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Text 15 

Reverse-transcribing viruses are classified into 5 different families, Retroviridae, Metaviridae, 16 

Pseudoviridae, Caulimoviridae and Hepadnaviridae (1). Retroviruses, hepadnaviruses and caulimoviruses 17 

are full-fledged viruses, whereas metaviruses and pseudoviruses are more often referred to as 18 

retrotransposons. Nevertheless, similar to other reverse-transcribing viruses, certain members of the 19 

families Metaviridae and Pseudoviridae form icosahedral or irregularly-shaped particles that play 20 

important roles in their infection cycles (2, 3). Phylogenetic analyses reveal monophyly of the reverse 21 

transcriptases (RT) of all these viruses, to the exclusion of the RTs of other retroelements (1, 4). By 22 

contrast, the evolutionary relationships between the capsid proteins (CP) of these viruses remain 23 

obscure.  24 

 25 

Evolutionary connections between viruses that have diverged in a distant past are often difficult to trace 26 

due to high mutation and recombination rates in the viral genomes, which abrogate their taxonomic 27 

classification, especially at the level of higher taxa. However, it has been argued that comparison of 28 

sequences and structures of the major virion proteins provides a deeper reach into the evolutionary 29 
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history of the virosphere (5-8). High-resolution CP structures are available for several retroviruses and 30 

hepadnaviruses. Members of the Retroviridae encode their CP as part of a larger polyprotein precursor 31 

known as Gag, which is proteolytically processed by the virus-encoded protease to release several major 32 

proteins, three of which, namely matrix, capsid (CA), nucleocapsid (NC), are conserved in all retroviruses 33 

(9). The CA protein is composed of two α-helical domains, the N-terminal domain (NTD) and the C-34 

terminal domain (CTD) (10, 11). The CP of hepadnaviruses also adopts an α-helical fold, but does not 35 

bear recognizable similarity to retroviral CA (12). By contrast, members of the family Metaviridae, 36 

including Ty3/Gypsy retrotransposons, encode a Gag polyprotein, which contains the CA and NC domains 37 

related to those of retroviruses (13, 14). Additionally, the Zn-binding module, known as ‘Zn-knuckle’, that 38 

is found in many retrovirus and metavirus NC domains is also present in the CPs of caulimoviruses and 39 

members of the family Pseudoviridae, such as Ty1/Copia retrotransposons (15). However, the CPs from 40 

the latter two groups of viruses are generally considered to be unrelated to the CA of retroviruses or 41 

metaviruses (1, 16), suggesting that different groups of reverse-transcribing viruses could have evolved 42 

from non-viral retroelements via acquisition of capsid-encoding genes from different sources. As a case 43 

in point, envelope proteins responsible for host recognition and membrane fusion have been recruited 44 

by reverse-transcribing viruses on several independent occasions (1, 17). 45 

 46 

To investigate the provenance of the pseudovirus and caulimovirus CPs, we performed sensitive profile-47 

profile searches using HHpred (18) seeded with sequences of CPs of pseudoviruses, caulimoviruses and 48 

metaviruses. In all cases, we obtained highly significant matches (>98% HHpred probability) to the Gag of 49 

retroviruses. The region of similarity encompasses the end of the CA-NTD and extends throughout the 50 

CA-CTD and NC (data not shown). To validate these matches, we aligned the retroviral CA-NC sequences 51 

to the corresponding protein sequences from the three other families of reverse-transcribing viruses. 52 

Inspection of the alignment showed that the sequence conservation among the aligned proteins 53 
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encompasses not only CA-CTD and NC domains but also CA-NTD, except for two short α-helixes (α5 and 54 

α6) that have no equivalents in CPs of viruses other than retroviruses (Figures 1 and 2). Importantly, non-55 

polar residues, which stabilize the hydrophobic core of the α-helical bundles of both CA-NTD and CA-CTD 56 

(10, 19), are conserved in all CP/CA proteins. Thus, patterns of sequence and secondary structure 57 

conservation strongly support the homology of the CA/CP-NC module of all reverse-transcribing viruses, 58 

except for hepadnaviruses. This result, combined with the monophyly of viral RTs (4), strongly suggests 59 

that retroviruses, caulimoviruses, pseudoviruses and metaviruses evolved from a common viral ancestor, 60 

rather than from distinct capsid-less retrotransposons. Such an ancestral virus encoding the CA/CP-NC, 61 

protease (14) and the RT, including the RNase H domain (20), is likely to have existed prior to the 62 

divergence of plants and opisthokonts (fungi and animals) ~1.6 billion years ago (21). Furthermore, given 63 

that, in the RT phylogeny, hepadnaviruses cluster with pseudoviruses (1, 4), it appears most likely that 64 

the conserved CP/CA was acquired by the common ancestor of all reverse-transcribing viruses, followed 65 

by replacement with an unrelated protein in hepadnaviruses. Finally, our results seem to justify the 66 

creation of a single, high-order viral taxon unifying all families of reverse-transcribing viruses (or 67 

alternatively, four families, excluding hepadnaviruses), consistent with previous suggestions based on 68 

the shared mechanisms of genome replication employed by these viruses (22).   69 
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Figure legend 128 

Figure 1. Multiple sequence alignment of CA/CP proteins of reverse-transcribing viruses belonging to 129 

families Retroviridae, Metaviridae, Pseudoviridae and Caulimoviridae. Representative sequences from all 130 

four virus groups were downloaded from the Gypsy Database (23), supplemented with sequences of 131 

retroviral CA proteins for which X-ray structures are available and were aligned using PROMALS3D (24). 132 

Secondary structure elements above the alignment are indicated for the Rous sarcoma virus CA (PDB: 133 

5A9E), which was retrieved as the best hit to CP proteins of metaviruses, pseudoviruses and 134 

caulimoviruses in HHpred search (data not shown). Red and blue asterisks indicate the conserved 135 

residues in the single or tandem Zn-knuckle motifs of the nucleocapsid (NC) domain. Abbreviations: HIV-136 

1, human immunodeficiency virus 1; BLV, bovine leukemia virus; JSRV, Jaagsiekte sheep retrovirus; LPDV, 137 

lymphoproliferative disease virus; MMTV, mouse mammary tumor virus; PyERV, Python molurus 138 

endogenous retrovirus; EIAV, equine infectious anemia virus; BSGFV, banana streak goldfinger virus; 139 

BSOLV, banana streak OL (badna)virus; CaMV, cauliflower mosaic virus; CERV, carnation etched ring 140 

virus; DBV, dasheen bacilliform virus; DrMV, Dracaena mottle virus; MiMV, Mirabilis mosaic virus; TaBV, 141 

taro bacilliform virus. 142 

 143 

Figure 2. Conservation of the amino acid residues contributing to the stabilization of the hydrophobic 144 

core of the α-helical bundles of CA-NTD and CA-CTD. Sequence conservation derived from the alignment 145 

shown in Figure 1 was mapped onto the CA structure of Rous sarcoma virus (PDB: 5A9E). The least 146 

conserved regions are colored red, whereas those most conserved are in blue.  147 
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CQ----QILQGRGLV------AAPVGQKLQAC--AHWA--PKVKQPAI--(23)------------------------------------(7)--PGPCYRCLKEGHWARDCPTK

CQ----AALRPYRK-------KGDLSDFIRIC--ADIG--PSYMQGIA--(14)--GNSGCFVCGQP---------GHR----AAVC---(7)--PNLCPRCKKGKHWARDC---

TQ----QYMLGAPST---------ENTAELVKYLLKRE--NEGAAQGN--(28)-----------------------------------(10)--GANCFKCGAVGHMRRDCPSL

CQ----DLIRPIRK-------TGTIQDYIRAC--LDAS--PAVVQGMA---(9)--EGPVCFSCGKT---------GHI----RKDC---(4)--PGLCPRCKKGYHWKSEC---

CQ----AAIRPYRK-------KTDLTGYIRLC--SDIG--PSYQQGLA--(27)----GCCFKCGKK---------GHF----AKNC--(10)--PGLCPRCKRGKHWANEC---

CQ----KVLQPIANKP-----GITLADFLQAC--RIVG--TTSHKMAA--(22)-----------------------------------(12)--AGNCFNCGKPGHFKSQCRAP

CR----NAMRHLRP-------EDTLEEKMYAC--RDIG--TTKQKMML--(21)--AAQTCYNCGKP---------GHL----SSQC---(7)--PKVCFKCKQPGHFSKQC---

IQ----DDLATREP-------ALDLESLIDQA--IKLD--NRLRERHL--(24)--PEPMQLGRTRL---------SPT-----------(7)--ERCCLYCGLSDHFRSTC---

IQ----KKLELQS--------YSTLDELFRLA--LKVE--KHQKDKKK--(28)--KSEAGSKFLDK---------GKK----VAES---(5)--DIKCFKCHGYGHYQAQC---

KEYKG-AMLRCK-----------TLKELKQEF--EIYE--SLNIVDKP--(13)--KADHCFNCGSR---------EHK----RKDC---(2)--PTKCFSCNQEGHISSKC---

GDAQAKAYLMQFYETSDRKGEKLTLSNMHDEW--VRFL--QTKSQTKI--(20)----PKKPAYIAA---------DAK----SDPP---(5)--VITCYRCGAAGHMQYDC---

ACQ---RRLLSES--------NLTFARAFEIA--LSME--TAEKDTQQ--(21)--REKKCYRCHGK---------NHS----AQVC---(3)--DARCHNCGKIGHIKRAC---

RIQ---RRLLSEGS-------NLSLQKTLDIV--LTME--AAANQAAI--(23)--IERECFRCGG----------KHN----PETC---(3)--DQECFFCHNKGHTTKKC---

SRLQ--RVLFTSN--------VRTRSKLQAEL--KAFTFDKKRHARDD--(11)--SPVVCHFCSKP---------GRR----IAEC--(17)--NVTCYRCGQPGHFSNQC---

LR----AYARPYQ--------FQSLMELMKLA--DEFE--ELERDRER--(33)--SPRPAPRTGAT---------GQR-----------(6)--SRACRVCGQEGHRAVRCRNR

TY----NIVRMHK--------PETLKDAMEEA--YQTT--ALTERFFP--(41)--RTRRSYNKPMS---------NHR----NRRN--(10)--NRLCFYCKKEGHRLNEC---

YD----GIITAIETL-SEE--NLTLAFVKNRL--LDQE--IKIKNDHN--(33)------------------------------------(7)--KVKCHHCGREGHIKKDC---

WKDFA-TSLKHKRQ-------EFNVEELIGTL--DVEE--RARTKDSG--(23)--NQNKPENANKP---------VHT----------(12)--KGGCFVCGSDQHWAREC---

LQQIA-ISIETLLDVN-----ELSLEEVTGSL--RSVE--QRKQRKAV--(32)--AHSSSGGNSDR--------QGQG----RGNK--(19)--PGNCKNCGKRGHWAKDC---

LGDKVEKAFKERHPTN-----SIGVTARIAFT--RNYL--KDMCQEAL---(6)--KMNFCGNTPVH--------GIYG----KNKE--(36)--DCKCFACGETGHYASECTNP

LGDEVEKAFMEKHPSN-----TVGITARITFT--KRYL--KELCEKVA--(17)--KMDFCRSTPVH---------GLY----RDKS--(34)--NCRCYACGEEGHFASECKNP

-GEKALTRFRHEAN--GTS--IYSLGFAAKIV--KEEL--SKICDLSK--(17)---ASTEYGCKKTSTKKYHKKRYKKK-YKAYKP--(31)--DCRCWICNIEGHYANECPNR

-GEKASKRFEEEAS--AAT--SYSLGFAHKLV--NEEL--AKICELSK---(6)---KPYEYGCKPSYSKKKKYSKKYKPKYTKYKV--(31)--TCRCWVCNIEGHYANECPNR

LGHRMKEAFQKEYSGN-----EVGVFPRILFA--YRYL--EQECKDAA---(6)--SLSFCKDMPLT---------GYY----DK-T--(32)--KCKCYLCGDEGHFARECPNQ

LGKTIKDSFDKTYVGN-----TVGVHPRILFT--YKYL--QEECKKAA---(6)--NLQFCSKIPIP---------GYY----KGRE--(32)--KCKCFLCGAEGHFARECPND

IGPDMKKAFSEKYPGA-----QMGVLPRITFA--YKYL--SDICKQAA---(6)--DLAFCRRIPLP---------GYY----KDGP--(33)--KCRCYICGQEGHFARECRNG

-GEISRMIYNETKS--PAT--TYSLAFATRIV--KTEI--AKICEARS--(19)--SENNQFGCNKPSYSSKRKKYEKS---RRKVW--(34)--KCRCWICSEEGHYANECPNR

IGKEIETAFIAKHGNA-----NITVMPRIHFA--YHYL--AELCKKAA---(6)--DLSFCNQIPLP---------GIY----TKGN--(32)--KCKCFICGEPGHFARECTKQ

NC

* * * * * * * *
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Pao

4

4

62

57

--IKLPTFS----GNYED--WKHFSD---MFIGSIASNSSLTD----------------CQRFHYLKSYLA-GDALALVKHIPVTND------------------------------

--LP--FFN----GNHQD--WLSFRA---AYHET---MNSFTK----------------TENINRLRRNLK-GRAKEAVDGLLITNA------------------------------

Bel

Pao

63

58

140

136

---------------------NYREAWERLEQRY-NKQSLI-----------IRSFLNSFMSL--PSAINS-NIGTVRKIADGADEVIRGLRALNC--EERDPWLIFILLSKLDSDT

---------------------DPSDVIRSLEARFGRPETI------------AITELDTLRAL--PRLTET--PRDICIFSSKVTNAVATLRALNCTHYLYNPETTKTMLEKLTPTL

Bel

Pao

141

137

TR----QAWAQCAES-EEK--GVTINRFLKFL--TSRC--DTLEAFEL--(21)--EEPKCTSCQQ----------NHQ----LFKC--(17)--RKLCFNCLSPAHMVGNCTSR

LR----YRYYDFTAVQPKE--DPDLIKFEKFM--KREA--ELCSPYAQ---(6)--RAKCPVCSNT----------EHT----TTDC--(17)--KHLCFRCLQYKNKTHNCKPK

253

257
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