

as degenerated copies 

In some species, episomal virus can 

be reconstituted 

Jakowitsch J et al. (1999), Lockhart et 

al. (2000), Gregor et al. (2004) 

Poncirus trifoliata Caulimovirus-like Sequence with high similarity to 

reverse transcriptase of 

caulimovirus 

Not known Yang et al. (2003) 

Oryza sativa and closely related 

Oryza species 

Rice tungro bacilliform 

virus (RTBV) 

(Caulimoviridae) 

Rearranged structures, no intact 

ORF of the virus  

Most likely non-active copies Kunii et al. (2004) 

Solanum tuberosum (Solanaceae) Pararetrovirus-like 

sequences 

Fragments of viral DNA No complete copy of pararetrovirus 

has been recovered yet 

Hansen et al. (2005) 

Vitis vinifera (Vitaceae) Potato virus Y (PVY) 

(Potyviridae) 

PVY-coat-protein-like cistron Some potyviral sequences have 

retained the coat protein ORF 

which can be expressed 

Tanne and Sela (2005) 

Dracaena sanderiana 

(Agavaceae) 

Dracaena mottle virus 

(DrMV)(Caulimoviridae) 

Genomic southern blot signals with 

several ORFs of DrMV 

Not known Su et al. (2007) 

Lycopersicum esculentum  

L. hirsutum (Solanaceae) 

Pararetrovirus 

(Caulimoviridae) 

Full-length viral genome with 

functional ORFs 

Some copies are not functional, 

some integrated viral sequence can 

induce an episomal viral infection 

Staginnus et al. (2007) 

Dahlia variabilis (Asteraceae) Dahlia mosaic caulimovirus 

(DMV)(Caulimoviridae) 

Genomic southern blot signals with 

ORF1 and ORF4 of  DMV 

Not known Pahalawatta et al. (2008) 

Vitis vinifera (Vitaceae) Pararetrovirus-like 

sequences 

(Caulimovirideae) 

Partial ORFs corresponding to 

reverse transcriptase 

Nonactive Bertsch et al. (2009) 
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TABLE 2. Published records of putative horizontal gene transfer of non-organellar DNA between 

angiosperms. Parasitic species are denoted in bold.   
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Recipient Donor Gene State Citation 

Festuca ovina (Poaceae) Poa (Poaceae) PgiC2 Both active and degenerated copies 

are present in the genome 

Ghatnekar et al. (2006) 

Setaria sp. (Poaceae; tr. 

Panicoideae) (direction of 

the HGT is not clear) 

Oryza sp. (Poaceae; tr. 

Bambusoideae) (direction of 

the HGT is not clear) 

Mu-like element  Most likely inactive Diao et al. (2006) 

Several Oryza sp. (direction 

of the HGT is not clear) 

Oryza australiensis (Poaceae) 

(direction of the HGT is not 

clear) 

RIRE1 (LTR-retrotransposon 

family) 

Multicopy insertion; some copies 

are probably active in all species 

Roulin et al. (2008) 

Lycopersicon sp.  Arabidopsis thaliana Rider (Ty1-copia-like 

retrotransposon ) 

Active Cheng et al. (2009) 

Oryza sp. (Poaceae; tr. 

Bambusoideae) 

Saccharum sp. (Poaceae; tr. 

Andropogoneae) 

Route66 (LTR-retrotransposon)                               Active Roulin et al. (2009) 

Striga hermonthica 
(Orobanchaceae) 

Sorghum (Poaceae) or related 

grass species 

Gene encoding a protein of 

unknown function 

Not known                                                    Yoshida (2010) 
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Published records  of  horizontally transferred genes located in plant mitochondria. Parasitic species are 

denoted in bold. 
a
 adopted

 
from Richardson and Palmer (2006). 

b
 HGT questioned by Martin (2005) and 

Goremykin et al. (2009). 
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MARTIN, W. 2005. Lateral gene transfer and other possibilities. Heredity 94: 565-566. 

 

RICHARDSON, A. O., AND J. D. PALMER. 2007. Horizontal gene transfer in plants. Journal of 

Experimental Botany 58: 1-9. 
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Recipient Donor Gene(s) State Citation 

Actinidia Monocot rps2 Recapture of a gene previously 

lost to the nucleus 

a,b Bergthorsson et al.   

  (2003) 

Amborella Eudicot atp1 Duplication of a gene  

Betulaceae Unclear rps11 Recapture of a gene previously 

lost to the nucleus 

 

Caprifoliaceae Ranunculales rps11 Recapture of a gene previously 

lost to the nucleus 

 

Sanguinaria Monocot 3‘ rps11 Creation of a chimeric gene  

Gnetum Asterid nad1B-C Duplication of a gene 
aWon and Renner (2003) 

Rafflesiaceae Tetrastigma  *Vitaceae nad1B-C Not known 
aDavis and Wurdack 
(2004) 

Plantago Orobanchaceae atp1 Duplication of a gene 
aMower et al. (2004) 

Plantago Convolvulaceae atp1 Duplication of a gene  

Apodanthaceae Fabales atp1 Not known 
a Nickrent et al. (2004) 

Amborella Angiosperm 
Angiosperm 

atp4, atp6, atp8, atp9, ccmB, ccmC, 
ccmFN1, cox2 (2x), cox3, nad1, 
nad2, 
nad4, nad5, nad7, rpl16, rps19, sdh4 

Duplication of a gene 
a, b Bergthorsson et al.   
   (2004) 

  Moss cox2, nad2, nad3, nad4, nad5, nad6, 
nad7 

Duplication of a gene  

Phaseolus 
 

Angiosperm 
 

cp pvs-trnA 
 

Novel gene 
aWoloszynska et al. (2004) 
 

Ternstroemia Ericaceae atp1 Not known 
aSchönenberger et al. 
(2005) 

Bruinsmia Cyrillaceae atp1 Not known  

Botrychium Santalales nad1B-C, matR Duplication of a gene 
aDavis et al. (2005) 

Rafflesia, Rhizanthes Vitis, Tetrastigma atp1 Not known    Barkman et al. (2007) 

Pilostyles Pisum, Psorothamnus atp1 Not known  

Mitrastema Fagus, Quercus atp1 Not known  
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A comparison of genomic sequences of organisms listed below against the nuclear genome of Arabidopsis 

thaliana was performed with blastn program and following parameters:  

match = 2; mismatch = -3; gap-open = 5; gap-extend = 2 

 

gi|159186452|ref|NC_003064.2| Agrobacterium tumefaciens str. C58 plasmid At, complete sequence 

gi|159161952|ref|NC_003065.3| Agrobacterium tumefaciens str. C58 plasmid Ti, complete sequence 

gi|159184118|ref|NC_003062.2| Agrobacterium tumefaciens str. C58 chromosome circular, complete 

sequence 

gi|222112705|ref|NC_011994.1| Agrobacterium radiobacter K84 plasmid pAgK84, complete sequence 

gi|222108940|ref|NC_011990.1| Agrobacterium radiobacter K84 plasmid pAtK84b, complete sequence 

gi|222101962|ref|NC_011987.1| Agrobacterium radiobacter K84 plasmid pAtK84c, complete sequence 

gi|10954646|ref|NC_002575.1| Agrobacterium rhizogenes MAFF03-01724 plasmid pRi1724, complete 

sequence 

gi|190404344|ref|NC_010841.1| Agrobacterium rhizogenes plasmid pRi2659, complete sequence 

gi|71754380|ref|NC_006277.2| Agrobacterium tumefaciens K84 plasmid pAgK84, complete sequence 

gi|190014640|ref|NC_010929.1| Agrobacterium tumefaciens Ti plasmid pTiBo542, complete sequence 

gi|10954820|ref|NC_002147.1| Agrobacterium tumefaciens MAFF301001 plasmid pTi-SAKURA, 

complete sequence 

gi|10955016|ref|NC_002377.1| Agrobacterium tumefaciens plasmid Ti, complete sequence 

gi|222102329|ref|NC_011986.1| Agrobacterium vitis S4 plasmid pAtS4a, complete sequence 

gi|222109117|ref|NC_011991.1| Agrobacterium vitis S4 plasmid pAtS4b, complete sequence 

gi|222083145|ref|NC_011984.1| Agrobacterium vitis S4 plasmid pAtS4c, complete sequence 

gi|222102412|ref|NC_011981.1| Agrobacterium vitis S4 plasmid pAtS4e, complete sequence 

gi|222080117|ref|NC_011982.1| Agrobacterium vitis S4 plasmid pTiS4, complete sequence 

gi|218888746|ref|NC_011770.1| Pseudomonas aeruginosa LESB58, complete genome 

gi|71733195|ref|NC_005773.3| Pseudomonas syringae pv. phaseolicola 1448A, complete genome 

gi|17544719|ref|NC_003295.1| Ralstonia solanacearum GMI1000, complete genome 

gi|17548221|ref|NC_003296.1| Ralstonia solanacearum GMI1000 plasmid pGMI1000MP, complete 

sequence 
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gi|66766352|ref|NC_007086.1| Xanthomonas campestris pv. campestris str. 8004 chromosome, complete 

genome 
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Biological sequences (DNA, RNA and amino 
acids) are complex sources of genetic variation due 
to various mechanisms such as local changes in 
DNA sequences, rearrangements of DNA segments 
or DNA acquisition by horizontal gene transfer 
(reviewed in Arber 2000). Thus, the comparative 
analyses of genes and whole genomes enable an 
exciting view into evolutionary processes and re-
lationships between genetic materials of different 
living organisms. The evolutionary process not only 
determines relationships among species, but also 
allows prediction of structural, physiological, and 
biochemical properties (Chambers et al. 2000).

Phylogenetic construction is a hierarchical 
process

Molecular phylogenetics is a continuously evolv-
ing area, using and developing methods that en-
able to extract necessary information. Most of the 
techniques used in phylogenetic analyses produce 
phylogenetic trees (phylogenies), which repre-
sent evolutionary histories of compared species. 
Reconstruction of molecular phylogenetic relation-

ships using DNA, RNA or amino acid sequences 
is a hierarchical process consisting of four steps: 
(1) alignment of homological sequences, (2) se-
lection of an appropriate mathematical model 
describing sequence evolution, (3) application of 
a suitable tree-building method with regard to the 
analysed data, and (4) assessment of the quality 
of the resulting phylogeny and interpretation of 
obtained results (Steel 2005).

Data and models of sequence evolution

Molecular phylogenetics can utilize various char-
acters, such as genome-level characters (Boore 
2006) (e.g. position of mobile genetic elements, 
genome re-arrangements, gene order position, 
etc.), but it mostly analyses data in the form of 
biomolecular sequences (nucleic acids or amino 
acids). Sequences for phylogenetic study are either 
generated in laboratory or retrieved from sequence 
databases and aligned. Correct alignment of se-
quences is a fundamental prerequisite for phylo-
genetic relationship reconstruction (Harrison and 
Langdale 2006). Each of the sequences is a subject 

Survey of molecular phylogenetics

M. Talianová

Institute of Biophysics, Academy of Sciences of the Czech Republic, Brno, Czech Republic

ABSTRACT

Rapidly increasing amount of biological data necessarily requires techniques that would enable to extract the in-
formation hidden in the data. Methods of molecular phylogenetics are commonly used tools as well as objects of 
continuous research within many fields, such as evolutionary biology, systematics, epidemiology, genomics, etc.
The evolutionary process not only determines relationships among species, but also allows prediction of structural,
physiological and biochemical properties of biomolecules. The article provides the reader with a brief overview of
common methods that are currently employed in the field of molecular phylogenetics.

Keywords: evolutionary model; distance-based methods; maximum parsimony; maximum likelihood; Bayesian 
inference; accuracy of phylogeny

Supported by the Czech Science Foundation, Projects Nos. 204/05/P505 and 521/05/2076, and by the Institutional 
Research Plan, Project No. AV0Z50040507.

This contribution was presented at the 4th Conference on Methods in Experimental Biology held in 2006 in the 
Horizont Hotel in Šumava Mts., Czech Republic.



414 PLANT SOIL ENVIRON., 53, 2007 (9): 413–416

of random (stochastic) influence of very complex 
evolutionary processes. Although often very sim-
plified, evolutionary processes can be described 
using mathematical models of evolution. Some 
models have very simple assumptions, while oth-
ers are very complex with numerous parameters 
representing various biologically relevant facts 
of sequence evolution. Examples of such param-
eters are branch lengths of trees (interspeciation 
times and rates of mutation along the branches), 
parameters associated with the substitution matrix 
(e.g. transition/transversion bias), or parameters 
that describe how mutation rates vary across sites 
in the sequence. The knowledge of the nature of 
data used in analyses is an important assumption 
when choosing a model of evolution. The most of 
the tree-building methods require mathematical 
model of sequence evolution, to either compute 
“distances” between sequences (number of differ-
ences corrected for backward, parallel or multiple 
substitutions) or to explicitly evaluate the prob-
abilities of changes between characters (nucleotides 
or amino acids) in all positions in the sequence. 
The simplest is the Jukes-Cantor model ( Jukes 
and Cantor 1969) assuming equal frequency of 
nucleotides and equal substitution rates. More 
realistic models are HKY model (Hasegawa et al. 
1985), General reversible model (GTR) (Rodríguez 
et al. 1990), Gamma-distributed-rates models 
(Wakeley 1994, Yang 1994) and Covarion models 
(Tuffley and Steel 1998). Considering evolution 
on the protein level, commonly used models are 
Dayhoff model of protein evolution (Dayhoff et al. 
1978), JTT models (Jones et al. 1992), Codon muta-
tion model (Goldman and Yang 1994), VT model 
(Muller and Vingron 2000), WAG model (Whelan 
and Goldman 2001) and many others.

The selection and assessment of the most suit-
able model is a crucial issue in the phylogenetic 
reconstruction. Various methods exist that enable 
to statistically test the accuracy of mathematical 
models. It is possible to perform a comparison of 
two models using likelihood ratio tests (LRTs) with 
nested models (i.e. one model is a special case of 
the second model) (e.g. Huelsenbeck and Crandall 
1997), Akaike information criterion (AIC) (Akaike 
1974) or Bayesian information criterium (BIC) 
(Schwarz 1974); otherwise, it is possible to test 
the overall adequacy of a particular model using 
parametric bootstrapping (e.g. Whelan et al. 2001) 
or Bayesian posterior prediction (Huelsenbeck et 
al. 2001).

Tree-building methods can be classified ac-
cording to several criteria (Hershkovitz and Leipe 

1998). The first way is to define them as either 
algorithm-based or criterion-based. Algorithm-
based methods produce a tree by following a series 
of steps (e.g. clustering algorithms), while crite-
rion-based methods use an optimality criterion 
(e.g. the least number of changes in the tree or 
the topology with a greatest probability of giving 
rise of analysed data) for comparing alternative 
phylogenies to one another and deciding, which 
one fits better. The second group of method-clas-
sification is represented by distance-based methods 
versus character-based methods. Distance-based 
methods compute pairwise distances according to 
some measure. Then, the actual data are omitted 
and the fixed distances are used in the construc-
tion of trees. Trees derived using character-based 
methods are optimised according to the distribu-
tion of actual data patterns in relation to a speci-
fied character.

Distance-based methods require evolutionary 
distance (i.e. the number of changes that have oc-
curred along the branches between two sequences) 
between all pairs of taxa. To obtain relatively un-
biased estimate of the evolutionary distance, it 
is useful to apply a specific evolutionary model 
that makes assumption about the nature of the 
evolutionary changes. The examples of distance-
based methods used in molecular phylogenetics 
are the Least-square method (Cavalli-Sforza and 
Edwards 1967, Fitch and Margoliash 1967) or the 
Unweighted pair-group method using arithmetic 
averages – UPGMA (Sokal and Michener 1958). 
However, the most popular distance-based tech-
nique is the Neighbor-joining method (Saitou 
and Nei 1987) based on agglomerative clustering. 
Its major strength is the substantial computational 
speed that makes this method suitable for large 
datasets; the weakness of this method is the loss 
of sequence information when converting the data 
to pairwise distances. It also produces only one 
tree and thus it is not possible to examine com-
peting hypotheses about the relationship between 
sequences.

Character-based (discrete) methods oper-
ate directly on the aligned sequences rather than 
on pairwise distances. Maximum parsimony 
(Edwards and Cavalli-Sforza 1963, Fitch 1977) 
does not require any model of sequence evolution; 
it just identifies the tree (or trees) that involves the 
smallest number of mutational changes (i.e. the 
shortest tree length or fewest evolutionary steps) 
necessary to explain the differences among the data 
under investigation. In many cases, MP methods 
are superior to other techniques because they 
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are relatively free of assumptions considering 
nucleotide and amino acid substitution. MP works 
well when compared sequences are not too diver-
gent, when the rate of nucleotide substitution is 
relatively constant and the number of nucleotides 
examined is large. Furthermore, the parsimony 
analysis is very useful for some types of molecular 
data (e.g. insertion sequences, insertions/deletions, 
gene order or short interspersed nuclear elements 
– SINEs). The typical problem of MP trees is so 
called “long-branch attraction” (Hendy and Penny 
1989) (or similarly “short-branch attraction”). 
This phenomenon occurs, when rapidly (slowly) 
evolving sequences are artefactually inferred to 
be closely related.

Maximum likelihood method (Cavalli-Sforza 
and Edwards 1967, Felsenstein 1981) requires a 
stochastic model of sequence evolution over time. 
The principle of the likelihood is that the explana-
tion, which makes the observed outcome the most 
likely (i.e. the most probable) to occur, is the one to 
be preferred. In maximum likelihood, the topology 
that gives the highest maximum likelihood value 
is chosen as the final tree. One of the strengths of 
the maximum likelihood method is the ease with 
which hypotheses about evolutionary relationships 
can be formulated. It enables incorporation of 
complex models to consider biologically important 
facts of sequence evolution. On the other side, this 
method is computationally very intensive and thus 
is not very appropriate for large datasets.

Recently, likelihood-based Bayesian infer-
ence using Markov chain Monte Carlo technique 
(Rannala and Yang 1996) has become a popular 
and very useful method; it has been applied to 
numerous problems in evolutionary or systematic 
biology.

Phylogenetic networks (e.g. Maddison 1997, 
Huson and Bryan 2006, Jin et al. 2006) enable to 
model evolutionary processes of organisms where 
non-tree events (reticulations) took part. The re-
ticulations arise due to horizontal gene transfer, 
hybrid speciation or recombination events, and 
thus create specific links among organisms.

Accuracy of phylogenetic tree

With the increasing emphasis in biology on 
reconstruction of phylogenetic trees, questions 
have arisen as to how confident one should be in 
a given phylogenetic tree and how the support 
for phylogenetic trees should be measured. The 
most commonly used methods are non-parametric 

bootstrap test (Felsenstein 1985) and jack-knife 
test (Efron 1982), based on random resampling of 
the original dataset (Efron 1982). These techniques 
provide a measure of “confidence” for each clade 
of an observed tree, based on the proportion of 
bootstrap trees showing the same branching pat-
tern. Another way of testing the reliability of phy-
logeny is parametric Bayesian inference (reviewed 
in Huelsenbeck et al. 2001) where the parameters 
such as the tree topology, branch lengths, or sub-
stitution parameters, are assessed by posterior 
probabilities.

However, when assessing accuracy of resulting 
phylogeny, one should be cautious when interpret-
ing the results. Besides relying on test values, vari-
ous biologically relevant facts causing artefactual 
relationships in the phylogeny (e.g. bad experi-
ment design, characteristics of the data, sources of 
homoplasy – parallelism, convergence, horizontal 
gene transfer) should be considered.

Implementation of phylogenetic methods

On the website http://evolution.genetics.washing-
ton.edu/phylip/software.html#methods is a compre-
hensive overview of various phylogenetic packages 
and programs. These are arranged according to 
different criteria, some of them are free, some 
commercial.
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Abstract 

 

The aim of this work was to characterize a nucleotide sequence MK14 that originated from a 

plasmid library obtained via DOP-PCR amplification of laser microdissected Y-chromosomes 

of Silene latifolia. This sequence showed significant similarity to parts of two adjoining genes 

from bacterial representatives of the genus Ralstonia. MK14 sequence contains a part of a 

conserved domain, and phylogenetic analysis based on this region confirmed its relationship to 

Ralstonia-derived sequences. Genomic Southern blot analysis proved the presence of this 

fragment in the genome of S. latifolia. We hypothesize that this insertion is of bacterial origin, 

and was probably gained via horizontal gene transfer. Moreover, MK14 insertion is shared by 

some  closely related Silene species, suggesting an ancient spontaneous transformation by an 

ancestor of bacteria from the genus Ralstonia.   
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Introduction 

The genus Silene (Caryophyllaceae) is an important model for the studies of various 

evolutionary aspects (e.g., evolution of sexual systems, evolution of sex chromosomes in their 

early phases), and in ecological studies (Bernasconi et al. 2009, Janousek and Mrackova, 

2010). However, only since recently genomic resources for Silene have become available 

greatly facilitating genetic and molecular studies in this genus. Chromosome microdissection, 

microcloning and construction of chromosome-specific genomic libraries are widely used tools 

in studying the structure of genomes and identification of chromosome-specific markers (e.g., 

Mariotti et al. 2006, Hobza and Vyskot 2007). Chromosome microdissection has been also 

used to study the structure of X and Y sex-chromosomes in S. latifolia (white campion, 

Caryophyllaceae) (Delichère et al. 1999, Matsunaga et al. 1999, Sugiyama et al. 2003, Hobza 

et al. 2004, Hobza et al. 2007). Several markers from the Y-chromosome genomic library were 

isolated and studied in detail (Hobza et al. 2006, Kejnovsky et al. 2006). The aim of this work 

was to characterize another sequence named MK14 that originated from  the genomic plasmid 

library derived from the DOP-PCR on the Y-chromosome of S. latifolia.  

 

Materials and Methods 

 

Plant material: In this study, several species of the genus Silene were used, including 

dioecious species S. latifolia (population MAV, inbred line kindly provided by Dr. S. 

Matsunaga, University of Tokio; Bc, interpopulation cross, seed material collection of the 

Institute of Biophysics, Brno; U9xCH, interpopulation cross, seed material collection of the 

Institute of Biophysics, Brno; MAVxBystrc, interpopulation cross, seed material collection of 

the Institute of Biophysics, Brno), S. dioica (seed material collection of the Institute of 

Biophysics, Brno), S. diclinis (seed material collection of the Institute of Biophysics, Brno), 

and gynodioecious species S. vulgaris (wild type population, Brno). Plants were grown in 

greenhouse conditions at 22 °C with 16 h of daylight. Axenic plant cultures from surface-

sterilized seeds of S. latifolia and S. vulgaris were grown on the BMS-10 medium (Ye et al. 

1990) with antibiotic cefotaxime (0.5 mg cm
-3

) in sterile conditions for 7 weeks in climate 

chamber at 22 °C with 16 h of the light. The presence of bacteria from the genus Burkholderia 

and Ralstonia in seeds of S. latifolia was tested by inoculation of homogenized seeds on the 

nonspecific King's B medium (King et al. 1954). 

 



Isolation of nucleic acids: DNA samples from individual plants were isolated using 

commercial kits for plant DNA isolation (Qiagen, Germany; Macherey-Nagel, Germany). RNA 

samples were isolated as described by Zluvova et al. (2010) from different tissues (leaves, 

flower buds of various size: 1 mm, 2 mm, 3 mm, > 3 mm) of both male and female individuals 

of S. latifolia  and cDNA was synthesized using the procedure described by Zluvova et al. 

(2006). As a positive control, actin primers were used for the amplification both cDNA and 

genomic DNA as described by Cegan et al. (2010). 

 

PCR amplification: Primers were designed along the MK14 fragment (forward primers: 

MK14F1n 5'-CGA TAT CGG TAC GGT CAA CA-3', MK14F2n 5'-CGT GCT GGA CGT 

GCA TAC G-3', MK14Fmt 5'-AAC GAT ATC GGT ACG GTC AA-3'; reverse primers: 

MK14Rn 5'-AAA AGC AAA GGA ATC CAG GC-3', MK14Rmt 5'-ATG ATC CGT GCA 

TTT TCC TA-3', MK14R1 5'-ATG ATC CGT GCA TTT TCC TAA TGT GGA T-3'). For all 

primer combinations, PCR amplification was carried out using the PCR mixture according to 

Michu et al. (2010) and following PCR cycles:  94 °C/3 min, 35 x (94 °C/ 30 s, 55 °C/ 60 s, 72 

°C/  45 s), 72 °C/ 4 min  using 20 ng of total genomic DNA of the studied species (S. latifolia, 

S. diclinis, S. dioica, and S. vulgaris). PCR products were cloned into a vector using 

commercial cloning kits (pGEM-T easy, Promega, USA). Reverse transcription PCR on the 

cDNA was run with primers MK14F2n and MK14Rmt using the same program as for standard 

PCR. 

 

Genomic Southern hybridization: For genomic Southern hybridization, 25-30 μg of each  

genomic DNA sample was digested with HindIII restriction enzyme (New England Biolabs, 

USA), because this restriction site is absent in the MK14 sequence. Samples were loaded on 

0.8 % agarose gel and transferred onto the positively charged nylon membrane (Amersham, 

USA) by capillary transfer. Hybridization was carried out for 16 h at 65 °C with a probe 

derived from a part of conserved CysN_NoDQ_III domain amplified from S. latifolia showing 

high similarity to the corresponding domain from the representatives of the genus Ralstonia. 

The probe was radiolabelled by [α-
32

P]-dCTP using the Prime-It II Random Primer Labeling 

Kit (Stratagene, USA). 

 

Phylogenetic analyses: Comparison of MK14 sequence against the public NCBI sequence 

database was performed using the Blast tool with the default settings. Amino acid sequences of 

the representatives of sulfate adenylyltransferase large subunit (or large subunit of ATP 



sulfurylase) were downloaded from the NCBI database creating a dataset of 4990 sequences. 

Redundant sequences (i.e., sequences that were 100 % identical) were excluded from the 

dataset in Jalview editor (Waterhouse et al. 2009) reducing the dataset to 1923 amino acid 

sequences. Resulting dataset was aligned together with bacteria-like amino acid sequences 

from Silene species in Mafft (Katoh et al. 2002). Due to the large number of sequences, 

phylogenetic analysis was performed using approximately-maximum-likelihood phylogenetic 

inference in FastTree  - a program that has been shown to be very efficient (in terms of both 

resolution and computation time) and thus it is very suitable for the analyses of large datasets 

(Price et al. 2010). In FastTree, statistical support for branches is tested by Shimodaira-

Hasegawa (SH) test which has been shown to be a good and very fast alternative to 

bootstrapping (Guindon et al. 2010). When using the SH test, for a given branch, estimated 

maximum-likelihood branch is compared to the next two most likely nearest-neighbor 

interchange (NNI) rearrangements of that branch (Guindon et al. 2010). Phylogenetic tree was 

visualized and edited in Dendroscope (Huson et al. 2007) 

 

 

Results and discussion 

 

To characterize sex chromosome specific markers we have analysed sequences from the Y-

chromosome specific plasmid library of DOP-PCR products (Hobza et al. 2006). A DNA 

sequence of our interest named MK14 (291 bp long) resulted from random selection of clones 

from this library. Blasting MK14 sequence against NCBI database revealed strong similarity (E 

= 5e
-152

) to two adjoining genes in bacterial species from the genus Ralstonia (gram-negative 

Betaproteobacteria, Burkholderiaceae), with no significant hits within plant kingdom. One part 

(85 bp) of this bacteria-like fragment of S. latifolia shows similarity to a part of a gene coding 

for uroporphyrin-III C-methyltransferase (nirE), while the second part (203 bp) revealed 

similarity to the part of a gene encoding the large subunit of sulfate adenylyltransferase (ATP 

sulfurylase; cysN)(Fig. 1). Within the second part, a part of conserved protein domain 

corresponding to the CysN_NodQ_III protein domain (named according to CysN protein and 

nodulation protein Q) has been identified. This domain is functionaly related  to the domain III 

of translation elongation factor Tu (EF_Tu), a GTPase which is essential for GTP hydrolysis 

(Martemyanov and Gudkov 2000). CysN and nodQ genes have been identified from 

proteobacteria and few gram-positive bacteria, other eubacteria, archaea and eukaryotes use 



different ATP sulfurylase that shows no amino acid similarity to CysN and NodQ (Inagaki et 

al. 2002). 

    To check whether this bacteria-like sequence does not result from bacterial contamination, 

we designed a set of primers covering the sequence MK14 and performed PCR, both on tissues 

of greenhouse-grown plants of S. latifolia, S. diclinis, S. dioica and on the axenic cultures of 

plants grown  from surface sterilized seeds of S. latifolia and S. vulgaris on the medium 

containing antibiotic cefotaxime. Moreover, bacteriological tests ruled out the possibility of 

presence of bacteria from the genus Ralstonia in the seeds of S. latifolia. 

The best results were obtained with the primer combination MK14F2n and MK14Rmt (ranging 

over the part of conserved CysN_NodQ_III domain) amplifying fragment of expected size (201 

bp). Sequencing and comparison of the sequences with the public NCBI databases confirmed 

that the amplified fragments showed a high similarity to the corresponding DNA sequences of 

species from the genus Ralstonia.   

    The phylogenetic relationship of the bacteria-like sequences from Silene species among all 

representatives of the sulfate adenylyltransferase (ATP sulfurylase) large subunit retrieved 

from the NCBI database was examined. Since the dataset was rather large (1928 amino acid 

sequences), we decided to use approximately-maximum-likelihood phylogenetic inference by 

FastTree. Phylogenetic tree revealed clustering of bacteria-like sequences derived from the 

Silene species with entries of bacteria from the genus Ralstonia with high statistical 

significance (see a subtree in Fig. 2).   

    To show genomic organization and to further confirm the presence of the bacteria-like 

sequences in the genome of S. latifolia, we performed Southern blot hybridization on genomic 

DNA isolated from two different populations. By hybridizing with the probe derived from the 

CysN_NodQ_III part of S. latifolia, signals were obtained for both male and female 

individuals, and in both populations  (one strong signal of 5.6 kb common for all individuals 

plus four minor intensity signals) (Fig. 3). This suggests that despite the original Ralstonia-like 

fragment MK14 was isolated from the Y-chromosome of S. latifolia, it is not Y-specific and 

most probably there are more than one copy present in the genome. Length polymorphisms 

were present both within and between populations. Three out of five hybridization signals are 

common for females and males in both populations. Within U9xCH population, there is a 8.3 

kb long fragment that appears to segregate, however no linkage to sexual phenotype was 

detected in any fragment. Population MAVxBystrc appears to harbor an extra band that is not 

present in the U9xCH population.  



Given the presence of  bacteria-like insertion in several closely related Silene species (both 

dioecious and gynodioecious) it is likely that the insertion was already present in the ancestor 

of these species. Such insertion might have been acquired from some Ralstonia-like bacteria. 

Present day species of this bacterial genus are associated with various ecological niches, such 

as water, soil, or plant rhizospheres. Some species are phytopathogenic, e.g., R. solanacearum 

(previously known as Pseudomonas solanacearum), which is a dangerous pathogen with wide 

host range, a causal agens of bacterial wilt (Strider et al. 1981). Other species (e.g., R. pickettii) 

are associated with infections in humans with attenuated immunity system (Stelzmueller et al. 

2006). 

    DNA can be asexually transmitted between more or less distantly related species through a 

process called horizontal gene transfer (HGT) (Keeling and Palmer 2008). However, it has 

been thought that higher eukaryotes only seldom take part in this process (Kurland et al. 2003). 

As the amount of sequences is increasing, new cases of HGT including multicellular 

eukaryotes are recorded (e.g., Keeling and Palmer 2008, Keeling 2009). In plants, numerous 

cases of foreign DNA uptake have been described including various donors of sequences (e.g., 

Richardson and Palmer 2007, Bock 2010, Talianova et al. submitted). Examples involve genes 

from the Ri plasmid of Agrobacterium rhizogenes (e.g., Furner et al. 1986), insertions of 

gemini- and pararetroviral sequences (e.g., Bejarano et al. 1996, Staginnus et al. 2007), and 

transfer of genes between plant species involving mitochondrial  and nuclear DNA  (e.g., 

Richardson and Palmer 2007, Roulin et al. 2009, Yoshida et al. 2010). Moreover, there is also 

a report of HGT from Ralstonia solanacearum-like bacterium into potato (Solanum tuberosum) 

genome accompanied by protein domain reshuffling, which has resulted in a mosaic protein 

conferring resistance to R. solanacearum (Feng et al. 2003, Talianova et al. submitted). 

Virtually, plants are good candidates for HGT - given the fact that in contrast to animals, plants 

lack sequestered germline. Thus transformation of any single meristematic cell giving rise to 

reproductive tissues, or transformation of a cell with a capability to regenerate a novel 

individual might be sufficient to pass the foreign DNA to further generations. 

    Several scenarios could explain how the bacterial DNA entered the genome of Silene. A 

spontaneous transformation might have been promoted during infection (i.e., if the ancestral 

bacterial donor was pathogenic) or symbiosis. An example of well documented HGT is 

artificial transformation of plants mediated by bacterial pathogens (A. tumefaciens and A. 

rhizogenes), and bacterial symbionts (Sinorhizobium meliloti, Mesorhizobium loti, and 

Rhizobium sp.) once these were equipped with the tumor-inducing plasmid of A. tumefaciens 

(Broothaerts et al. 2005). There are yet several other though less likely possibilities for DNA 



transfer, such as vector-mediated transfer (e.g., via squash-sucking insects as vehicles for 

bacteria) or root-mediated absorption of the naked DNA from the soil (Richardson and Palmer 

2007). 

    Mechanisms of HGT are difficult to elucidate, since the cases of HGT are rather detected as 

ancient events. Some clues can be deduced based on studies of the behaviour of putative 

donors. A good piece of information is, e.g., available from Agrobacterium rhizogenes 

mediated spontaneous transformation of Nicotiana species (e.g., Aoki and Syōno 1999). There 

is a good knowledge of the action of Agrobacterium sp. (A. rhizogenes and A. tumefaciens) 

leading to plant transformation promoted by the presence of specialized plasmid. Interestingly, 

many other bacterial species, including species from the genus Ralstonia, have been shown to 

possess specific kind of mobile DNA called biphenyl catabolic transposon Tn4371 (Toussaint 

et al. 2003, Ryan et al. 2009). The region of this integrative conjugative element was found to 

contain several plasmid-related genes (involved in plasmid replication or partition) together 

with a cluster of genes corresponding to the type IV secretion system (T4SS).  T4SS complexes 

are associated with the pathogenesis of various bacteria and are known to be involved in 

functions related to the delivery of substrate molecules to target cells, including the horizontal 

DNA transfer to both other bacteria and eukaryotic cells (Backert and Meyer 2006). Together 

with the ability of bacteria to easily share their genetic information this implies that there can 

be also other bacterial species able to deliver their DNA into the cells of eukaryotic hosts.  

    Another question is what happens with the DNA once incorporated into the host genome. It 

has been hypothesized that unless such insertions confer some adaptive role to the host 

organisms, they are often subjected to genetic degeneration (Keeling and Palmer 2008). In 

some cases expression of foreign DNA is regulated by host silencing mechanisms (Hobbs et al. 

1990, Staginnus et al. 2007). To see whether the bacteria-like fragment is expressed in S. 

latifolia, we performed reverse transcription PCR with primers MK14F2n and MK14Rmt on 

RNA samples isolated from leaves and flower buds. However, we have not detected any 

transcripts of the studied bacteria-like fragment (data now shown). This might be due to the 

reasons mentioned above - either the sequence does not provide any advantage to the host 

genome and undergoes degeneration, or some regulatory processes operate on it to prevent its 

expression in the plant. 

   Our work further contributes to an increasing amount of detected cases of HGT involving 

plants and other higher eukaryotes. These cases suggest that natural barriers preventing an 

uptake of foreign DNA are probably surpassed at a higher frequency than previously thought. 



Our results indicate that also other bacteria than Agrobacterium sp. could be able to transfer 

their genetic material across the borderline of bacterial kingdom.  
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Figure legends 

 

Fig. 1. Graphical representation of Silene latifolia MK14 nucleotide sequence along with 

homologies with corresponding genes cysN and nirE from Ralstonia species, and conservative 

domain CysN_NodQ_III. Positions of primers MK14F2n and MK14Rmt are denoted. Asterisk 

represents a termination codon. 



Fig. 2. A subtree  of  FastTree generated approximately-maximum-likelihood phylogeny of 

sulfate adenylyltransferase large subunit (entire phylogeny available upon request). Sequences 

from Silene species are highlighted in bold. Shimodaira-Hasegawa statistical support values are 

denoted at nodes (significance is measured as 1-P, where P is equal to the probability of the 

null hypothesis -  i.e., the reconstructed branch is not significantly more likely than alternative 

rearrangements).  



Fig. 3. Southern hybridization on the HindIII digested genomic DNA from individuals of two 

different S. latifolia populations (six female and six male individuals of the U9xCH population; 

one female and one male individual  of the MAVxBystrc population).  
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Abstract  Horizontal gene transfer (HGT) has been thought to play a role in both prokaryotic and eukaryotic evolution. 

However, the degree to which it shapes eukaryotic genomes is still questionable. The ability to detect and study horizontal 

gene transfer events is of significant importance for our understanding of its impact on the evolution of eukaryotic genes 

and genomes. We performed a phylogenetic analysis of a published anti-bacterial protein AP1 from potato (Solanum 

tuberosum). One domain encodes a phosphoesterase that showed high similarity to an acid phosphatase of Ralstonia 

solanacearum and closely related Betaproteobacteria. The second domain encodes an UspA-like domain similar to those 

present in plants. Our phylogenetic analyses suggest that both domains evolved along different evolutionary pathways 

until they merged into a single gene. We propose that the phosphoesterase domain was acquired through HGT. Our 

results support claims in favor of HGT detection at the protein domain level. The case of anti-bacterial protein AP1 in 

potato highlights the significance of gene fusion/ protein domain fusion as an important feature of horizontal gene 

transfer, which may greatly contribute to the adaptive abilities of eukaryotic organisms. 
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Introduction 

 

The enormous progress in molecular techniques and the rapidly expanding amount of genomic data from different 

organisms has significantly improved our understanding of the evolution of genes with new functions. Several 

mechanisms are known, alone or in the combination, to give rise to novel genes (reviewed in Long et al. 2003):  (1) exon-

shuffling, (2) gene duplication, (3) retroposition, (4) mobile elements, (5) gene fusion/ fission, (6) de novo origination, 

and (7) horizontal gene transfer. The degree to which each of these individual mechanisms is understood varies. In this 

work, we focus on horizontal gene transfer (HGT), a process that results in the transmission of genetic information 

between different species without sexual reproduction.  

         HGT has been thought to be an important process in prokaryotic genome evolution, contributing significantly to 

speciation and adaptation (Doolittle 1999; Keeling and Palmer 2008). The degree to which this process shapes modern 

eukaryotic genomes remains unclear, and its dynamics and importance are still controversial. Nevertheless, with an 

increasing amount of sequence data and more sensitive detection methods, new cases of HGT involving eukaryotes are 

emerging. Despite the many factors that make the detection of HGT difficult, including differential rates of base 

substitution (Mirkin et al. 2003), lineage-specific gene loss (Huang and Gogarten 2006; Rogers et al. 2007), or loss of 

phylogenetic signal during the course of evolution, there have been several attempts to estimate the extent of horizontal 

gene transfer in eukaryotes (e.g. Andersson 2005).  Most of these studies have explored whole gene distributions among 

different organisms, although several authors have claimed that this approach may be too superficial to identify transfer 

events (Wolf et al. 2000; Choi and Kim 2007; Chan et al. 2009). Chan et al. (2009), in their study of prokaryotic 

genomes, hypothesized that transferred and recombined regions of DNA might encode intact structural protein domains, 

which may serve as units of genetic transfer. These authors further demonstrated that within a genome, HGT, 

accompanied by homologous recombination, can rebuild even the most functionally conservative regions, and thus create 

genes with mosaic ancestry.  

 Feng et al. (2003) isolated and characterized an anti-bacterial protein (AP1) (and the corresponding DNA region, NCBI 

accession AY297449) from the potato (Solanum tuberosum) variety MS-42.3. The function of AP1 is to protect plants 

against two fungal pathogens (Rhizoctonia solani and Alternaria solani) and several strains of Ralstonia solanacearum, a 

serious bacterial pathogen of crop plants that causes wilt. Feng et al. (2003) noticed that AP1 consisted of two different 

protein domains. At the C-terminus, they reported sequence similarity to an ATP-binding domain seen in UspA (universal 



stress protein A). The ATP-binding domain contains a well-conserved motif mainly related to nucleotide-binding proteins 

and signal transduction mechanisms (Zarembinski et al. 1998). Feng et al. (2003) further proposed that the N-terminus of 

AP1 is weakly related to proteins found in plants, showing a high degree of similarity to an acid phosphatase from 

Mesorhizobium loti and from Burkholderia pseudomallei (58% and 53% identities respectively).  

We retrieved the sequence of AP1 from the NCBI database during our search for putative horizontally transferred 

sequences from bacteria Ralstonia solanacearum to plant genomes. Our aim was to estimate more precisely the 

evolutionary origin of both domains of AP1. The advantage of this study in comparison with the work of Feng et al. 

(2003) is that now much more sequencing data is available to create a more complete picture of the evolutionary origin of 

this interesting protein.  

 



Materials and methods 

 

Data Retrieval and Assembling  

 

To search for homologs of AP1 (both at the nucleotide and amino acid level) in species other than Solanum tuberosum, 

we blasted protein sequence databases and nucleotide databases available at NCBI, as well as in the latest release of the 

Pfam database (Solanum tuberosum AP1 Pfam accession is Q6WBY1). In further analyses, we used the Pfam database as 

a reference database from which to retrieve sequence data. First, we retrieved amino acid sequences of all representatives 

of protein domains belonging to phosphoesterase family and Usp family. Second, we extracted sequences for the 

comparison of AP1 protein domain components with plant versus bacterial family members. For the phosphoesterase 

family, sequences from all plant entries were assembled together with sequences from Ralstonia solanacearum and 

several other closely related species (R. metallidurans, R. pickettii, Burkholderia xenovorans, B. graminis, B. glumae, 

Chromobacterium violaceum). For the Usp family, due to its wide distribution and high abundance, we chose entries from 

plant genomes that have been completely sequenced and are present in Pfam (A. thaliana, M. truncatula, O. sativa, P. 

trichocarpa, V. vinifera, Z. mays and R. communis) and bacterial sequences from the same bacterial species used in the 

search of the phosphoesterase family. Third, a dataset containing AP1 phosphoesterase domain along with 

phosphoesterase domain sequences from the proteobacterial species was assembled. The datasets corresponding to 

phosphoesterase domains and to Usp domains, were treated separately.  

Further, annotated amino acid sequences of S. tuberosum proteins consisting of two or more protein domains were 

retrieved from Pfam. For each domain, members of the corresponding family were obtained from Pfam, and assembled 

into an individual dataset. To reduce the amount of data, each dataset was checked for 100 % redundant sequences. 

Redundancies were removed in Bioedit (Hall 1999) or Jalview (Waterhouse et al. 2009). 

Sequence alignments were created using ClustalX (Thompson et al. 1997) and MAFFT (Katoh et al. 2009). Sequences 

and alignments were edited in SeaView (Galtier et al. 1996) and Geneious (Drummond et al. 2006), multiple alignments 

were shaded using BOXSHADE (http://www.ch.embnet.org/software/BOX_form.html). 

 

 

Phylogenetic Analyses 



 

In an effort to maximize efficiency while maintaining reasonable accuracy, we used FastTree (Price et al. 2009), a 

program that computes approximately-maximum-likelihood phylogenies, to conduct our phylogenetic analyses.We 

employed the JTT (Jones-Taylor-Thornton)(Jones et al. 1992) model of amino acid evolution with a single rate for each 

site (the “CAT” approximation) to account for the varying rates of evolution across sites. The reliability (support value) 

of each split was computed using the Shimodaira-Hasegawa (Shimodaira and Hasegawa 1999) test. For the verification of 

results, we used PHYML (Guindon and Gascuel 2003) with four categories of gamma distributed substitution rates (all 

other parameters were estimated from the data), LG model (Le and Gascuel, 2008) and the Shimodaira-Hasegawa test for 

branch support. We also used MrBayes (Huelsenbeck and Ronquist,) with mixed models, four chains of MCMC run for 

1,000,000 generations and with 25% burn-in fraction. 

To visualize phylogenetic trees, we used NJplot (Perriere and Gouy 1996) and Dendroscope (Huson et al. 2007). 

For calculation of synonymous and non-synonymous substitution rates, we created two pairwise alignments. The first 

alignment consisted of AP1 phosphoesterase and its closest bacterial homolog Ralstonia solanacearum IPO1609 (NCBI 

accession GI: 206591779). The second alignment consisted of AP1 phosphoesterase and phospholipase C of Solanum 

tuberosum (retrieved from TIGR Solanaceae Genomics Resource). In-frame alignment of protein coding sequences was 

created using PAL2NAL (Suyama et al. 2006). Synonymous and non-synonymous substitution rates were calculated in 

the PAML package (Yang  2007) according to the Goldman and Yang (Goldman and Yang 1994) nucleotide substitution 

model. 

 

 

Results 

 

Comparison with public databases 

 

The AP1 protein from Solanum tuberosum is 343 amino acids long. According to the Pfam records, the phosphoesterase 

domain has been assigned to the region from  9 – 216 aa, and the UspA domain spans the region from 228 – 306 aa. Low 

complexity segments are predicted for the regions of 252-263 and 322-334 aa. A comparison against the public databases 

(NCBI and TIGR Solanaceae Genomics Resource) did not enable us to detect any further homologs of AP1 protein in any 



of the organismal kindgoms, nor within the family Solanaceae. A Blast search against the NCBI non-redundant sequences 

database using the AP1 protein domain components as query produced significant hits to each of the two domains. 

However, the most statistically significant hits were derived from distinct kingdoms.  

At the DNA level, the closest hit was from Ralstonia solanacearum (E = 3e-141; Identities = 489/ 624 (78%)) 

corresponding to the phosphoesterase domain region. The closest hit within plants was from Ricinus communis (E = 7e-

35; Identities = 179/ 235 (76%)) corresponding to UspA domain. For the phosphoesterase region of AP1, the closest hit 

among plants was from Oryza sativa (E = 1e-16; Identities = 62/ 68), for the UspA region of AP1 there was no significant 

hit from the bacterial kingdom. At the protein level, the situation was very similar. 

 

 

Phylogenetic analyses 

 

We conducted an analysis of the evolutionary origin of each protein domain individually. To gain an insight about the 

position of each domain among all members of corresponding protein domain family, we reconstructed phylogenetic trees 

based on full sequence alignments  (i.e. all sequences available in the Pfam database) (entire phylogenies are available in 

Supplementary materials, S1A, S1B). The phylogeny of the phosphoesterase family contains 963 entries across all 

kingdoms, and the phosphoesterase domain of Solanum tuberosum AP1 was positioned deep within a group of bacterial 

acid phosphatases characteristic of the order Burkholderiales (a clade of the tree that groups species from the order 

Burkholderiales contains one sequence from Chromobacterium violaceum which belongs to order Neisseriales; both 

orders belong to the class Betaproteobacteria). The phylogenetic tree of the Usp family contains 9002 entries, and places 

the UspA domain of AP1 deep within plant sequences. Inspired by the results obtained from the full-alignment 

phylogenies, we wanted to verify the position of each domain within plant family members and family members from 

selected species of the orders Burkholderiales  and Neisseriales (for the species selection procedure see Materials and 

Methods). The resulting phylogenetic trees are based on the alignment of 116 amino acid sequences from the 

phosphoesterase family and 469 amino acid sequences from the Usp family. Due to their large  size and for the purpose of 

clarity, the complexity of both original phylogenetic trees was reduced by collapsing the branches to highlight the 

position of Solanum tuberosum domains among plants and bacteria (for the original entire phylogenetic trees with Pfam 

accessions, please see Supplementary materials S2A, S2B). The phylogenies again supported the previous results based 



on full alignment trees, positioning the phosphoesterase domain within selected bacterial species (Fig. 1A) and the UspA 

domain within plant species (Fig. 1B) with high statistical support. Amino acid alignment also suggests that the 

phosphoesterase domain resembles the bacterial phosphoesterase domain sequences much more than the plant 

phosphoesterases (Fig. 2A). The same holds for the UspA domain of AP1, which resembles plant sequences more than it 

resembles bacterial Usp family members (Fig. 2B). Using more robust methods (PHYML and MrBayes), reconstruction 

of phylogenetic tree of the AP1 phosphoesterase domain and members of phosphoesterase family from Proteobacteria 

confirmed its close relationship to Ralstonia-like species (Fig. 3, data shown only for a part of the tree reconstructed by 

PHYML). Phylogenetic analyses have revealed few plant entries (3 entries for the phosphoesterase family, 4 entries for 

the Usp family) that show incongruency by clustering with bacterial family members. In the case of the phosphoesterase 

family, these entries come from Populus trichocarpa (Pfam accession B9PF03; NCBI accession XP_002339596.1), 

Oryza sativa (indica cultivar) (NCBI accession AAAA02048760.1) and Ricinus communis (Pfam accession B9TF01; 

NCBI accession XP_002536820.1). The Usp family members showing similarity to bacterial entries come from Ricinus 

communis (Pfam accession B9TK90, B9TM10, B9TPB3; NCBI accession XP_002538659.1, XP_002539279.1, 

XP_002540082.1), and Populus trichocarpa (Pfam accession B9NGQ3; NCBI accession XP_002334439.1). For each of 

these sequences, the database search revealed an exceptional similarity to sequences from the order Burkholderiales 

species. 

We further analyzed 32 proteins (21 proteins of putative nuclear origin, 8 proteins from chloroplasts, and 3 mitochondrial 

proteins; altogether 79 protein domains) from S. tuberosum, which also consist of two or more protein domains 

(according to the Pfam annotation) (Supplementary materials S3). Depending on the quality of sampling (i.e. the 

availability of sequences in the Pfam database), phylogenetic reconstructions showed that unlike AP1, each of the 

analyzed protein domains of S. tuberosum grouped with plant relatives (or eukaryotic sequences) from the corresponding 

protein domain family (Supplementary materials S4.1-S4.3, S5, S6). 

 

 

Calculation of divergence times 

 

The divergence time between the phosphoesterase domain of the Solanum tuberosum AP1 protein and the closest 

bacterial homolog from Ralstonia solanacearum was estimated by calculating the pairwise synonymous (dS) and non-



synonymous distance (dN).  We used estimates of substitution rates based on angiosperm actin genes, as calculated by 

Moniz de Sá and Drouin (1996). The synonymous site distance between the two sequences was 2.7876 substitutions per 

synonymous site.  Assuming a synonymous substitution rate of 6.96 X 10
-9

 substitutions/site/yr, the date of the divergence 

is ~ 200 million years ago (MYA). The time divergence based on non-synonymous site changes was ~ 43 MYA, 

assuming a non-synonymous rate of 0.19 X 10
-9

 substitutions/site/year and a non-synonymous site distance of 0.1654 

substitutions per non-synonymous site. We also attempted to estimate the divergence time between the phosphoesterase 

domain of the Solanum tuberosum AP1 protein and the phosphoesterase domain of phospholipase C of Solanum 

tuberosum as well as for phospholipases C1-C6 in Arabidopsis thaliana (the closest homologs from the same family in 

Arabidopsis). This estimation was, however, not possible because of the extreme divergence on the nucleotide level 

hindering the assembly of reliable alignment necessary for this computation.  When in-frame alignment based on protein 

sequences was applied, we obtained results that do not seem realistic.   Based on a synonymous site distance of 55.9209 

substitutions per synonymous site, the time divergence would be ~ 4.2 billion years (Gyr) ago, i.e. the approximate date 

of the origin of life (reviewed by Mattick 2004).  When considering a non-synonymous site distance of 0.8967 

substitutions per non-synonymous site, the time since the divergence of the two sequences would be ~ 2.35 Gyr ago, a 

date close to the origin of unicellular eukaryotes. The number of synonymous site changes between AP1 phosphoesterase 

and phospholipase C is ~62.4 times the number of non-synonymous site changes. Similar estimates were also obtained for  

the divergence of the phosphoesterase domain of AP1 from the common ancestor of the phospholipases C1-C6 from 

Arabidopsis (dS = 63.574; dN=0.7664). These results should not be taken as serious estimates of divergence, but they well 

illustrate how different the bacteria-like phosphoesterase domain of AP1 is from plant members of the same protein 

domain family on the nucleotide level. 

 

 

Discussion 

 

We attempted to trace the evolutionary origin of the anti-bacterial protein AP1 coding gene present in a potato variety 

resistant to bacterial wilt caused by a serious bacterial plant pathogen Ralstonia solanacearum (Feng et al. 2003). Our 

results confirmed that this protein is composed of two protein domains, a UspA (universal stress protein A) domain and a 

phosphoesterase domain. Homologs of the UspA domain are ubiquitous in prokaryotes as well as in plants. It is a small 



cytoplasmic bacterial protein that is up-regulated when the cell is exposed to various stress factors such as starvation, 

exposure to toxic chemicals, UV, or osmotic stress, and it has been shown to enhance the rate of cell survival during long 

exposure to adverse conditions (Nystrom and Neidhardt 1992, 1993, 1996). The phosphoesterase domain 

(phosphoesterase family) belongs to a group of phosphohydrolases. The phosphoesterase family contains bacterial 

phospholipase C enzymes as well as eukaryotic acid phosphatases. Phosphoesterases are thought to function mainly in 

scavenging organic phosphoesters such as nucleotides and sugar phosphates that cannot get through the cytoplasmic 

membrane (for a review see Rossolini et al.1998). Bacterial phosphatases and phosphohydrolases participate in various 

cellular processes including virulence and pathogenesis in animals (Terada et al. 1999; Mohapatra et al. 2007). They 

might also be activated in response to various cellular and environmental stimuli, and they also play an important role in 

signal transduction through dephosphorylating reactions (Legendre et al. 1993; DeLong 2006). In plants, phosphoesterase 

domains are also present in proteins related to stress conditions (Kerk et al. 2003). 

According to our results, the two domains of AP1 appear to have clearly distinct evolutionary histories. That the 

phosphoesterase domain in the genome of the rare variety MS-42.3 of Solanum tuberosum has a high degree of similarity 

(> 70 %) to bacterial phosphoesterases along with the absence of both AP1 encoding gene and the phosphoesterase 

domain in currently available genomic resources of other plant species (if unsure cases are excluded, see below), strongly 

suggests that the phosphoesterase domain was gained by horizontal gene transfer. As shown by our phylogenetic 

analyses, the phosphoesterase domain groups with the homologs from the bacterial family Burkholderiaceae, suggesting 

that the putative donor of the bacteria-like domain was related to this bacterial group. Present day species of the family 

Burkholderiaceae are associated with various ecological niches, such as water, soil, or plant rhizospheres. Some species 

are phytopathogenic (e.g. Ralstonia solanacearum, Burkholderia cepacia, B. glumae, B. gladioli), and other species (e.g. 

R. pickettii, B. mallei, B. cepacia) are associated with infections in animals and in humans with attenuated immunity (e.g. 

Strider et al. 1981; Stelzmueller et al. 2006; Stoyanova et al. 2007). Below, we discuss both the horizontal gene transfer 

hypothesis as well as the alternative processes that could have lead to the origin of the AP1 sequence.  

 

Horizontal gene transfer hypothesis 

Horizontal gene transfer (HGT) is a process by which DNA is transmitted asexually between distantly related species 

(Keeling and Palmer, 2008). While it has been thought that higher eukaryotes are seldomly involved in HGT events 

(Kurland et al. 2003), with increasing genomic data new cases of HGT involving multicellular eukaryotes have been 



recorded (reviewed in Keeling and Palmer 2008; Keeling 2009, Hotopp, 2011). Many of these have been reported in 

plants and involve donors from a variety of taxonomic groups (reviewed in e.g. Richardson and Palmer 2007; Bock 2010; 

Talianova and Janousek, submitted).  Examples include prokaryote-to-plant HGT (e.g. Furner et al. 1986; Aoki and 

Syono 1999; Zardoya et al. 2002; Huang and Gogarten 2008), virus-to-plant (e.g. Hull et al. 2000; Murad et al. 2004; 

Bertsch et al. 2009), plant-to-prokaryote HGT (e.g. Gottig et al. 2009; Pontiroli et al. 2009), or plant-to-plant transfers 

(e.g. Won and Renner, 2003; Davis and Wurdack 2004; Davis et al. 2005; Stegemann and Bock 2009; Yoshida et al. 

2010). In theory, plants are good candidates for HGT. In contrast to animals, their germline is more exposed to external 

agents, and their genomes appear to be more plastic than those in animals (e.g. Kejnovsky et al. 2009). Thus, 

transformation of a single meristematic cell that gives rise to reproductive tissues, or transformation of a cell with the 

ability to regenerate a novel individual might be sufficient to pass the foreign DNA to the next generation. 

Several scenarios involving HGT could be proposed as an explanation for the origin of the AP1 coding sequence: the 

bacterial DNA containing the phosphoesterase domain could have been transferred to the Solanum tuberosum genome 

and then taken part in a recombination or some other rearrangement that resulted in the origin of the chimeric protein, 

AP1. Alternatively, a fused gene containing both of the domains (a progenitor of AP1) could have also originated in the 

Agrobacterium-like or Ralstonia-like species by merging with exogeneous plant DNA. The bacteria could have served as 

a vector to deliver the fused gene into the plant host. The product of this AP1progenitor gene could have been toxic to a 

wide range of bacterial vectors, because AP1 has both antibacterial and fungicidal activity (Feng et al. 2003) suggesting 

that its mechanism of action is relatively nonspecific. Because the phosphoesterase domain and UspA domain are each 

present in bacteria, it is probably the combination of the two domains in one protein that causes toxicity. A spontaneous 

transformation involving bacteria could have been promoted during an infection (if the ancestral donor was pathogenic) 

or during symbiosis. Indeed, both, bacterial plant pathogens (A. tumefaciens and A. rhizogenes) and symbionts 

(Mesorhizobium loti, Rhizobium sp. and Sinorhizobium meliloti) have been shown to be capable of transforming plants 

when equipped with the tumor-inducing plasmid of A. tumefaciens (Broothaerts et al. 2005). The possible mechanisms of 

HGT are difficult to elucidate, since, in most cases, HGTs are rather detected as ancient events. Based on the synonymous 

substitution rate, we estimated the divergence time of the AP1 phosphoesterase domain to be ~ 200 MYA. However this 

estimate might be not reliable since the transferred sequences have had to rapidly adapt to a new genomic environment 

(e.g. different codon preference), and thus have accumulated many synonymous changes. For this reason, a more reliable 

estimate of divergence time could be the one based on non-synonymous substitution, which suggests ~ 43 MYA since the 



divergence of AP1 from the bacterial ancestor sequence. This estimate also corresponds well with the age of the 

Solanaceae family (~ 40 MYA; Wang et al. 2008), which implies that the bacteria-like phosphoesterase domain should be 

shared by all Solanaceae species and may not necessarily be unique to S. tuberosum which diverged ~ 7.3 MYA from S. 

lycopersicum (Wu and Tanksley 2010). However, because no complete genome of any Solanaceous species is available at 

the moment, we cannot confirm nor rule out this possibility. On the other hand, both estimates of divergence time might 

be overestimated, since the extant bacterial species showing the highest similarity to AP1 phosphoesterase are likely to 

have diverged from the ancient donor. 

      Nevertheless, certain clues about the mechanisms of spontaneous transfer of the bacteria-like phosphoesterase of AP1 

to the plant host can be inferred based on studies of the behaviour of its putative donor. Interestingly, it has been shown 

that some species from the genus Ralstonia (family Burkholderiaceae) possess a biphenyl catabolic transposon Tn4371, 

which is a specific kind of mobile DNA (Toussaint et al. 2003, Ryan et al. 2009). Several plasmid-related genes and gene 

clusters corresponding to type IV secretion systems (T4SS) are present on Tn4371. T4SS complexes are associated with 

the pathogenesis of various bacteria, and are known to be involved in functions related to the delivery of substrate 

molecules to target cells, including horizontal DNA transfer to both other bacteria and eukaryotic cells (Backert and 

Meyer 2006). The possible implication is that other bacteria, in addition to Agrobacterium species,  could also be able to 

deliver their DNA into the eukaryotic cells. Recently, the HGT of a DNA fragment from Ralstonia-like bacteria into the 

genome of plant species Silene latifolia (genus Caryophyllaceae) and its close relatives was reported (Talianova et al., in 

press). When considering adaptive gains of HGT, it seems bacteria have enough to offer. In most cases, however, the 

adaptive value of DNA transferred to eukaryotes is not obvious. The AP1 protein thus represents a unique example of 

adaptive gain mediated by HGT. 

 

Alternatives to HGT - paralogy and gene loss  

The strong similarity of the AP1 phosphoesterase domain to bacterial homologs, the results of phylogenetic analyses of 

components of AP1 protein, along with the limited occurrence of AP1 encoding genes and bacteria-like phosphotesterase 

domains within plant species are highly suggestive of horizontal gene transfer from bacteria. Nevertheless, some attention 

should be given to alternative evolutionary mechanisms that can produce outcomes similar to those produced by HGT. If 

we consider the possibility that the AP1 phosphoesterase domain could be of plant origin, then the strong similarity to 

bacteria would imply strong convergent evolution of ancestral gene, which could be (though not necessarily) preceded by 



duplication. Gene duplication followed by differentiation can result in the production of proteins with new functions 

(Long et al. 2003). According to the classical model, the duplicated gene evolves a new function while the ancestral copy 

maintains its original function. However, the duplicated gene has to diverge fast enough (which is often accompanied by 

positive selection) to escape the homogenizing effects, or degeneration. In order to explain the origin of the AP1 

phosphoesterase domain using the duplication/divergence hypothesis, we would have to assume that it evolved from an 

ancestor of bacterial and plant phosphatase domains. A comparison of synonymous and non-synonymous substitution 

rates between the bacteria-like phosphoesterase of AP1 and the plant-like phosphoesterase domain from phospholipase C 

from S. tuberosum has revealed 62-fold higher rate of synonymous substitutions compared to non-synonymous ones, and 

their divergence has been dated to 2.3 – 4.0 Gyr ago, corresponding to the origin of the first eukaryotic cells and the 

origin of life, respectively (reviewed by Mattick 2004). Adaptive evolution could have provoked rapid changes in the 

gene as it evolved a new function; however, the greatly elevated number of synonymous changes between both domains 

suggests that high level of divergence between them could not be attributed to adaptive evolution, since adaptive 

evolution would disproportionately affect non-synonymous changes. As we have already noted in the results, these 

estimates are probably not very precise, but they nevertheless indicate that evolutionary distance between plant 

phospholipases C and the AP1 phosphoesterase domain is extremely large. Taking into account that land plants diverged 

approximately 425 MYA ago (Sanderson 2003), the time since divergence (assuming potential bias in the estimation of 

divergence time) of both domains appears to be at least long enough for a novel gene (i.e. AP1 phosphoesterase) to be 

shared by land plants.  

A similar argumentation holds for the possibility of convergent evolution without duplication. However, this 

hypothesis is even less credible, because there must have been extreme selection pressure for a gene/domain to diverge to 

such extent without being duplicated. Nevertheless, the consequence of proposed hypotheses given the estimated 

divergence times would be the presence of a bacteria-like domain of AP1 throughout land plants, which is apparently not 

the case. The absence of such a pattern could be explained by a massive gene loss. Indeed, gene loss has been shown to be 

a more plausible explanation than HGT in studies of similarities in organellar genes between angiosperms (Goremykin et 

al. 2009). We found a few plant phosphoesterase sequences (from P. trichocarpa, O. sativa and R. communis) showing 

incongruent placement among sequences of species from the order Burkholderiales and showing significant similarity to 

the AP1 phosphoesterase domain. However, whether these bacteria-like sequences are truly present in genomes of 

corresponding species is questionable (two of them have already been removed from the NCBI database: homologs from 



P. trichocarpa and O. sativa), and thus cannot provide a plausible argument for a gene loss based hypotheses. When all 

the data are interpreted together, the scenarios based on the convergent evolution and subsequent gene loss in all but two 

plant species (S. tuberosum and maybe Ricinus communis) does not appear to be a parsimonious enough explanation for 

the origin of AP1 gene.   

 

Multidomain proteins and functional variability 

The protein domain composition of AP1 suggests that the mechanisms that gave rise to the gene operated in concert, most 

likely involving horizontal gene transfer and recombination between genomic regions. However, because of lack of the 

information about the genomic context of the AP1 encoding gene and because a series ancient events was most probably 

involved, it is difficult to elucidate exact mechanisms of how both domains became coupled together. Several genomic 

events have been proposed to give rise to such rearrangements ranging from simple point mutations to large-scale 

chromosomal mutations (reviewed in Moore et al. 2008). On the protein level, rearrangements frequently involve the 

insertion or deletion of single domains at the N or C terminus. In eukaryotes, a substantial fraction of proteins contain 

multiple domains (Doolittle 1995; Basu et al. 2008; Koonin et al. 2002). Fusion of domains is thought to have greatly 

contributed to the formation of various forms of regulation and signaling in the  cell (Chinnaiyan et al. 1995; Chen et al. 

2002; Koonin et al. 2004; Geisler and Bailly 2007; Itoh et al. 2007). There are debates as to whether the rearrangements 

of protein domains are random, or are driven by selection for the domain combination based on its function. Support 

exists for both possibilities, since some domains tend to occur in diverse architectures, while other combinations appear to 

be driven by random recombination (Apic et al. 2001; Koonin et al. 2002; Vogel et al. 2005). Substantial progress has 

been made in studying the evolution of protein domains; currently, there is no doubt that due to their specific functionality 

based on their spatial arrangement, protein domains represent discrete evolutionary units with their own evolutionary 

history (e.g. Koonin and Wolf 2009; Yang and Bourne 2009). This holds true especially for prokaryotes, since eukaryotic 

genomes are more stable and large sets of genes tend to evolve congruently. The results of our phylogenetic analysis of 

individual protein domains of 32 S. tuberosum multidomain proteins from the nucleus, chloroplasts and mitochondria is 

indeed in concordance with the general notion that the major mode of evolution in higher eukaryotes tends to be tree-like 

(at least at the level of the kingdom), despite the fact that eukaryotic nuclear genes were originally inherited from a 

common ancestor of bacteria and eukaryotes and that prokaryotic origin is still prominent in chloroplasts and 

mitochondria.  



     Cases of interkingdom gene fusions have been reported in bacteria, archaea and some unicellular eukaryotes (e.g. Wolf 

et al. 2000). In general, during the transfer event, a host cell acquires a foreign external genetic fragment, which is then 

integrated into the host genome by recombination. The recombination event may also involve the acquisition of parts of 

other genes (e.g. Cho et al. 1998; Cho and Palmer 1999), individual genes (e.g. Ghatnekar et al. 2006), gene clusters (e.g. 

Aoki and Syono 1999; Zardoya et al. 2002), or whole plasmids or operons (e.g. Lacroix et al. 2006). Systematic studies 

(Choi and Kim 2007; Chan et al. 2009) suggest that protein domains should also be regarded as units of horizontal gene 

transfer. However, in contrast to prokaryotes, the applicability of this concept on eukaryotic genome evolution and the 

reconstruction of their evolutionary relationships, appears to be minor.    

 

Conclusion 

The case of anti-bacterial protein AP1 in potato (Solanum tuberosum) is an example of how horizontal gene transfer in 

connection with the combination of protein domains can be an important source of genes with new functions, which may 

contribute greatly to the adaptive abilities of eukaryotic organisms. AP1 comprises an exceptionally strong phylogenetic 

signature, and in other cases we do not expect the phylogenetic signal to be so strong. Although it is difficult to assess the 

impact of interkingdom protein domain fusion in multicellular eukaryotes, this example again supports the claims that in 

the assessment of the dynamics and impact of HGT on eukaryotic organisms increased attention should be focused on the 

evolutionary histories of smaller functional units such as protein domains.  
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