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The complete nucleotide sequence of the hypervirulent
CFH strain of beet curly top geminivirus (BCTV) has
been determined. The circular DNA genome of BCTV-
CFH consists of 2,927 nucleotides and shares extensive
sequence homology with the biologically distinct Califor-
nia strain of BCTV. Analysis of the CFH nucleotide se-
quence indicated that the rightward open reading frames
(ORFs) R1, R2, and R3 are highly conserved (>95%
amino acid chemical similarity) in the CFH and Califor-
nia strains, although CFH ORF R2 was extended by 24
carboxy-terminal amino acid residues not present in the
California strain. The CFH leftward ORFs L1, L2, and L3
shared varying levels of amino acid chemical similarity
with the corresponding ORFs of the California strain
(78.8, 66.5, and 86.7%, respectively). CFH ORF L4 was
the least conserved ORF present in both strains, encoding
a 9.9-kDa protein of 87 amino acid residues, which shares
57.6% chemical similarity with 85 carboxy-terminal
amino acid residues of the 19.4-kDa ORF L4 of the Cali-
fornia strain. The CFH DNA sequence also contained a
unique 12.5-kDa ORF (R4); however, there is no evidence
to suggest that R4 is expressed. Comparison of the CFH
and California strain nucleotide sequences indicates that
certain regions of the BCTV genome have diverged, and
this divergence may account for differences in the patho-
genic properties of the two strains.

Additional keywords: genome organization.

Beet curly top virus (BCTV) can be distinguished from
other geminiviruses on the basis of genome organization, in-
sect transmission, and host range (for review see Lazarowitz
[1987], Davies and Stanley [1989], and Stanley [1991]).
Stanley et al. (1986) determined the complete nucleotide se-
quence of a typical BCTV strain (California), and by using an
infectious DNA clone further demonstrated that the single
DNA genomic component (2,993 nucleotides) of BCTV en-
codes all viral functions necessary for replication, systemic
movement, induction of disease symptoms, encapsidation,
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and transmission by leathoppers. The BCTV genome encodes
seven open reading frames (ORFs) which appear to be func-
tional, based upon the analysis of mutant phenotypes. Brid-
don et al. (1989) established that BCTV ORF L1 is required
for viral replication, while the capsid protein ORF R1 is es-
sential for infectivity, because of requirement for the capsid
protein in systemic movement. The BCTV capsid protein is
also responsible for the specificity of leafhopper transmission
(Briddon et al. 1990). BCTV ORF R2 has been associated
with the production and accumulation of viral ssDNA (Stan-
ley et al. 1992; Hormuzdi and Bisaro 1993), while ORF R3
has been identified as a second BCTV gene mediating sys-
temic movement of the virus (Hormuzdi and Bisaro 1993).
Mutations introduced in ORFs L2, L3, and L4 have been as-
sociated with alterations in symptom expression (Stanley and
Latham 1992; Stanley et al. 1992), suggesting that these
ORFs are also functional, although their primary functions
remain to be identified.

While numerous strains of BCTV have been isolated and
characterized with respect to biological properties (Bennett
1971), little information is available concerning the molecular
basis for the diversity of pathogenic properties exhibited by
distinct strains. In addition to the California strain, infectious
DNA clones for four other BCTV strains (Logan, CFH,
Worland, and HRCT) have been isolated and characterized
for pathogenic and physical properties of the genome
(Stenger et al. 1990). The California and Logan strains are
representative of typical BCTV strains with wide host ranges.
Restriction endonuclease patterns for these two strains are
very similar, and they are biologically indistinguishable in
their pathogenic properties (Stenger et al. 1990). The com-
plete nucleotide sequence of the Logan strain (3,038 nucleo-
tides) has been determined, and the Logan strain sequence
differs little from that of the California strain sequence (S. G.
Hormuzdi and D. M. Bisaro, unpublished data, cited in Hor-
muzdi and Bisaro 1993). In contrast, the hypervirulent CFH
strain of BCTV can be distinguished from the California and
Logan strains by a distinct endonuclease restriction map and
also by causing severe symptoms on Nicotiana tabacum L.,
which remains asymptomatic when infected by the Logan or
the California strain (Stenger et al. 1990). Current experi-
ments indicate that the CFH strain can be further distin-
guished from other BCTV strains by producing more severe
symptoms in N. benthamiana Domin and Arabidopsis thali-
ana (L.) Heynh, (D. C. Stenger, D. M. Bisaro, and K. R.
Davis, unpublished data). To characterize the molecular basis
of BCTYV strain diversity, the nucleotide sequences of bio-



logically distinct variants of the virus need to be determined.
Regions of the viral genome potentially responsible for the
observed differences between strains may then be identified
for further analysis. In this communication, I report the com-
plete nucleotide sequence of the hypervirulent CFH strain of
BCTV and compare the nucleotide sequence of the CFH
strain to that of the biologically distinct California strain.
pCFH represents a full-length, infectious DNA clone of the
CFH strain of BCTV, which has been described by Stenger et

al. (1990). Subclones were constructed by use of the Erase-a-
Base procedure (Promega, Madison, WI) such that a nested
series of deletion derivatives were obtained in both directions.
DNA sequencing of subclones was accomplished by a modi-
fication of the dideoxy chain termination method of Sanger et
al. (1977) utilizing Sequenase 2.0 (United States Biochemi-
cal, Cleveland, OH) and %*S-labeled dATP. The complete
nucleotide sequence of the BCTV-CFH genome was deter-
mined to consist of 2,927 nucleotides and is presented in Fig-

1 ATTGAATCGGGCTCTCTTCAAATCCCCTATCAATTGGGTGCTTTGGGTGCTCTTAAATAC 60

61 CACCAAGGGGCCATCCGCATTAATATTACCGGATGGCCCCCAAAAAATACGTGGCCCAAT 120
121 GAAAATATGCCACGTGGAAAGCTAAAGATGTTGATGTGATGGATTTGGGCGGGAAACTTC 180
181 CTGAAGAAGTTTTCATTCCCGCCCCTTTTTTTGACTTAGTCAAAAAAGTAGCCGACATAC 240
241 TGTTTGAAATAAAGTTAAAAGTAGATCATTGTGGTCCCCACAAGAAACTTGCTAAGCAAG 300
301 TTTCGAATTATTTCTGTTTAAATACGTTATTTTTACATGTATATGTACTTATAAATGATG 360
361 GTCTGTCTACCAGACTGGTTATTTTTGCTATTTATCTTCAGTATTCTCCTGCAATCAGGT 420
421 ACGAACTTTTATGGGACCTTTCAGAGTGGATCAATTTCCAGACAATTATCCAGCCTTTCT 480
481 AGCAGTATCGACCAGTTGTTTCTTAAGGTACAACAAGTGGTGTATACTAGGTATCCATCA 540
541 AGAGATAGAGGCTCTGACCCTAGAAGAAGGCGCGGTCTTTCTTCAATTCCAGAAGGAAGT 600
601 GAAGAAGCTACTGAGGCGTAAGGTTAATTTTCATAGGAAGTGTTCGTTGTATGAGGAAAT 660
661 ATACAAGAAATACGTATACAATGTCCCAGAAAAGAAAGGTGAATCCTCAAAGTGCGTGGC 720
721 CGAAGAAGAGGAGGACTACTACGATTTCGAGGAAATACCAATGGAGGAGACCTGTGACAA 780
781 AAAACAGGACTCTGAAGTTAAAGATGTATGATGATATGTTGGGTGCTGGTGGTATAGGAT 840
841 CTACCATTAGTAATAATGGTATGATTACTATGTTGAATAATTATGTCCAGGGTATTGGTG 900
901 ATAGTCAGAGAGCGAAGAACGTTACTGTGACGAAGCATTTGAAGTTTGATATGGCTCTTA 960

961 TGGGGAGTTCTCCGTTCTGGGAGACTCCTAATTATATGACCCAATATCATTGGATTATCA 1020
1021 TAGACAAGGATGTTGGGTCAGTGTTTCCTACTAAGTTATCGAGTATATTTGATATTCCCG 1080
1081 ATAACGGTCAGGCTATGCCGTCTACTTATCGTATTCGAAGAGATATGAACGAGAGGTTTA 1140
1141 TTGTGAAGAAGAAATGGAGAACTCATTTGATGTCTACTGGTACTGGATATGGAGGGAAGG 1200
1201 AGACTTACAAGGCTCCTTCAATGCCAAATTACAAGAAACCGATGAATATCAATGTCCGCA 1260
1261 ATCTGAACATGAGGACTATTTGGAAAGACACCGGTGGTGGGAAGTATGAAGACGTGAAGG 1320
1321 AGAATGCTTTACTCTATGTTGTTGTTAATGATAATACGGATAATACTAATATGTATGCCA 1380
1381 CTTTGTTTGGCAATTGTAGATGTTATTTTTATTAATAAAAATATTATTTTTTTAATACAA 1440
1441 TTTCATTGCAACACTCTGGTTCTGAATTACACTAGATACAAAATTAAATTCTTCATACAG 1500
1501 GACATGATTTAAACCTCTAATTACATTATTAATACAAATTAAACCTAAATTATCCAAGTA 1560
1561 TATCTCTAGTCTCTTTTTCAAGACTTTCAAAAAACGGTCCCCAGTTAATGTCCTGTGCGA 1620
1621 TCCAGTGATCGTCAAATCTATCCAGCACTTGTGAAGATTCAAGTATTTGCGGAGGTTGTG 1680
1681 GTTGAATCTTATCTGGACTTTCAGTTGATAAACTGGCCCGGAACGGAAGAAGTCCTGGAG 1740
1741 TTTGAGGTACAATGGATTCGGTACCAAGTCCACGGGTATGGAATTCGTCGCTTGTTGCAG 1800
1801 CGTGATGGGTTCCTCTGTGCGAAAATCCCTGATTACATTCATGATGAATTGTGAAATGAC 1860
1861 ACTTACAAGGAAGTTTGATCTTGCGAGGACGCTTCTTGATTGTTATCAAAGAGAGGACTT 1920
1921 GTGAGTTTGGCGAAGACTGAATTTTGTAATGTCCAGGACCTAAGGGCTTCATTTTCTGAT 1980
1981 TTATTGAGGAAGTCCTGGTAAGAGCTGCCTTCGCCTGGATTGCATAATATAATACTGGGA 2040
2041 ATACCACCTTTAATGACACGTGGTTTTCCATACTTTAAGTTTGTCTGCCACTCTCTTTGT 2100
2101 GCGCCTATAAGGTGCTTCCAATGCTTCATCTTTAAGTAATTGGGATCTACGTCATCAATG 2160
2161 ACGTTATACAGAACATTATCATTATAAGTTTTTAAACTAAAATCTAAATGACCAGTAATA 2220
2221 TAATTATGTGGACCTAAACACCTGGCCCACATTGTTTTACCAGTTCTTGAATCACCCTCT 2280
2281 ATGATTAAACTATTATATCTAAAAGGCCGCGCAGCGGGATCCAAACCAAAATAAGAATCG 2340
2341 GCCCACTCTTGAATAATTTCTGGAACTCTAGTGAAAGAAGAAAGAGGAAAAGGTGGTTGA 2400
2401 TAAAGATCTGGAGGAGGAAGAAAAATAGCCTCTAAGTTAGGTTTGAGGTTGTGATACTGA 2460
2461 AAAATATATTTTTCTGGGAGTTTCTCCCTTATTATCTGCAGAGCTTCTAATGCATTACCT 2520
2521 GCATTTAATGCCTCTGCTGCAGCATCATTAGCCGTCTGTTGACCTCCGCGTGCAGATCTT 2580
2581 CCATCGACCTGAAATTCACCCCAGTCGATGTGATCTCCGTCCTTTGAGACGTAGGACTTG 2640
2641 ACGTCGGAACTGGATTTAGCTCCCTGAATATTGCAGTGGAATTGTTTGCTGGTACTTCGA 2700
2701 TGTTGCAGATCGAAGTAACGGGCATTACGGATCTGGACTTTTCCTTCGAATTGAATAAGG 2760
2761 GCATGCAGATGTGGTTCCCCATTTTCATGTAATTCTCTGCAGATGCGAATATATTTTTTA 2820
2821 TTCGAAGGTGTATTTATAGCGAGGAGCTGTTCTAAGGCGTCTTCTTTGGTTACTGAACAT 2880
2881 TGAGGGTATGTAAGGAAAAAATTTTTGGCTTTTTTGTAAAAAGGCAT 2927

Fig. 1. Nucleotide sequence of beet curly top virus strain CFH. The sequence presented is in the virion sense, with nucleotide 1 defined as the first nucleo-

tide upstream of the ATG initiation codon of open reading frame L1.
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ure 1. A physical map of the circular CFH genome (Fig. 2)
depicts the locations and nucleotide coordinates of restriction
endonuclease sites and the location and polarity of ORFs po-
tentially encoding proteins of at least 85 amino acid residues.
As in other geminiviruses, ORFs are present in both the viral-
sense (rightward ORFs R1, R2, R3, and R4) and the comple-
mentary-sense (leftward ORFs L1, L2, L3, and L4) strands of
the CFH genome. The ORF nomenclature used follows that
of the Logan strain (Hormuzdi and Bisaro 1993).

Of the eight CFH OREFs, seven are conserved in the CFH
and California strains (Table 1). The CFH genome also con-
tains a unique ORF (R4), which is not present in the Califor-

(2821) Csp4S1

nia strain and does not exhibit significant homology with
other geminivirus ORFs. At present there is no evidence to
indicate that CFH ORF R4 is expressed, and the presence of
this ORF in the CFH genome may be fortuitous. An exami-
nation of the amino acid sequences of the corresponding
ORFs of the CFH and California strains indicated that the
rightward ORFs R1, R2, and R3 are highly conserved and
retain >95% chemical similarity of amino acid sequence (Ta-
ble 1), although the CFH R2 ORF was extended by 24 amino
acid residues at the carboxy terminus. In contrast, the chemi-
cal similarity of amino acid sequences in the leftward ORFs
varied from 86.7% for ORF L3 to as low as 57.6% for ORF

Conserved
(2761) Sph 1 €)) Vv Sspl(82)
(2745) Csp45S 1 Cspds 1 (302)
(2667) Ssp 1 sp45 1 (
(2574) Bgl 11 IR Dral (317)
(2537) Pst I R3
(2510) Nsi I Y,
(2496) Pstl 12.5 kDa /'//7/,} 10.0 kDa
(2404) Bgl 11 1i2
(2317) BamH 1 40.4 kDa
15.0 kDa SnaB I (671)
L2 2927 nt R1
19.5 kDa 29.6 kDa BstX I (887)
16.0 kDa
(1781) EcoR 1
(1770) BstX I Cspd51(1114)
(1760) Kpn I

(1508) Dra I

Ssp I (1420)

Fig. 2. Physical map of the genome of beet curly top virus (BCTV) strain CFH. The solid arrows denote the location and polarity of open reading frames
(ORFs) conserved among the CFH and California strains of BCTV. The shaded arrow denotes the location and polarity of a nonconserved ORF unique to
BCTV-CFH. The sizes of the predicted protein products are indicated in kilodaltons. The nucleotide coordinates of restriction endonuclease cleavage sites
are indicated in parentheses. The location of the intergenic region (IR) and the conserved geminivirus hairpin sequence motif (inverted triangle) are indi-
cated.

Table 1. Analysis of open reading frames (ORFs) of beet curly top virus (BCTV) strain CFH with the potential to code for proteins greater
than 85 amino acid residues

Nucleotide coordinates Amino acid homology (%)*

Protein mass Amino acids

ORF (kDa) Frame Start Stop (no. of residues) Direct Conserved
R1 29.6 +3 651 1,413 254 98.0 98.8
R2 15.0 +2 431 809 126 94.1° 95.1°
R3 10.0 +1 355 619 88 97.7 100

R4 12.5 +3 159 480 107 LS LS

L1 40.4 -1 2,927 1,865 354 71.5¢ 78.8¢
L2 19.5 -2 2,071 1,552 173 62.4 66.5

L3 16.0 -3 1,842 1,434 136 82.4 86.7
L4 9.9 -2 2,788 2,527 87 52.9¢ 57.6°

“Sequence homology with the California strain of BCTV. Direct homology was based upon identical amino acid residues only. Conserved
homology was based upon both direct homology and chemically similar residues considered identical.

®Only amino-terminal residues 1-102 were compared. CFH ORF R2 contains 24 additional carboxy-terminal residues not present in BCTV-
California.

“ ORF R4 is not conserved among other BCTV strains.

¢ Homology determined after alignment of sequences to account for residues 7-10 of BCTV-California, which are not present in CFH.

¢ CFH ORF L4 residues 3-87 compared with BCTV-California ORF L4 carboxy-terminal residues 83-167.

156 / Molecular Plant-Microbe Interactions



L4 (Table 1). In two cases (ORFs L1 and L4), comparison of
amino acid sequences for the predicted proteins required
alignment prior to analysis. CFH ORF L1 is four amino acid
residues shorter than the corresponding ORF in the California
strain, and an alignment of the predicted amino acid se-
quences indicated that residues 7-10 of the California ORF
L1 are not present in the CFH ORF L1 sequence. ORF L4 of
CFH (9.9 kDa) was significantly shorter than the correspond-
ing ORF L4 of the California strain (19.4 kDa). Although the
CFH genome retained the ATG initiation codon (CFH nu-
cleotide coordinate 74) corresponding to the California ORF
L4 initiation codon, this ORF in CFH terminated after only
14 amino acid residues. However, the 9.9-kDa CFH ORF L4
was initiated at a site downstream relative to the California
strain, such that CFH ORF L4 retained sequences correspond-
ing to the carboxy-terminal amino acid residues of the Cali-
fornia strain ORF L4. This observation is consistent with the
hypothesis that the California strain ORF L4 may actually
begin translation at a downstream ATG (Stanley et al. 1992),
as suggested by mutational analyses of the California strain
ORF L4 in which mutations constructed in the amino portion
had no effect, while mutations constructed in the conserved
carboxy portion resulted in attenuated symptoms (Stanley and
Latham 1992; Stanley et al. 1992).

Within the CFH intergenic region (IR) is located a con-
served hairpin sequence motif, NNNTAATATTAC, flanked
by inverted repeats of 11 nucleotides (nucleotide coordinates
67-100). This motif is highly conserved among distinct
geminiviruses (Lazarowitz 1987) as an essential element of
the geminivirus plus-strand replication origin (Stenger et al.
1991; Lazarowitz et al. 1992). While the California strain IR
contains a 27-nucleotide direct repeat (Stanley et al., 1986),
the CFH IR retains only a single copy of a similar sequence
element (nucleotide coordinates 169-195), indicating that any
potential function of this element does not require duplica-
tion. Aside from these similarities, the remainder of the IR of
the two strains has undergone considerable divergence.

Determination of the BCTV-CFH sequence has permitted
identification of regions of the BCTV genome which have
diverged in different strains, some of which must specify de-
terminants of strain-specific pathogenic properties. Comple-
tion of the CFH sequence also facilitates ongoing research
concerning the production of chimeric viral genomes contain-
ing defined fragments of DNA from biologically distinct

strains, in an effort to identify which regions of the BCTV
genome control strain-specific traits.
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