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Abstract. Large dsDNA-containing chlorella viruses an 81-nucleotide intron sequence in another 4 viruses
encode a pyrimidine dimer-specific glycosylase (PDG)imply strong selective pressure to maintain the DNA
that initiates repair of UV-induced pyrimidine dimers. sequence of the intron when it is in tpelg gene. How-
The PDG enzyme is a homologue of the bacteriophagever, the ability of intron-plus and intron-minus viruses
T4-encoded endonuclease V. Thdg gene was cloned to repair UV-damaged DNA in the dark was nearly iden-
and sequenced from 42 chlorella viruses isolated over &ical. These findings contradict the widely accepted
12-year period from diverse geographic regions. Surprisdogma that intron sequences are more variable than exon
ingly, the pdg gene from 15 of these 42 viruses contain sequences.

a 98-nucleotide intron that is 100% conserved among the

viruses and another 4 viruses contain an 81-nucleotid&ey words: Pyrimidine dimer-specific glycosylase —
intron, in the same position, that is nearly 100% identicaDNA repair — Intron — dsDNA virus — Chlorella vi-
(one virus differed by one base). In contrast, the nucleoruses — Phycodnaviridae

tides in thepdg coding regions (exons) from the intron-
containing viruses are 84 to 100% identical. The introns
in thepdggene have 5AG/GTATGT and 3-TTGCAG/
AA splice site sequences which are characteristic o
nuclear-located, spliceosomal processed pre-mRNA in-

trons. The 100% identity of the 98-nucleotide intron se-Large (150 to 190 nm in diameter) icosahedral, plague-

quence in the 15 viruses and the near-perfect identity oforming, dsDNA-containing viruses that infect certain
isolates of unicellular, eukaryotic chlorella-like green al-
gae are common in freshwater collected throughout the
: . . _ world (Van Etten et al. 1985a, b; Schuster et al. 1986;
EZ'SSez?EﬁrD?ﬁzi:neeGn"’i‘jz'rgi’:e‘j f‘],‘\’l“?a' ie”es No. 12562, Agriculturghang et al. 1988; Yamada et al. 1991). Virions of the
’ y o) eprasia prototype chlorella virus, PBCV-1, contain at least 50

*Current address:Department of Molecular Genetics and Biochemis- . . L
try, University of Pittsburgh School of Medicine, Pittsburgh, PA Proteins and a lipid component located inside the outer

1lntroduction

15261, USA glycoprotein capsid (Skrdla et al. 1984; Wang et al.
TCurrent addressCenters for Disease Control, MS-C03, Atlanta, GA 1993). The PBCV-1 genome, a linear, nonpermuted
30333, USA dsDNA molecule with covalently closed hairpin ends has
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nia, Davis, CA 95616-8668. USA been sequenced (Lu et al. 1995; 1996; Li et al. 1995,
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unl.edu codes 702 open reading frames (ORF) 65 codons or
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larger, of which 377 are predicted to encode proteins (LiTable 1. Chlorella viruses used in this stutly
et al. 1997).

Perhaps one of the more interesting PBCV-1-encoded Srlz?juoc:ts:i:tﬁ
proteins is one that resembles the bacteriophageera/ Date EBCV-l
gene product (Furuta et al. 1997). THenVgene en-  virus  Virus isolated from collected  Class primers (bp)
codes a well—cha_ra_ctgnzed, pyrimidine d|mer—spe0|f|cNE_8D Nebraska, USA Sept. 1984 1 447
glycosylase, apyrimidine lyase, called endonuclease \(\lyb_l New York, USA Aug. 1984 1 447
(T4-PDG), that initiates repair of UV-induced pyrimi- ca-4B california, USA Nov. 1984 1 447
dine dimers in DNA (Yasuda and Sekiguchi 1970; Lloyd AL-1A  Alabama, USA Oct. 1984 2 545
and Linn 1993; Lloyd 1999). Although T4-PDG-like en- E\éig ne\/\t/hYCOFK FSAUSA Aougt- 112882 22 55455
zyme activity has been discovered in several microorc ", Ngrrth c?rzl'iﬂz’, Uon 1;8'1 5 aa
ganisms, includingicrococcus luteugGrafstrom et al.  \c.ic North Carolina, USA  Oct. 1983 3 545
1982; Piersen et al. 1995; Shiota and Nakayama, 19973a-1A california, USA Nov. 1984 4 545
and Saccharomyces cerevisigelamilton et al. 1992), CA-2A  California, USA Nov. 1984 4 447
with the exception of one enzyme fravh luteus(Shiota ~ IL-2A  lllinois, USA Oct. 1983 4 545
and Nakayama 1997), these enzymes differ from T4J-28  llinois, USA Oct. 1983 4 447

L . . . IL-3A  lllinois, USA Oct. 1983 4 545

PDG in size and amino acid sequence. The discovery o,t_3D lliinois. USA Oct. 1983 4 447

a PBCV-1-encoded homologue to T4-PDG (41% aminosc-1A  South Carolina, USA Oct. 1983 5 545

acid identity) led to structural and functional compari- SC-1B  South Carolina, USA  Oct. 1983 5 545

sons between the two enzymes. The PBCV-1 enzyme i¥C-1A  North Carolina, USA  Oct. 1983 6 ™N

a cis—syn and trans—syn-Il cyclobutane pyrimidine dimer\E-8A  Nebraska, USA Sept. 1984 7 447

AL-2C  Alabama, USA Oct. 1984 7 447

glycosylase (PBCV-1-PDG) (McCullough et al. 1998), \1a.1E Massachusetts, USA Aug. 1984 7 545

whereas the T4 enzyme cleaves only the cis—Syn Cyny-2F  New York, USA Aug. 1984 7 N

clobutane pyrimidine isomer. In addition, PBCV-1-PDG CA-1D  California, USA Nov. 1984 7 545

has a stronger electrostatic attraction for DNA than theNC-llB morthYCalioISgAUSA AOct. 1322 87 ’\Il\l

. H H S- ew YOorkK, ug.

E (:)rlljzc);/me, i.e., PBCV-1-PDG is more processive tharfl'_{’f)_251 linois, USA Mas 984 o a4
i : AL-2A  Alabama, USA Oct. 1984 9 545
The discovery of functional differences between thema-1D  Massachusetts, USA Aug. 1984 9 447

PBCV-1 and the T4 enzymes prompted us to charactemy-2B  New York, USA Aug. 1984 9 N

ize T4-PDG homologues from 41 other chlorella virusescé"z‘r/; ﬁa“fo\;nii, LLJE/;\\ X‘OV- 11388:« 11;) 245

) ; . . . CNY- w Yor _

from diverse geographic regions. As described in t_h'sNxz-3A XSzhot?, i l\xgr. 1087 15 447

paperpdggenes from 15 viruses contain a 98-nucleotideg,_ g Shanghai, China Mar. 1987 13 N

intron and another 4 viruses contain an 81-nucleotidesj-2c  Beijing, China Mar. 1987 13 N

intron. These introns interrupt the coding region at iden-xz-6E  Xuzhou, China Mar. 1987 14 N

tical positions in thepdg gene. Surprisingly, the nucleo- XZ-4C  Xuzhou, China Mar. 1987 15 447

tide sequence of the 98-nucleotide intron is 100% conX45C  Xuzhou, China Mar. 1987 16 N

gy . XZ-4A  Xuzhou, China Mar. 1987 16 447

served, regardless of the origin of the viruses. Moreover,s 15 |srael Aug. 1996 N

three of the four 81-nucleotide introns were identical; thecH-57  Baoding, China Aug. 1997 N

fourth differed by only one nucleotide. In contrast, the AN69C  Canberra, Australia Mar. 1995 545

exon nucleotide sequences of thdg genes were less AR158  Buenos Aires, Argentina  Aug. 1997 N

AR93-2 Buenos Aires, Argentina Aug. 1997 545

conserved among the viruses.

2The First 37 viruses have been separated into 16 classes as indicated
(Van Etten et al., 1991). The last five viruses were isolated recently and
were included to increase the geographic diversity of the viruses.

®No PCR product was obtained with virus PBCV-1 primers.

Materials and Methods

Viruses and Host Strains

h, 501 aliquots were boiled for 10 min and the samples were used as
The geographic sources of the 42 (including PBCV-1) chlorella virusesiempjates for PCR.

and the year they were isolated are listed in Table 1. The growth of the  primers corresponding to theé &ind 3 ends of the PBCV-pdg
host algaChlorella strain NC64A, on MBBM medium, plaque assay, gene were used to amplify tigeiggene from many of the viruses. The
production of the viruses, and isolation of virus DNAs have beengequence of the PBCV-1' fprimer was 5ATCGGATCC CATAT-
described (Van Etten et al. 1981, 1983a, b). GACACGTGTGAATCTCGTACC; the sequence of the PBCV-1 3
primer was 5AATGGATCCTTAATTATTGCTGGTTTTAGC. The
sequence of NY-2B ‘3primer was 5-AATGGATCCTTAATTAT-
CATTATGATTAG. All primers contained 8arnH| restriction site(in
boldface). The PCR products were either sequenced directly or di-
Single plaques from chlorella viruses were transferred with sterilegested withBanHI and cloned into theBanHI site of pBluescript
toothpicks to 20Qul of 50 mM Tris—HCI, pH 7.5. After soaking for 2 IIKS(-) (Stratagene, La Jolla, CA, USA) before sequencing.

Polymerase Chain Reaction (PCR)
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DNA was amplified with Vent DNA polymerase (New England Results
BioLabs, Beverly, MA, USA), in 10Q:l reactions which contained 1
pg of virus DNA, a 100 M (concentration) of each primer, a 0.2Vn
concentration each of dATP, dCTP, dGTP, and dTTP, andlXj 10
x ThermoPol buffer [100 it KCI, 200 mM Tris-HCI (pH 8.8 at 25°C),
100 mM (NH,),S0O,, 20 mM MgSQO,, 1% Triton X-100], by 30 cycles
of heating and cooling: 1 min at 94°C for denaturation, 2 min at 55°C Twenty-nine of the 42 viruses used in this study were
for annealing, and 2 min at 72°C for elongation. isolated from water samples collected in different re-
gions of the United States in 1983-1984 (Van Etten et al.
19854, b; Schuster et al. 1986) and seven were isolated
from water collected in China in 1987 (Zhang et al.
Total RNA was isolated from chlorella virus-infected cells using Trizol 1988). Including PBCV-1, which was isolated in 1981,
reagent (GIBCO-BRL, Gaithersberg, MD, USA). cDNA synthesis of several criteria were used to group these 37 viruses into
the PDG mRNA and amplification of DNA were described previously 16 classes (Table 1) (Van Etten et al. 1991). To increase
(Grabherr et al. 1992). Thpdg 3’ primer of PBCV-1 (for viruses  the geographic diversity of the viruses, we included an
containing the 98-nucleotide intron) or NY-2B (for viruses containing additional virus from China, two viruses from Argentina,

the 81-nucleotide intron) was used to synthesize cDNA. The forwardand one each from Israel and Australia: these five viruses
primer, the PBCV-1pdg gene 5 primer, and the reverse primer, the . . - '

PBCV-1 (for viruses containing the 98-nucleotide intron) or NY-2B were isolated in 1995-1996. L

(for viruses containing the 81-nucleotide intrqujg gene 3 primer, The PBCV-1pdg gene probe hybridized to dot blots

were used to amplify thedg DNA from the cDNA templates. of DNA from all the viruses (Furuta et al. 1997; L. Sun,
unpublished results), indicating that the gene is wide-
spread in the chlorella viruses. Using the DNA sequence
DNA Sequencing of the PBCV-1pdggene as a guide to make oligonucleo-
tide primers, DNA was amplified from 41 viruses by
PCR products and cloned PCR products were sequenced from botPCR. DNA from 28 of the viruses produced PCR prod-
strands by the procedure of Sanger et al. (1977), as modified by Taboy~t5 \with these primers that were cloned and sequenced

and Richardson (1987), using a Version 2.0 Sequenase kit from Am;, b
ersham Life Science (Arlington Heights, IL, USA). Some DNA frag- (Table 1)‘ The size of the PCR prOdUCtS from 13 of these

ments were also sequenced at the University of Nebraska Center fof8 Viruses was identical to that produced with the
Biotechnology DNA sequencing core facility. Purified viral genomic PBCV-1 pdg gene, i.e., 447 nucleotides. However, the
DNAs were also used as templates for DNA sequencing using oligoPCR products from the other 15 viruses, such as IL-3A
nucleotide primers that hybridized within thelg gene; these DNA and AL-1A, were Iarger, 545 nucleotides. The predicted
sequences allowed both ends of ffiug genes to be determined. These t lati ducts of the 13 DNA that
reactions contained 3.2 pmol of oligonucleotide primer and reaction ransiation pro ucts or the sequences that were
regents from an AmpliTaq Dye-Terminator cycle sequencing kit (Ap- th€ same size as the PBCV-1 gene resembled the PBCV-
plied Biosystems, Inc., Foster City, CA, USA). Mixtures were heated 1-PDG sequence (Fig. 1). In fact, the predicted amino
through 35 cycles at 96°C for 30 s, 50°C for 15 s, and 60°C for 4 min.acid sequences from two viruses, XZ-3A and XZ-4A,
The reaction products were purified by centrifugation (Centri-Sep coI—Were identical to PBCV-1-PDG: the other 11 PDG en-

umns; Princeton Separations, Inc., Adelphia, NJ, USA) and dried o i . .
vacuo (Savant Instruments, Inc., Hicksville, NY, USA). The residue zymes were 94 to 98% identical with the PBCV-1 en-

was resuspended in a 5:1 mixture of deionized formamide and\g0 m ZYmMe (Fig.. 1). In Cf)ntraSta the DNA_‘ sequences from .the
EDTA, heated at 95°C for 2 min, and then cooled on ice. Samples wer@ther 15 viruses did not translate into inframe proteins.

loaded onto 5% polyacrylamide gels to resolve the DNA sequence byHowever, removal of a 98-nucleotide region (Fig. 2)7
electrophoresis (Model 373A automated DNA sequencer; Applied Bio'from nucleotides 59 to 156, created proteins that re-
systems, Inc.). sembled PBCV-1-PDG (Fig. 1). The predicted amino
acid sequence of the proteins encoded by 4 of these
viruses, AR93-2, NC-1C, SC-1A, and SC-1B, was 100%
identical to PBCV-1-PDG; the other 11 viruses encoded
DNA probes were labeled with a random primers DNA labeling kit proteins with 95 tQ 99% amino acid identity to the
(GIBCO-BRL). For dot blots, denatured virus DNAs were applied to PBCV-1 enzyme (Fig. 1). As expected, synonymous sub-
nylon membranes (Micron Separation Inc., Westborough, MA, USA) stitutions occurred more frequently than nonsynonymous
as described (Ross et al. 1989). substitutions, and the proportion of substitution type

UV radiation sources and the procedures used to assay the Viruseg, q\wed only slight variation among all genes sampled
for repair of UV damage in the dark were identical to those used(.l.able 2)

previously (Furuta et al. 1997). DNA, RNA, and protein sequences . .
were analyzed with the University of Wisconsin Genetics Computer NO PCR products were obtained with the PBCV-1

Group package of programs (Genetics Computer Group, 1994). Th@dg-gene primers for 13 viruses, even though their
number of synonymous and nonsynonymous amino acid substitutionpNAs hybridized to thepdggene probe. To clone the
was estimated using the DIVERGE command in GCG version 9.0,pdg genes from these 13 virus DNAs. DNA restriction

which employs the modified method of Li (1993) and Pamilo and . . .
Bianchi (1993). Computer programs used to construct the phylogenetigragmer‘tS were identified by Southern bIottlng, eluted

trees are described in the results section. Thedi@genes are depos- T0OM gels and cloned into pBluescript Il KS(-). Appro-
ited in GenBank under Accession numbers AF128127 to AF128168. priate clones were sequenced and predicted amino acid

Thepdg Gene Is Widespread in the Chlorella Viruses

Complementary DNA (cDNA) and PCR

Other Procedures
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AR93-2 GTATGTAAATATTAATAATCACAAACTTAATAATTCATAATCACAAACTTAATTATATTCTTTATTTATTAAAATTTCGATTTGTAATGTTTTTGCAG

Fig. 2. The nucleotide sequences of 98-nucleotide introns (top 15) and 81-nucleotide introns (bottom 4) in some of the chlonetlg génmess.
Uppercase lettersire nucleotides that are conservedda@shindicates that nucleotides are missing.

Table 2. Synonymous substitution&{) and nonsynonymous substitutiort§,( among representative PGD genes estimated using DIVERGE
(GCG version 9.0)

AL.1IA AN.69C AR.158 CH.57 1S.10 MA.1D NE.8A NY.2B PBCV.1 XzZ.4C

AL.1A 0.00 23.70 53.67 43.16 32.57 8.58 33.05 46.52 19.65 51.67
AN.69C 3.23 0.00 41.82 17.19 9.11 14.79 7.57 40.32 23.81 23.60
AR.158 5.83 6.45 0.00 59.98 58.19 43.71 54.82 11.59 57.84 63.99
CH.57 5.79 3.17 8.35 0.00 7.10 32.54 10.61 49.49 22.44 24.59
IS.10 4.08 2.49 7.71 1.82 0.00 22.84 1.46 49.90 13.75 13.94
MA.1D 0.37 2.83 6.73 5.38 3.66 0.00 23.53 37.64 7.49 39.00

NE.8A 4.16 0.95 7.68 3.62 1.53 3.75 0.00 55.78 14.43 14.19
NY.2B 6.54 7.17 0.65 9.14 8.45 7.44 8.40 0.00 51.04 73.21

PBCV.1 0.94 4.21 6.61 4.79 3.08 131 3.18 7.32 0.00 28.00
XZ.4AC 6.04 4.65 9.41 5.63 2.73 5.62 3.60 9.31 5.03 0.00

2 Upper triangle: synonymous substitutions per 100 synonymous sites. Lower triangle: nonsynonymous substitutions per 100 nonsynonymous site:

sequences of these proteins are included in Fig. 1. Th&ome Chlorella Virupdg Genes Contain an Intron
predicted amino acid sequence from 8 of the 13 viruses,
I1S-10, BJ-2C, XZ-5C, XZ-6E, NC-1A, NC-1B, NY-2F, The apparent “extra” 81 nucleotides (4 viruses) and 98
and SH-6A, was two amino acids smaller than PBCV-nucleotides (15 viruses) in thedg genes in 19 viruses
1-PDG (Fig. 1). The protein encoded by virus CH-57 have sequence characteristic of nuclear, spliceosomal-
was one amino acid longer than PBCV-1-PDG. Furtherprocessed introns. Pre-mRNAs with spliceosomal-
more, the last seven amino acids at the carboxyl end gbrocessed introns typically have three short consensus
the CH-57 protein differed from PBCV-1-PDG (Fig. 1). sequences: (i) the'5splice site is AGGURAGU in
The remaining four viruses, NYs-1, NY-2A, NY-2B, and mammalian cells and AGUAUGU in yeast, (ii) the 3
AR158, contained an apparent, “extra” 81-nucleotide in-splice site is(Y),, NYAG/G in mammalian cells and
sert in the putativgpdg gene at the same position as the YCAG/G in yeast, and (iii) a branch point sequence,
98-nucleotide insert. Removal of this 81-nucleotide re-which is more variable, but usually is UNCW& in
gion (Fig. 2), from nucleotide 59 to nucleotide 139, cre-mammalian cells andACUAAC in yeast (Green 1991,
ated in frame ORFs that encoded proteins with 90 to 91%Balvay et al. 1993; Lamond 1993). The “extra” 81 and
amino acid identity to PBCV-1-PDG (Fig. 1). 98 nucleotides in thpdggenes contain potential SAG/
Comparisons of thpdgcoding regions to a consensus GUAUGU) and 3 (UUUUUGCAG/A) splice site se-
pdg gene are shown in Fig. 3. Nucleotide sequences ofjuences and a putative branch point sequenceA@)C
the pdg genes from viruses XZ-3A and XZ-4A were with a lariat-forming adenine residue located either 55 or
identical to PBCV-1, whereas thpdg genes from 56 nucleotides upstream of thé $plice site.
the other viruses ranged from 84 to 98% identical to To determine if the 81 or 98 nucleotides in thdg
PBCV-1. Including all the viruses, 123 of the 420 to 426 genes are removed from the final transcript, RNA was
nucleotides in thepdg coding region differed from the isolated from chlorella cells at 180 and 240 min after
consensupdggene. Seventy-three, or 59%, of these 123infection with virus NY-2B (81-nucleotide) or 60 and 90
nucleotide differences occurred in the third position ofmin after infection with virus IL-3A (98-nucleotide);
the codon. cDNAs were synthesized from pooled samples by
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Fig. 4. Hybridization of the introns from the virysdggene to DNAs labeled 81-nucleotide intron hybridized to the 4 chlorella virus DNAs
isolated from the hosthlorella NC64A and 42 chlorella viruses. The that contained the 81-nucleotide intron (NYs-1, NY-2B, NY-2A, and
32p-labeled 98-nucleotide intron hybridized to the 15 chlorella virus AR158) and also to the 15 chlorella virus DNAs that contained the
DNAs that contained the 98-nucleotide intron and, to a much lesser98-nucleotide introng).

extent, to the 4 viruses with the 81-nucleotide intrd).(The 32P-

reverse transcription and amplified by PCR. The cDNA98-nucleotide intron in theipdg genes and weakly with
products were identical in size to that of the PBCYdg  the 4 viruses that have the 81-nucleotide intron (Fig. 4A).
gene product, which lacks an intron. Comparison of theThe 81-nucleotide probe hybridized not only to the 4
cDNA sequences to either the NY-2B or the IL-3A ge- viruses with the smaller intron, but also to the 15 virus
nomic DNAs established that 81 or 98 nucleotides, re-DNAs with the longer intron (Fig. 4B). Densitometric
spectively, are removed from the mRNAs and that themeasurements of the blots revealed that hybridization
splice sites are identical to those predicted above. Therantensity for the virus DNAs were similar, indicating that
fore, the “extra” 81 and 98 nucleotides in thdggene  all of the 19 viruses have the same number of introns, (ii)
from the 19 chlorella viruses are introns. The intron oc-Southern blots of virus NY-2B- or IL-3A-DNAs cleaved
curs after the first nucleotide in a Glu codon. with eight restriction endonucleases were hybridized
The 81- and 98-nucleotide introns resemble eaclwith the 81-nucleotide intron or the 98-nucleotide intron,
other and the size difference may reflect a 16-nucleotideespectively. In each blot, only one restriction fragment
deletion or insertion (Fig. 2). Twelve (13 for virus NY- hybridized to the probe, consistent with one intron per
2B) of the remaining 81 nucleotides, or about 15%, differgenome. (iii) No DNA sequence that resembles either
between the 81- and the 98-nucleotide introns. Both inintron occurs in the PBCV-1 genome or in the databases.
trons are A+T rich, 78 and 83%, for the short and long
introns, respectively. In contrast, tipelg coding region
from all the viruses is 60% A+T, the same as the wholeUV Sensitivity of Intron-Containing and
virus genome (Van Etten et al. 1985c). Both introns con-Intron-Lacking Viruses
tained many internal TAA translational stop codons and
neither intron encoded a significant ORF. The almost-perfect identity of the 81-nucleotide and 98-
The following experiments indicate that the virus ge- nucleotide intron sequences for viruses that were isolated
nomes contain only one copy of the intron and that theover a period of 12 years and separated by thousands of
introns are located exclusively in tipelggene. (i) DNAs  miles suggests selection pressure maintains the intron se-
from the 42 viruses (including PBCV-1) were hybridized quence in thepdg gene. One possibility is that introns
with probes for both introns. The 98-nucleotide intron improve repair of genomic UV damage. To test this hy-
probe hybridized to the 15 virus genomic DNAs with the pothesis, we compared the UV sensitivity of intron-
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Fig. 5. Sensitivity of chlorella viruses to UV radiationA) Viruses intron in the pdg gene). There were no obvious differences in the
PBCV-1 and IL-3D (no intron in thedggene) and NC-1C and IL-3A  survival of viruses that either containezpen symbo)sor lacked filled
(98-nucleotide intron in thedg gene). B) Viruses PBCV-1 and MA-  symbol$ an intron in theirpdg genes.

1D (no intron in thepdg gene) and NY-2B and NYs-1 (81-nucleotide

containing (NC-1C and IL-3A contain a 98-nucleotide the resolution of weakly supported nodes, and these dif-
intron and viruses NY-2B and NYs-1 contain an 81-ferences were not significant (according to Kishino—
nucleotide intron) and intron-lacking (PBCV-1, IL-3D, Hasegawa tests of likelihoods and Templeton’s nonpara-
and MA-1D) viruses. The viruses were exposed to in-metric test of parsimony). However, topologies forcing
creasing doses of UV radiation, and the virus titer platesaonmonophyly of the 81-nucleotide intron-containing
were incubated in the dark for 3 to 5 days. Survival rateggenes, as well as strict monophyly of all 98-nucleotide
of all viruses were similar (Fig. 5). intron-containing genes, were significantly worse devia-
tions from the optimal solutiorPdggenes containing the
81-nucleotide intron formed a monophyletic clade com-
prising the sister lineage to the remainipdggenes. The

Evolutionary relationships among the 42 chiorella virus98-nucleotide intron-containing genes were paraphyletic

pdg genes were determined. Predicted amino acid sdelative to the two clades of non-intron-containing genes.

quences of the coding regions were aligned using the
Pileup command in GCG, version 9.1 (Genetics Com-pjscussion
puter Group 1997), optimized manually, and then back-
translated to nucleic acid sequences using DNA Stack¥he amino acid sequences of the chlorella virus PDG
version 1.1.2 (Eernisse 1992). The last five codons coulénzymes did not vary as much as anticipated. For ex-
not be unambiguously aligned and were excluded fromample, the PDG amino acid sequences from six viruses
the analyses. Most-parsimonious trees and tests of alte(AR93-2, NC-1C, SC-1A, SC-1B, XZ-3A, and XZ-4A)
native tree topologies were inferred using PAUP* ver-and from eight viruses (1S-10, NC-1A, NC-1B, NY-2F,
sion 4.0.0.d64 (kindly provided by D.L. Swofford). To BJ-2C, XZ-5C, XZ-6E, and SH-6A) were, respectively,
estimate support for unambigously supported clade400 and 98% identical to PBCV-1-PDG. The amino acid
only, parsimony jackknifing (250,000 replicates) was sequence for the PDG enzyme from four viruses that
employed (Farris et al. 1996). Maximume-likelihood trees contain an 81-nucleotide intron diverged most from the
were reconstructed using PUZZLE version 3.1 and asPBCV-1 enzyme, having 90 to 91% amino acid identity.
sumed the HKY model of sequence substitution (Ha- Two amino acids critical for T4-PDG catalysis are
segawa et al. 1985). Nucleotide transition/transversiotknown from x-ray crystal (Morikawa et al. 1992) and
ratios and pyrimidine transition/purine transition ratios cocrystal (Vassylyev et al. 1995) structures and studies
were estimated from the data set. Trees were visualizedf site-directed mutations (Hori et al. 1992; Doi et al.
using Treeview version 1.4 (Page 1996). The distribu-1992). These amino acids are FifPbodson et al. 1993;
tions of introns were mapped onto thdggene phylog-  Schrock and Lloyd 1991) and Giti(Hori et al. 1992;
eny using MacClade version 3.05 (Maddison and Mad-Doi et al. 1992; Manuel et al. 1995). These two residues
dison 1992). The gene tree was rooted using th@dg are integral for labilizing the glycosyl bond of the 5
gene. pyrimidine of the dimer and catalyzing phosphodiester
The maximum-likelihood topology (Fig. 6A) differed backbone cleavage ~elimination. All chlorella virus
from the parsimony-jackknife tree (Fig. 6B), but only in PDG enzymes have these two amino acids.

Phylogenetic Analyses
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Fig. 6. Phylogeny of chlorella viruppdg genes. A) Maximum- 98-nucleotide intron.B) Parsimony jackknife support for unambigu-
likelihood tree (HKY model of sequence substitution; nucleotide tran- ously resolved nodes (250,000 replicates) is depicted where greater
sition/transversion ratios and pyrimidine/purine transition ratios werethan 60%. Lineages possessing the 81-nucleotide introrsteaded,
estimated from the data seScale barrepresents 10% sequence di- those with the 98-nucleotide intron abpéack.

vergence. ($) Viruses with the 81-nucleotide intron; (*) viruses with the

The most surprising finding in this study was a 100% water sample collected in Massachusetts and both vi-
conserved 98-nucleotide intron in tpelggene from 15  ruses were isolated from the same petri plate. Likewise,
of the chlorella viruses. Four other viruses contained asiruses CA-4A and CA-4B came from the same water
nearly identical 81-nucleotide intron (one virus differs by sample collected in California in 1984, more than 3000
one base) at the same location in thég gene. The mi from the Massachusetts site. CA-4A has a 98-
remaining 23 viruses lacked introns in théggene. The nucleotide intron in thegdg gene, whereas CA-4B does
near-identities of the 81- and 98-nucleotide intronsnot. Similar results were also obtained with water
forced us to determine if the results were due to DNAsamples collected in North Carolina, Alabama, and Illi-
contamination. Consequently, all experiments were renois.
peated using PCR-amplified virus DNA from single  Three of the four viruses with the 81-nucleotide intron
plaques. Concurrently, the virus DNAs were cleaved(NY-2A, NY-2B, and NYs-1) were isolated from the
with restriction endonucleases to assure that restrictiosame water sample collected in New York in 1983-1984.
patterns matched those of the original isolates. No eviThe fourth virus was isolated from water collected in
dence of contamination was detected. Argentina in 1996. Two other viruses isolated from the

Thirteen of the fifteen 98-nucleotide intron-containing same petri plate that gave NY-2A, NY-2B, and NYs-1
viruses were isolated from water collected in the Uniteddiffered; NY-2C contained the 98-nucleotide intron and
States in 1983-1984, including isolates from MassachuNY-2F lacked an intron.
setts, New York, North Carolina, South Carolina, Ala-  Previously, 37 of the viruses were grouped into 16
bama, lllinois, and California. An identical intron was classes on the basis of the plaque size, virion antiserum
also present in one of two viruses isolated from Argen-sensitivity, DNA restriction patterns, sensitivity of the
tina in 1996 and a virus from Australia, collected in DNAs to restriction endonucleases, and nature and abun-
1995. Interestingly, several water samples had both indance of methylated bases in their genomic DNAs (Van
tron-containing and intron-lacking viruses. For example,Etten et al. 1991). Nine of these 16 classes have more
viruses MA-1E, which has a 98-nucleotide intron, andthan one member. We routinely hybridize DNA from
MA-1D, which lacks an intron, came from the same these 37 viruses with individual PBCV-1 genes and the
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resultant hybridization patterns (as dot blots) have genNC64A, because neither intron hybridized to host DNA
erally supported this classification scheme. That s, if onenor did oligonucleotide primers used to amplify the in-
member in a class lacked a particular gene, other mentrons produce a PCR product with host DNA.
bers of the class also lacked the gene; e.g., see the hy- The intron in thepdggene is not the first intron to be
aluronan synthase gene (Graves et al. 1999). However, a@scovered in the chlorella viruses. The PBCV-1 genome
shown in Table 1, intron presence in thdg genes did contains at least two and probably three types of introns.
not fully correlate with this classification scheme. Vi- (i) The PBCV-1 DNA polymerase gene has a 101-
ruses in five of the nine classes with multiple membershucleotide spliceosomal processed-like intron (Grabherr
have both intron-containing and intron-lackiqglg et al. 1992; Lu et al. 1996). The’ @nd 3 splice site
genes. flanking and putative branch point regions of the intron
The high DNA sequence conservation of the two in-in the DNA polymerase resemble those of fugintron.
trons suggests that either the introns were acquired rdfowever, the remainder of the intron in the DNA poly-
cently and the viruses were rapidly dispersed throughouf€rase gene is only 37% identical to fmegintron. (ii)
the world and/or that there is selection to maintain the® Putative transcription factor TFll-like gene, PBCV-1
intron sequence. Since UV repair efficiency was not af-ORF A125L, contains a group IB self-splicing intron (Li
fected by the intron (Fig. 5), the intron does not appear et al. 1995). Some, but not all chlorella viruses, contain

provide a selective advantage for viruses to survive solaflis self-splicing intrgn, \Wwhich is also highly conserved
UV radiation in their natural habitats. In contrast to the (Yamada et al. 1994; Nishida et al. 1998). In contrast to

nearly 100% nucleotide identity of the two sets of in- the introns in thepdg gene and DNA polymerase gene,

trons, the 5exon and 3exon sequences in tielggenes this self-splicing intron can apparently move within the
Yiral genome and appears in three different genes (Ya-

were less conserved (Fig. 3). These findings contradic NN
the widely excepted dogma that intron sequences var ada et al. 1994; Nishida et al. 1998). (iii) The PBCV-1
more than exon sequences (e.g., Lewin 1997) enome also encodes 10 tRNA genes and 1 of these
. g 9 : ' .. tRNA genes is predicted to contain a small intron (J.L.
Assuming that the T4-PDG gene is an approprlatev .
. . an Etten, unpublished data).
sister gene, phylogenetic analyses suggest that the genesUItimater we would like to alter the nucleotides in

containirig the 81-nucleotide intron- represept the aNC€She intron in thepdg gene and determine the effects of
tral condition among the chlorella viruses (Fig. 6). Then’these changes on intron stability. Also it will be inter-

at Igast two scenarios can explain ihe d|str|but_|on of theesting to alter the position of the intron in tpelg gene,
98-intron and intron-lespdg genes in the remainder of

the clade. (i) The 81 leotide int lost. foll das well as put the intron in other genes. Unfortunately,
€ clage. (i) The 81-nuc eolide intron was lost, foflowe procedures to manipulate the chlorella virus genes are
by the independent acquisition of a virtually identical

not yet available. However, such experiments will be

98-nucleotide intron in at least one successive lineage;qnqycted as soon as procedures are developed for doing
The paraphyletic origin of the 98-nucleotide intron re- pgcy/.1 gene replacements.

quires at least one recombination event among divergent
PDG ge_nes. Little is known_ about recombination _amongAcknowledgments. We thank Dwight Burbank and Cathy Wembhoff
these viruses but PBCV-1 is reported to recombine at &or technical assistance and Larry Harshman and Jeff Palmer for help-
frequency of about 1-3% (Tessman, 1985), Accordingly,ful discussions. The viruses from Argentina and Israel were provided
low rates of recombination coupled with the broad diS-by Mike Nelson. This investigation was supported by NIH Grants
A X . .. GM32441 (J.V.E.), ES04091 (R.S.L.), and ES06676 (R.S.L.).
tribution of viruses which possess the 98-nucleotide in-
tron imply selective pressures for its origin and mainte-
nance. (i) After several changes to the original 81-
nucleotide intron (a 16-nucleotide insertion, a single
nUCIeOtlde,mse_rtlon’ and 12/13 nucleotide Changes)’ ,thgalvay L, Libri D, Fiszman MY (1993) Pre-mRNA secondary structure
98—nucleotlde intron was lost in at least two successive 4.4 the regulation of splicing. BioEssays 15:165-169
lineages. Dodson ML, Schrock RD, Lloyd RS (1993) Evidence for an imino
The similarity between the two introns suggests that intermediate in the T4 endonuclease V reaction. Biochemistry 32:

the second scenario is most parsimonious since it re- _8T28;‘8|(2t90 4 A Karaki Y. ot al. (1652) Role of the basic ami
quires fewer serendipitous events (independent acquisP® T Recktenwald A, Karaki v, et al. (1992) Role of the basic amino
acid cluster and Glu-23 in pyrimidine dimer glycosylase activity of

tion of similar introns). However, in contrast to the phy- 14 endonuclease V. Proc Natl Acad Sci USA 89:9420-9424
logenetic analyses, the finding that the A+T content ofeermisse DJ (1992) DNA Translator and Aligner: HyperCard utilities to
the introns, 78 and 83% for the short and long introns, aid phylogenetic analysis of molecules. CABIOS 8:177-184
respectively, differs significantly from the 60% A+T Farris JS, Alber VA, Kallersjo M, Lipscomb D, Kluge AG (1996)
content of thepdgcoding regions and the whole PBCV-1 Parsimony jackknifing outperforms neighbor-joining. Cladistics

S . 12:99-124
genome (Van Etten et al. 1991) indicates that the Ir]tronns—uruta M, Schrader JO, Schrader HS, et al. (1997) Chlorella virus

might have been acquired recently. Incidently, the in-  ppcv-1 encodes a homolog of the bacteriophage T4 UV damage
trons did not come directly from the virus ho€tlorella repair genadenV.Appl Environ Microbiol 63:1551-1556
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