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ABSTRACT

Gilbertson, R. L., Faria, J. C., Ahlquist, P., and Maxwell, D. P. 1993. Genetic diversity in geminiviruses causing bean golden mosaic disease:
The nucleotide sequence of the infectious cloned DNA components of a Brazilian isolate of bean golden mosaic geminivirus. Phytopathology 83:709-

715.

The complete nucleotide (nt) sequence of a Brazilian isolate of bean
golden mosaic geminivirus (BGMV-BZ) was determined from the infec-
tious cloned DNA components. The genome of BGMV-BZ was divided
between two DNA components, DNA-A (2,617 nt) and DNA-B (2,580
nt), which had little sequence identity except for a 181-nt common region
present in both molecules. The genomic organization of BGMV-BZ was
similar to that of other bipartite whitefly-transmitted geminiviruses, with
six open reading frames (ORFs) encoding putative proteins >10 kDa,
four on DNA-A (one in the viral [+] and three in the viral complementary
sense [—]) and two on DNA-B (one in the viral and one in the viral
complementary sense). All six BGMV-BZ ORFs were analogous to corre-
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sponding ORFs in other whitefly-transmitted geminiviruses. The homol-
ogy between BGMV-BZ sequences and those of a BGMV isolate from
Puerto Rico (PR) were relatively low. BGMV-BZ sequences were no
more closely related to BGMV-PR than to other distinct geminiviruses
from South America, such as tomato golden mosaic geminivirus. Pseudo-
recombinants made by mixing the infectious cloned DNAs of BGMV-
BZ and a BGMV isolate from Guatemala (GA), which was very similar
to BGMV-PR, were not infectious. These results support previous observa-
tions of differences in sap-transmissibility and bean genotype reactions
between BGMYV isolates and indicate that at least two distinct types of
BGMYV exist, designated type I and I1.

Geminiviruses are a unique group of plant viruses characterized
by twin (geminate) isometric virion and a single-stranded, circular
DNA genome (21,27,40). Geminiviruses currently are subdivided
into three major subgroups (11): 1) those that have a bipartite
genome, that are transmitted by whiteflies (Bemisia tabaci
Gennadius), and that infect dicotyledonous plants; 2) those that
have a monopartite genome, that are transmitted by leafhoppers,
and that infect monocotyledonous hosts; and 3) those that have
a monopartite genome, that are transmitted by leafhoppers, and
that infect dicotyledonous plants. The genome of the whitefly-
transmitted geminiviruses usually is divided between two DNA
components, DNA-A and -B, both of which are required for
infectivity (16,19,32,39). However, some tomato yellow leaf curl
geminivirus strains, which are whitefly-transmitted, have a single
genome component similar to the DNA-A of the bipartite
geminiviruses (33).

The complete nucleotide (nt) sequences of the infectious cloned
DNAs of bipartite geminiviruses have been determined for
Abutilon mosaic virus (AbMV; [13]), African cassava mosaic virus
(ACMV; [41]), bean dwarf mosaic virus (BDMV; [23]), bean
golden mosaic virus from Puerto Rico (BGMV-PR [24], sequence
corrected by A. Howarth, personal communication, by the addi-
tion of a G between nt 394 and 395), potato yellow mosaic virus
(PYMV; [5]), squash leaf curl virus (SqLCV; [28]), tomato mottle
virus (ToMoV; [1,18]), and tomato golden mosaic virus (TGMYV,
20; corrected in [46]). The DNA-A and -B components from these
geminiviruses have little sequence identity except for ~200
nucleotides of noncoding DNA, called the common region, that
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is almost identical between the two components of any single
geminivirus, but that is highly divergent among different
geminiviruses.

Bean golden mosaic disease of common bean (Phaseolus
vulgaris 1..) and several other legumes is characterized by a brilliant
golden mosaic pattern on infected leaves and by stunted plant
growth. The disease is a major constraint on dry bean production
in Central and South America and the Caribbean Basin (4,14).
BGMV-PR, characterized by Howarth et al (24), was collected
from lima bean ( Phaseolus lunatus L.) in Puerto Rico and was
readily sap-transmitted to P. vulgaris in which it induces golden
mosaic symptoms. In contrast, the geminivirus(es) causing bean
golden mosaic in Brazil (BGMV-BZ) are nonsap-transmissible
(3,4,10,17). Thus, it has been suggested, based on differences in
sap-transmissibility, bean genotype reaction to BGMV isolates,
and DNA hybridizations with specific DNA probes for bean-
infecting geminiviruses, that genetic variation may exist among
geminiviruses causing bean golden mosaic in the Americas and
the Caribbean Basin (4,17,31). This research was undertaken to
determine the genetic relationship between the geminivirus(es)
causing golden mosaic symptoms on beans in Brazil and BGM V-

In this report, we present the complete nucleotide sequence
of the infectious cloned DNAs of a nonsap-transmissible isolate
of BGMYV from Brazil (16,17) and show that genetically distinct
viruses are presently designated as BGMV,

MATERIALS AND METHODS

Virus isolate and viral recombinant plasmids. A field isolate
(GO 87-1) of BGMV-BZ was collected from beans (P. vulgaris)
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showing golden mosaic symptoms at Centro Nacional de Pesquisa
Arroz-Feijio (CNPAF), Goiania, Goias, Brazil, and was main-
tained in beans by whitefly transmission in a screenhouse (17).
Recombinant plasmids with infectious, full-length clones of DNA-
A (pBZAl) and DNA-B (pBZBI1) of this BGMV-BZ isolate and

1 . AL1

of DNA-A (pGAALI, GenBank no. M91604) and DNA-B (pGABI,
GenBank no. M91605) of a sap-transmissible BGMYV isolate from
Guatemala (BGMV-GA) were previously described (16). The
BGMV-BZ DNA-A and -B components were cloned at unique
HindIIl and Acel sites, respectively, into pBluescript (+)

TTTAARACGCTTTGGTGGTGGCATACTTGTARATARGAGGGTGTACCCCGATTGAGCTCTCGTTCAAARGTCTCTATGARTCGGTGTAATGGTGCCARTA

101 ' ;

TATAGTARGARGTTCTTTARGGATCTGTAGACACGTGGCGGCCATCCGCTATARTATTACCGGATGGCCGCGCGATTTTTTTTAAGGCCCATTCTTGTTG

201 ; ; e

6GCCGCTTGGGCCTTTCTTTATTTGAATTAARGTARAGTCATTTATTGTGACCARTARCTTTTGTGCTGACGGGTTTAGTTARTTTTGARCTTGTCGCCC

301 : i

AR1

ARGTTCTTTACTARACTATARATTTAATGTTGARTTGACCATATGCTTTAATTCARARTGCCTAAGCGTGATGCTCARTGGCGCCATATGGGAGGTACGT

401 . '

CARARATTAGCCGTTCTGCTARTTTTTCTCCTCGTGGGGGTARTGGGCCTARATACARCARGGCCGCCGARTGGGTARATAGGCCTATGTACAGGARGCE

501 ‘ '

CAGGATATATCGAACGTTACGAGGCCCTGACGTTCCACGGGGCTGTGARGGCCCGTGTARGGTACAGTCCTATGARCAARCGACATGATGTCTCTCATGTT

601 i .

GGGARGGTTATGTGTGTATCTGATGTGACGAGAGGTAATGGTATTACCCATCGTGTAGGARRACGTTTTTGTGTTAARGTCTGTTTATATTTTAGGTARGA

701 ' .

TATGGATGGACGARARTATCARGTTGARGAATCACACGAACAGTGTGATGTTTTGGTTAGTGAGAGATCGTAGACCGTATGGTACTCCTATGGACTTTGG

801 . ‘

TCAAGTTTTTAATATGTTTGACAATGAACCCAGTACTGCTACTGTTAARGARCGATCTTCGTGATCGTTTTCAAGTTATGCATARGTTCTATGGARAGGTA

901 ' .

ACAGGTGGACARTATGCTAGCARCGAGCAGGCATTGGTCARGCGTTTTTGGARGGTGAATARCTATGTAGTTTACARTCATCARGARGCAGGGARAGTACG

1001 ' .

AGAATCATACGGAGAACGCTTTATTATTGTATATGGCATGTACTCATGCCTCARATCCCGTGTATGCTACTCTARAARATTCGGATCTATTTTTATGATTC

1101 ‘ ‘

GATCACCAATTAATARAATTTATATTTTATTTCATGATTCTCARGTACATAATTTACATATGATTTATCTGTTGCGARACGTACAGCTCTGATTACATTG

1201 o ‘

TTHHGCGHHHTGﬁCHCCTHTTCTﬂTCTﬂﬂﬁTHCHHTHGCHCTﬂﬂﬂTHTTTHHﬂTm‘fTTHHF{TﬂTGTCGTCCCHGHﬂGCTTBHHGﬂGRTHTCGTCCﬂGH

1301 : :

CTTGGARATTCAGGAARGCCTTGTGTAGACCCAGTTTGTTCCTGAGGTTGTGGT TGAACCGTATTTGGAGGTGGTATACTCTGGTCGTTGTGTATTGTAG

1401 ' i

ATCCTCTACGTTGTACATCTTGAAATARAGGGGATTTGATATCTCCCAGATATACACGCCATTCTCCGCTTGACGTGCAGTGATGCGTTCCCCTGTGCGT

1501.gAL3,

GHHTCCﬂTGTCCTBFIGCHﬁTTTHTGTGTHCGTﬂHHTTGTGCHiCLgGCHCTCTHﬂHMHCGCGHCGTCGTCTGHTTGCTCGTTTCTTCGCHGCTCTGTGT

1601 ' .

TGAACTTTGATAGAGGGGGGAGTTGAGGARGATGAATTTCGCATTATGGATTGTCCAGTTTTTARGAGCTGCGTTTTCCTCTTTGTCGAGGARRCATTTA

1701 ' .

TARCTGGCTCCTTCACCTGGATTGCARAGCACGATTGATGGGATTCCACCTTTARTTTGARCGGGTTTCCCGTATTTGCAGTTTGATTGCCAGTCCTTTT

1801 ' .

GAGCTCCCATCAATTCCTTCCAGTGCTTTARCTTTAGATAGTGCGGTGCGATGTCATCAATGACGTTATACTCAGCATGATTTGARRACACCTTTGAGTT

1901 ' i

GARATCCAGGTGACCACTTARATAATTGTGGGTCCCTARTGCACGTGCCCACATTGTCTTCCCCGTTCGTGARTCACCTTCGATGATGATACTAATAGGT

2001 : i

CTCTCCGGCCGCGCAGCGGCACCTCTCCCGARATAATCATCTGCCCATTCTTGCATCTCTCTCGGTACGTTAGTARRRGAGGAGAGGTGATACGGAGGTG

2101 i .

ACCACGGATCCGGAGCTTTTGTGARTATTCTATCCAGGTTACTGGATARATTGTGATATTGGAAGRGARACTTTTCCGGTAGTTTCTCTTTGATTATTTG

2201 ‘ i

CATGGCTTCTTCCTTTGAAGARGCATTCAATGCTTCGGATGCCGCATCATTAGCTGTCTGTTGACCTCCTCTAGCAGATCTTCCGTCGACTTGARARTGA

2301 : y

CCCCATTCGATGTAATCACCGTCTTTCTCGATGTAGGACT TGACATCAGAGGATGATTTTGCACTCTGTATATTGGCATGGGAGACGGARGATGTTGTTG

2401 . '

GGTGTTTGAGGTCGARCACTCTGCARTTCGTGCACTGGARCTTGCCTTCGARTTGGATARGAGCATGCAGATGTGGTTCCCCATTCTCGTGAATTTCTCT

2501 . ‘

GCAARTTCTGATGTATTTCTTGTTCACCGGTGTTTGTAGGTTTTGAAGTTGTTCARTTGCACTCTCTTTTGTARTTGARCATTGTGGGTATGTGAGGAAR

2601 . 2617
TARTTCTTTGCGTTTAT

Fig. 1. Nucleotide sequence of the presumed viral sense strand of DNA-A from a bean golden mosaic geminivirus isolate from Brazil. Position
| is the first nucleotide of the common region, which is shared between DNA-A and -B. The possible stem-loop region conserved in all geminiviruses
is located between nt 138 and 171 (underlined with a dashed line). The putative start and stop codons are marked with an arrow and a double

underline, respectively. (GenBank no. M88686.)
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(Stratagene, La Jolla, CA).

Nucleotide sequencing of BGMV-BZ clones and analysis.
Sequencing was accomplished by the dideoxynucleotide chain
termination method on single-stranded templates. A library of
nested deletions of the inserts in pBZAl and pBZBI in each
orientation was generated with Bal31 exonuclease (30) or exo-
nuclease III (22). The nucleotide sequence of the two full-length
clones was determined for both DNA strands. Independent clones
of DNA-A and -B, which included the cloning sites for the inserts

in pBZAl and pBZBI, were obtained with Hincll (plasmid =
pBZA2) and Clal (plasmid = pBZB2), respectively; sequence
determination of these inserts across cloning sites (HindIII for
DNA-A and Accl for DNA-B) showed the inserts in pBZA1 and
pBZBI1 were full-length clones.

Sequences were assembled and analyzed by programs from the
University of Wisconsin Genetics Computer Group (6). Sequence
identities between nucleotide and derived amino acid sequences
were determined by the GAP (gap weight of 5.0 and gap length

}TTﬁﬁﬁﬂCGéTTTGGTGHT6GCﬂTHCTCG+HHHTHHGHGGGTGTHCCCC&HTTGRGCTC%CGTTCHHHH6TCTCTRTGHéTCGGTGTHH%GGTGCCHRTé
}g;ﬂGTﬂTGéﬂGTTCTTTHﬂGGHTCTGGHGRCHCGTﬁEEGGCCHTCCGTTHTHHTHTTRCCGGGTGGCCESGCGHTTTTTTCCCCTCTGHRHTCCTGGCC
g?%TRTTTCéGTTCCGCHﬂRHCTHGTTGHGCGTGTTTTTGHHHTCCGTTGTCCHTGTGTTGHCHCGTGTTCCHTRCRGGGGCTTHTTTGTCHTHTTHGGT
Zg}GHCCﬂHCTTTHGTTTTGCHCGTGGCGCGTTTTHCHHTGTTGCHTTTHHTTGGHﬂHTTTTTHTCTHHCGGCTﬂTﬂTTTGﬁTTCHHHTTTTGﬁﬂTCHTG
:g;GHGTTGTCHBHHHTTGGCTTTﬂTﬂTTTCTGﬂCﬂTTGTHCTHTHTHTTGHGHTGGHCCHﬂTTHHRTBCCTTBTTTCGTGTCTHTTTﬂHHTRTTGTTGT
gg;THTHTTGTGTRTHHHTTGTGTTCHTTTTTﬂTTRﬂGGHGHCHTGTGTHTTTGHﬂHﬂTGTHTTTTTCGCGHHRCﬂHHCGTGGTGCCHCTHCTHCTTCGH
ggéﬁﬂﬂGCTHTTCHHGGTHTCCCTTGTCTﬁGGCGTTCGTHTHGTGTGHHTHGHHTCHRTGGCHHHCGTGGHTCGHHTBTTCHTHGHHHGGCCCHTGHTGH
igéTﬂﬂHﬂTGTTHGCCCHHCGTTTRCHTGHGHHTCHGTTTGGGCCTGHHTTTGTCHTGGCCCHTHHTTCHGCGHTQTCHRCGTTTHTTHHTTTCCCTHGT
g?;GGTﬂHGHCTGHHCCGHHTCGHTCﬂHﬁGﬂGCTTTHTTHHGTTHHHHCGTTTHCGTTTTHRGGGTHCTGTTHHHHTTGHHCGTGTTTTGHHTHTGGHTG
g?}CHHCTCCTHHGHTTGHHGGCGTHTTTTCCHTGGTCCTTGTTGTTGRCCGHHHHCCTCHCTTGGGHTCHTCTGGRTGTCTCCHTHCHTTTGHTGRHTT
é??éGGTGCéHGGHTTCHTHGTCHCGGTHﬂTTTHGCCHTTHCTGCCHCHTTGHHHGHGCGHTTCTHTHTHCGTCHTGTTTHTHHGCGTGTGCTTTCHGTT
é;g;HGGﬂTéGCHTGHTGGTCGﬂCGTCGHHGGRHGCRCHTHCTTRTCTHGTHGGCGTTTTRHTTGTTGGGCTﬂCHTTTHHHGHTGHTGHRCGTGHCTCTT
é%g;TGGCGTTTRTGCTHHCHTHHGCﬂHGHHTGCTCTTTTﬂGTCTHTTﬂTTGTTGGHTGTCGGﬂTGCTHTGTCCHHGGCﬂTCTHCGTTTGTﬂTCHTTTGR
}g?%GRTTHTGTTGGHTGRﬂTﬁHTﬂGTHHGTTTCHﬂHTHHGCCCTGTHTHTTTCCTGTTTHTHGTTGCTTHHHHTHTTTHTHﬂHRTﬂTTTTTHTTTCHHC
é;g}TTGGTTGHGCHGGHGTHCHﬂTTHCTGTTﬂHTHCHTTCTTGGGCCGCRGTTTTHHCCHHTTCGTTTHHTTGGGCCHTTGHHHGGGTGHTHCTTGHCT
égg}TCTTCéCBCTCCHHCTHTHGﬂTGCGGﬁﬁTCTCCHGGGTCTHGHRTHCTTBTGTCCHHTCTRTGRHGTTGTCTHTHTGGHTGTHCTGCGTTGTCTHR
}?g;GHGTCCBCﬂTCTGHHGTHCCGGTTCCTﬂTTGTHCTTCTTGTTGCCCﬂTGTCTCHCCGGGTTTTHHTGTRRTYGGGCTGTGHHGCCC&THTCGHGHT
éigéﬂTGCGGHCTTTHTTﬂﬁTTTCCTCTCCCHTTTCCCGTﬂHCCHHCGTGGGHGHHRTCCHCHTCTTTCTCHGTGHHTTGTGTHGHTHHTHTTTTCHCGG
}$géGGGCTTGHHﬂGGHﬂTHTCCHCCGﬂﬂTGTTTCGCﬂGTGGHTHTCTTCﬂGTTTCCCCTTHHHTTTTGCGHHGTGTGTTCGTTBHTGHHCHTTTGTGTC
ég?éﬂCTCT6THHTHEHHTTTCCHGGGHHTTGGGTCTTTHHGGGHGHHGHHTGHHGHTGHHHHHHHGTGGHGHTCTHTGTTHCHCCTTHTGGGHTHTGTC
iggéHTGCTTGTHHTGHCTCHTTHTCCGTCHTTCTTTTGTCGTGRRTCTCCHCRHTCHCHGTTCCTGTTGCGTTGHTHGGHHCTTGTTGCCTGTHTTCHH
EéE%GCHﬂTGHTCTﬂTCTTCHTHCHGCTTCGHCTTHHTCTGGCGCTTRTTTGRGCTGTTGTTGHHGGHHH;EGTHRTRCTHTCTCHTTCHHGTCﬂTGﬂGﬂ
CAGTTGATATTCATCACGGTTAGATTCTACATAATTGAARCGCTGTTGGTGGATTARCTAATTGAGACTCCATTATCARCTGARTATAAGARTGAARTGGCC
EggéﬂGCGCﬂCTCGGTTCGGGHGTTTﬂTGﬂTGCﬂGﬁGﬂCTHTHRHHGHGCTGTTTTCTTGCTTHHGRHCHHTTTGHCHGRHHGGRHGGHHGHGHHGTTGT
?g?ATHTGﬁTﬂﬂTGGGCGTTCCCCﬂHTGTTTHﬂHTHGRCHHGTTTHTTTTCGTHCﬂHCTCTGTHHHGTHHTCHHTGHTTHTGTHTGTTCHHGTTGGHCHH

2501

GTHﬂTCﬂTTTTTTHCTTTHTTHHHTGGTGTTTHTTTHGHGTHRHCTTHTGTGTHTCTGTGTGTHTHHGTTTGTGTTHHHG

. 2580

Fig 2. Nucleotide sequence of the presumed viral sense strand of DNA-B from a bean goldcn mosaic geminivirus isolate from Brazil. Position
1 is for the first nucleotide of the common region. The possible stem-loop of the common region is underlined with a dashed line, and putative
start and stop codons are marked with an arrow and a double line, respectively. (GenBank no. M88687.)
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weight of 0.3) and BESTFIT programs.

Infectivity of pseudorecombinants between the DNA compo-
nents of BGMV-BZ and those of BGMVY-GA. Pseudorecom-
binants between the infectious DNA-A and -B clones of BGM V-
BZ and -GA were formed by mixing the excised DNA-A monomer
of BGMV-BZ from pBZAI or of BGMV-GA from pGAAI with
the excised DNA-B monomer of BGMV-BZ from pBZBI or of
BGMV-GA from pGABI. Viral DNAs were inoculated into P.
vulgaris (cv. Topcrop) by electric discharge particle acceleration
as previously described (16). Beans were grown in plant growth
chambers, and characteristic golden mosaic symptoms developed
within 10-14 days. Infections were confirmed by squash blot
hybridization methods with **P-labeled viral probes for BGMV-
BZ and -GA (17).

RESULTS

Nucleotide sequences of infectious cloned BGMV-BZ DNA
components. The infectious inserts of DNA-A in pBZAl and
DNA-B in pBZBl of BGMV-BZ (16) were sequenced. DNA-
A had 2,617 bp (Fig. 1; 26% A, 19% C, 23% G, and 32% T),
whereas DNA-B had 2,580 bp (Fig. 2; 280, A, 16% C, 21% G,
and 35% T). The nucleotide sequences of BGMV-BZ DNA-A
and -B had little sequence identity, except for a 181-nt region
that was 979 identical and was the characteristic common region
of the bipartite geminiviruses (27). The 5’ end of the common
region was designated nt 1 (20,41).

Potential coding regions. The virion and complementary sense
sequences of DNA-A and -B were analyzed in all six frames for
open reading frames (ORFs) encoding proteins >10 kDa (Table
1). DNA-A had four ORFs (Fig. 3), one in the rightward or
viral sense direction (ARI) and three in the leftward or viral
complementary sense direction (AL1, AL2, and AL3). ALI, AL2,
and AL3 were in different reading frames; the 3’ end of ALI
overlapped the 5" end of AL2, and AL2 overlapped all but the
3 end of AL3. AR1 and AL3 overlapped in opposite directions
in an AT-rich region and shared 4 nt at their respective C-termini,
which contained the translational stop codons. This overlap of
the AL3 and AR1 ORFs also is found in other bipartite gemini-
viruses (13,20,28). An AL4 ORF (nt 2,227-2,464) encoding a 9.5-
kDa protein was present within the N-terminus of the ALl ORF;
however, genetic analyses of the AL4 ORFs of ACMV (8) and
TGMYV (7) indicated that this ORF had no role in infectivity
or symptom development. On DNA-B (Fig. 3), two nonover-
lapping ORFs were identified; one in the rightward direction
(BR1) and one in the leftward direction (BL1). A 71-nt intergenic
region was located between the 3’ ends of these ORFs.

Noncoding and possible control regions. One of the most
striking features of the bipartite geminiviruses is the common
region, which is highly conserved between the two components
of any single geminivirus, but which is quite divergent among
different geminiviruses (21,27,37). It is believed that this region
contains regulatory elements and is the origin of DNA replication

TABLE 1. Potential open reading frames (ORFs) identified for bean
golden mosaic virus (BGMV-BZ) DNA-A and -B

Nt coordinates

No. of Protein MW
ORF"  Polarity®  Start® Stop’  amino acids (Da)
ARI1 v 358 1,113 251 29,128
ALl ve 24 1,556 361 41,023
AL2 ve 1,644 1,255 129 14,558
AL3 ve 1,508 1,110 132 15,824
BRI v 558 1,319 253 28,969
BLI ve 2,272 1,391 293 33,031

“ORF coding for proteins >10 kDa. A = DNA-A; B = DNA-B; R =
rightward transcription; L = leftward transcription; number = number
of ORF.

Pv = viral sense DNA strand; vc = viral complementary sense DNA
strand.

“Includes the first nucleotide (nt) of the start codon for each ORF.

“Includes the last nt of the stop codon for each ORF.
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(27,29). The common region of BGMV-BZ was 181-nt long, as
compared to the 205-nt common region of BGMV-PR (24). A
20-nt direct repeat sequence in BGMV-PR was not present in
the common region of BGMV-BZ nor in the other bipartite
geminiviruses (37). Interestingly, when the common regions of
BGMV-PR and -BZ were aligned (Fig. 4), the sum of the
nucleotides in the two gaps inserted into the BGMV-BZ common
region was 30 nt, which was the difference between the total
length of BGMV-BZ DNA-A (2,617 bp) and BGMV-PR DNA-
A (2,647 bp) (24). As in all sequenced geminiviruses, the common
region of BGMV-BZ contained a potential stem-loop structure
(nt 138-171), which was involved in viral DNA replication (29,43).
Furthermore, within the BGMV-BZ stem-loop region was the
loop sequence TAATATTAC (nt 152-160), which resembled the
DNA nicking site for the bacteriophage X174 gene A protein
(36), also found in all sequenced geminiviruses (37). Outside the
conserved stem-loop sequence, there was significant divergence
among the common-region sequences of whitefly-transmitted
geminiviruses (Fig. 4; [37]), except for the start codon of the
ALl ORF and a TATA-box motif.

CR

358

DNA-A

2617 bp

1556

1699 ¥V 1508 1110

1644

558

1391

1319

Fig. 3. Potential coding regions identified in DNA-A and -B from a
bean golden mosaic geminivirus isolate from Brazil. Arrows indicate the
position and orientation of open reading frames with the potential to
encode proteins >10 kDa. The position of possible TATA-box and
polyadenylation (AATAAA) sequences are shown by open and solid
triangles, respectively.



The positions of potential regulatory sequences conforming to
the consensus TATA box (TATAA/T; [2]) and the
polyadenylation signal AATAAA (35) in the BGMV-BZ genome
were similar to those reported for other whitefly-transmitted
geminiviruses (Fig. 3; [13,20]). All BGMV-BZ ORFs had one
or more possible TATA boxes within 100 nt of the putative start
codon, except for the AL3 and BL1 ORFs, the latter of which
had a TATA box 135-nt upstream from the start codon (Fig.
3). One TATA box was identified in BGMV-BZ for the AL2
and AL3 ORFs at nt 1,699; this TATA box was 55- and 191-
nt upstream from the start codons for the AL2 and AL3 ORFs,
respectively. In TGMYV, a similar TATA box was present (20).
Northern blot analysis and low-resolution S, mapping of virus-
specific poly(A) RNA from ACMV-infected Nicotiana
benthamiana Domin. indicated that a single 700-nt transcript
might encode the AL2 or AL3 gene products (45), whereas a
similar study with TGMV-infected N. benthamiana identified two
transcripts of different sizes that transversed both AL2 and AL3
ORFs (44). Two complementary sense transcripts corresponding
to AL2 and AL3 ORFs of AbMV DNA-A also were detected
by Frischmuth et al (12). In these studies, there was no evidence
of the RNA processing that has been demonstrated for the
complementary sense transcript of leafhopper-transmitted,
monopartite geminiviruses (38).

High-resolution mapping of the AR1 ORF (coat-protein gene)
transcript from TGMV (34,44) and ACMV (45) showed that the
TGMV ARI transcript had a 7- or 8-nt untranslated leader
sequence, whereas that of ACMV was ~160 nt. In BGMV-BZ,
as in TGMV, putative promoter sequences (nt 317-320) and a
putative translation initiation codon (nt 358-360) were conserved

1 50

TORU=-B2 a.ewavins .GATGCGATG GCATTTTTGT AATTAAGAGG CTTACTA. ..
BGHU-BZ TTTARAACGC TTTGGTGGTG GCATACTTGT AAATAAGAGG GTGTACC. ..
BEHU-GA  iaiiininiei Wiamanas TG GCATATTTGT ARRTATGCGA GTGTCTCCAA
BBMU=PR  sorisimnss wnmpommuns TG GCATATTTGT AARTATGCGA GTGTCTCCAA
(11 1 S —— TG GCATatTTGT AAaTA.G.G. gTgtctc...

51 100

TOIW-BZ uuvveeiis wovivies CC ARTTGAGGAG GGGCTCCARA AGTTATATGA
BEMU=BZ  iivaiaamiy wiinas CC GATTGAGCTC TCGTTCARAA GTCTCTATGA

BGHU-GA ATGAGTTTGC GAGTGTCTCC AATTGAGGCT CCTCARACTC TCGCTATGCA
BGHU-PR  ATGAGTTTGC GAGTGTCTCC AATTGAGGCT CCTCARACTC TCGCTATGCA
CONS  .ovovmpnmy smmmams CC aATTGAGgct cc.c..a... teg.t....A

101 150

TGNU-BZ2 ATTGGTAGTA AGGTAGCTCT TATATATT.A GAAGTTCCTA AGGGG.....
BGMU-BZ ATCGGT.GTA ATGGTGCCAA TATATAGTAA GAAGTTCTTT ARGGATCTGT
BGMU-GA ATTGGA.GAC TGGAGTACAAR TATATACTAG TACCCTCART CTCGTGAATT
BGNU-PR  ATTGGA.GAC TGGAGTACAA TATATACTAG AACCCTCART CTCTTGAATT
CONS ATtGG..G.. .gGag..caa TATATAcTa. gA...TCa.t .t.gtgaatt

151 200
TeMU=BZ iiowiivi CACGTGGC GGCCATCCG. TTTAATATTA CCGGATGGCC
BGHU-BZ AG........ -ACACGTGGC GGCCATCCGC TATAATATTA CCGGATGGCC

BGHU-GA ATCAGATTCA CACACGTGGC GGCCATCCGA TATARTATTA CCGGATGGCC
BGHU-PR ATCACATCCA TACACGTGGC GGCCATCCGA TATARTATTA CCGGATGGLC
CONS at.iveiuvon .aCACGTGGC GGCCATCCGa TaTAATATTA CCGGATGGCC

201 246
TGHU-BZ GCGCGATCGT CACCCGACCC GCTTCCGCAR ATTACGCCGC ATTGTCG
BGHU-BZ GCGCGATTTT TT
BGMU-GA GCCCGCGCCC CTTTATTTCC GTARC
BGHU-PR GCCCGCGCCC CTTTATATCC GTAC
CONS GC.CG..ce. ctttatatCC Glac

Fig. 4. Alignment of the nucleotide sequences of the common regions
of tomato golden mosaic geminivirus and bean golden mosaic geminivirus
isolates from Brazil (BGMV-BZ), Guatemala (BGMV-GA) (GenBank no.
M91604), and Puerto Rico (BGMV-PR). CONS denotes the consensus
sequence with conserved nucleotides as uppercase letters, predominant
nucleotides as lowercase letters, and positions with no consensus nucleo-
tides as a period (.). Gaps were inserted to achieve maximum alignment
of nucleotides. The nearly perfect direct repeat for BGMV-PR and
-GA (type II isolates of BGMYV) is located between nt 46 and 55 and
between nt 67 and 77, as numbered above the alignment. The conserved
TATA box is between nt 123 and 126. The stem-loop region is between
nt 169 and 202.

in the same position relative to the AR1 ORF. Thus, transcription
of the BGMV-BZ AR1 ORF may be similar to that of TGMV.
Putative polyadenylation signals (the AATAAA motif) were
located within AT-rich regions at or near the 3’ ends of ARI
and AL3 ORFs and BRI and BL1 ORFs (Fig. 3). These AT-
rich regions were highly conserved in DNA-A and -B of the
whitefly-transmitted geminiviruses (12). BGMV-BZ ORFs, ALI,
AL2, and AL3, may share a single polyadenylation signal located
Just inside the 3’ end of ORF AL3 (nt 1,126-1,131). This appears
to be the case for TGMV (44) and AbMV (12). The proposed
polyadenylation signal for the BLI ORF of BGMV-BZ included
the TAA termination codon. Similarly, a possible polyadenylation
signal for the BR1 ORF of BGMV-BZ also included the A nucleo-
tide of the termination codon, as did that of AbMV (12).
Sequence comparisons among whitefly-transmitted gemini-
viruses. The nucleotide and derived amino acid sequences of the
BGMV-BZ ARI, ALI, and BR1 ORFs were compared to those
of bipartite, whitefly-transmitted geminiviruses AbMV, ACMV,
BDMV, BGMV-PR, PYMV, SqLCV, ToMoV, and TGMYV,
Previous phylogenetic studies of geminiviruses with the sequences
forthe AR1 and ALl ORFs (25) demonstrated the clear divergence
of the monopartite, leafhopper-transmitted, monocotyledon-
infecting geminiviruses and the bipartite, whitefly-transmitted,
dicotyledon-infecting geminiviruses, as well as the separation of
the latter group into western hemisphere and eastern hemisphere
subgroups. The results of the nucleotide and amino acid compari-
sons showed that BGMV-BZ was most similar to the bipartite
whitefly-transmitted geminiviruses from the western hemisphere
(Table 2). The AR1 ORF, which encoded the coat-protein gene
in TGMYV (26) and ACMYV (45), had the most conserved nucleotide
and amino acid sequences among the whitefly-transmitted gemini-
viruses. The derived amino acid sequence of the BGMV-BZ AR
ORF was more than 949% similar to those of the bipartite gemini-
viruses from the western hemisphere (AbMV, BDMV, BGM V-
PR, PYMV, SqLCV, ToMoV, and TGMYV), and more than 80%
similar to that of ACMV, which was from the eastern hemisphere
(Table 2). Similar trends were evident for the sequence compari-
sons of the ALI ORF and the most divergent ORF, BR1. These
comparisons also clearly showed that BGMV-BZ diverged sur-
prisingly from BGMV-PR, which caused almost identical disease
symptoms in beans. The BGMV-BZ sequences were no more
related to those of BGMV-PR than to those of distinct gemini-
viruses from South America, such as TGMV and PYMV (Table
2). For example, the derived amino acid sequence of the BGM V-
BZ AL1 ORF was 81% similar to that of BGMV-PR versus 87%
similar to those of TGMV and PYMV. Additionally, the common-

TABLE 2. Percent nucleotide identities and derived amino acid similarities
between the ARI, ALI, and BR1 ORFs (open reading frames) of bean
golden mosaic virus (BGMV-BZ) and the respective ORFs of other
bipartite whitefly-transmitted geminiviruses

ARI ALl BRI
Geminivirus® nt" aa‘ nt aa nt aa
BGMV-PR 82 95 71 81 72 82
BDMV 83 95 75 85 73 83
ToMoV 81 95 75 85 70 81
TGMV 80 95 75 87 73 81
PYMV 81 96 74 87 67 76
AbM V¢ 80 94 73 84 69 82
SqLCV 82 97 67 74 67 78
ACMYV 64 80 64 74 43 48

“BRMV-PR = bean golden mosaic virus from Puerto Rico; BDMV =
bean dwarf mosaic virus; ToMoV = tomato mottle virus; TGMV =
tomato golden mosaic virus; PYMV = potato yellow mosaic virus; AbMV
= Abutilon mosaic virus; SqQLCV = squash leaf curl virus; and ACMV
= African cassava mosaic virus.

"Percent nucleotide (nt) identity.

‘Percent derived amino acid (aa) similarity.

“AR1, ALI, and BLI sequences of AbMV (13) were amended (18,23)
based on results from alignments with corresponding sequences of other
geminiviruses,
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region sequence of BGMV-BZ was 66, 58, 58, 57, 56, 56, and
520 identical to those of TGMV, PYMV, ToMoV, BGMV-PR,
AbMV, SqLCV, and BDMYV, respectively. These common-region
comparisons also indicated that BGMV-BZ was not more closely
related to BGMV-PR than to the other geminiviruses with western
hemisphere origins.

Pseudorecombinants between cloned DNAs of BGMV-BZ and
-GA. Pseudorecombinants of the infectious cloned DNAs of
BGMV-BZ and -GA, which had a >95% sequence identity to
BGMV-PR in DNA-A (9), were made in all combinations, and
beans were inoculated by electric discharge particle acceleration.
Systemically infected beans were obtained only with the homolo-
gous combinations of DNA-A and -B components and not with
either of the two heterologous mixtures of the DNA components
of BGMV-BZ and -GA (Table 3).

DISCUSSION

Our results show that the genomic organization of BGMV-
BZ is similar to that of other bipartite whitefly-transmitted gemini-
viruses. However, several lines of evidence indicate that BGMV-
BZ differs significantly from these geminiviruses, including other
isolates designated BGMV from Puerto Rico (BGMV-PR),
Guatemala (BGMV-GA), and the Dominican Republic (BGMV-
DR), which are closely related to each other (nucleotide identity
>95% for DNA-A [9,15]) but less related to BGMV-BZ (~75%
nucleotide identity). These results support previous evidence indi-
cating that differences (e.g., sap-transmissibility, bean genotype
reaction, and symptomatology in soybeans) exist among BGMV
isolates (10,14,16,17). First, based on DNA and derived amino
acid sequence comparisons (Table 2) and on phylogenetic analyses
of the AL1 ORF (25,37) and the common region (Fig. 4; [15,37]),
BGMV-BZ is phylogenetically closer to TGMYV from Brazil than
to the Central American/Caribbean BGMYV isolates. A second
line of evidence showing the distinctiveness of BGMV-BZ and
the Central American/Caribbean BGMYV isolates is our inability
to create infectious pseudorecombinants between BGMV-BZ and
-GA. This is in contrast to the ability to create infectious pseudo-
recombinants between BGMV-GA and -DR (9). Stanley (40)
recently suggested that the ability to generate infectious pseudo-
recombinants between the DNA components of the bipartite
geminiviruses might differentiate geminivirus strains from distinct
geminiviruses. This suggestion was based on previous reports of
infectious pseudorecombinants being limited to closely related
isolates of ACMYV (42) and TGMYV (46). Infectious pseudorecom-
binants could not be created by exchanging DNA components
of the distinct geminiviruses TGMV and SqLCV (29); however,
more recently, infectious pseudorecombinants have been created
by exchanging the DNA components of the distinct geminiviruses
BDMYV and ToMoV (18). Thus, although the formation of infec-
tious pseudorecombinants may not be the sole criterion for
distinguishing geminivirus strains from distinct geminiviruses, the
inability to form infectious pseudorecombinants between BGMV-
BZ and -GA is further evidence that these are genetically distinct
viruses.

TABLE 3. Infection of Phaseolus vulgaris with cloned DNAs of bean
golden mosaic virus (BGMV-BZ) (BZ) and a BGMV isolated from
Guatemala (GA) and pseudorecombinants between the components of
these two geminiviruses

No. of plants with

DNA-A DNA-B symptoms/no. inoculated®
GP* GP 0/12

GA GA 7/9

BZ BZ 10/12

GA BZ 0/15

BZ GA 0/16

*Plant radicles were inoculated with electric discharge particle accelera-
tion. Only leaves from plants with symptoms hybridized with a general
geminivirus probe (17). Summary of results of three separate experiments.

"GP = gold particles only.
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In recognition of the distinct differences between BGMV-BZ
and the Central American/Caribbean BGMYV isolates, we propose
that these viruses represent distinct types of BGMV: type I for
BGMV-BZ (because the disease was first described in Brazil [3]),
and type II for BGMV-PR (24), BGMV-GA (9), and BGMV-
DR (9), with the implication that these types may occur beyond
their presumed geographical origins and that strains may exist
within the type groups. This nomenclature retains the same name
for geminiviruses that cause similar disease symptoms in beans,
but recognizes the significant differences beyond the strain level
that exist between these BGMV isolates. It is important to
distinguish between type I and II BGMYV isolates because bean
germplasm may exhibit different levels of resistance to these
BGMYV types.

It is interesting to speculate on the evolution of type I and
II BGMV isolates. We propose, as previously suggested by Costa
(4), that BGMYV type I and II isolates evolved from indigenous
geminiviruses present in native plants in South America and the
Central America/Caribbean Basin, respectively. Parallel evolu-
tion of these BGMV types from indigenous geminiviruses is
consistent with the absence of significant long-distance geographic
movement of BGMV (4) and the independent development of
BGMYV epidemics in geographically distant areas (14). According
to this proposal, BGMV-BZ and TGMYV diverged from a common
ancestor indigenous to South America, which would explain why
BGMV-BZ is phylogenetically related more to TGMV than to
type Il BGMYV isolates.

Future studies on BGMV should recognize that at least two
distinct BGMV types exist, and that additional differences in
biological properties of these types may be detected. Also, these
BGMYV types are distinct from BDMYV, another whitefly-
transmitted, bean-infecting geminivirus (23). These results may
have important implications in efforts to breed BGM V-resistant
beans for different geographical locations.
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