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Abstract

The first known families of tRNA-related short interspersed elements (SINEs) in the oomycetes were identified by exploiting the
genomic DNA sequence resources for the potato late blight pathogen, Phytophthora infestans. Fifteen families of tRNA-related
SINEs, as well as predicted tRNAs, and other possible RNA polymerase I1I-transcribed sequences were identified. The size of indi-
vidual elements ranges from 101 to 392 bp, representing sequences present from low (1) to highly abundant (over 2000) copy number
in the P. infestans genome, based on quantitative PCR analysis. Putative short direct repeat sequences (614 bp) flanking the ele-
ments were also identified for eight of the SINEs. Predicted SINEs were named in a series prefixed infSINE (for infestans-SINE).
Two SINEs were apparently present as multimers of tRNA-related units; four copies of a related unit for infSINEr, and two unre-
lated units for infSINEz. Two SINEs, infSINEh and infSINEi, were typically located within 400 bp of each other. These were also
the only two elements identified as being actively transcribed in the mycelial stage of P. infestans by RT-PCR. It is possible that
infSINEh and infSINEi represent active retrotransposons in P. infestans. Based on the quantitative PCR estimates of copy number
for all of the elements identified, tRNA-related SINEs were estimated to comprise 0.3% of the 250 Mb P. infestans genome. Inf-
SINE-related sequences were found to occur in species throughout the genus Phytophthora. However, seven elements were shown
to be exclusive to P. infestans.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

All eukaryotic genomes contain repetitive DNA
sequences; many of these are derived from transposable
elements, which shape the genomic landscape during the
organism’s evolutionary history. Retrotransposons are
the most abundant class of these mobile elements to
be found in eukaryotic genomes, relocating via reverse
transcription and reinsertion, thereby increasing their
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copy number. These elements may be subdivided into
classes: long terminal repeats (LTR), non-LTR (or long
interspersed elements; LINEs), and short interspersed
elements (SINEs) (Deininger et al., 2003; Kumar and
Bennetzen, 1999). LTR and LINE retrotransposons en-
code reverse transcriptase and endonucleases for retro-
position. SINEs do not possess any discernible open
reading frames and are thought to be reliant on the
activity of LINEs for retroposition (Deininger et al.,
2003; Weiner, 2002). SINEs also differ from other retro-
transposable elements in that they possess an internal
RNA polymerase III promoter for transcription. Most
SINEs have been shown to exhibit properties similar
to RNA polymerase I1I-transcribed genes. In the human
genome for example, the most abundant SINE is the 4/u
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family of repeats which resemble the 7SL RNA, part of
the signal recognition particle (Ullu and Tschudi, 1984).
However, the most frequently encountered SINEs in
many other organisms are related to tRNAs. Structur-
ally, these elements possess both internal promoter A
and B boxes for RNA polymerase III, a cloverleaf
tRNA secondary structure at the 5’ end, and an adeno-
sine-rich 3’ tail of variable length that finishes at an oli-
gothymidine tract.

SINESs have been identified in the genomes of eukary-
otes as diverse as fungi, fish, plants, mammals, reptiles,
and insects (Borodulina and Kramerov, 1999; Feschotte
et al., 2001; Kachroo et al., 1995; Myouga et al., 2001;
Ogiwara et al., 2002; Schmitz and Zischler, 2003). Copy
numbers for the diverse SINE families vary enormously
from species to species; Mg-SINE in the rice blast fun-
gus, Magnaporthe grisea, is present in approximately
100 copies (Kachroo et al., 1995), but in tobacco the
SINE TS is present in over 50,000 copies per haploid
genome (Yoshioka et al., 1993). In the human genome,
the A/u SINE family is present in over a million copies
and comprises 10% of the genome (International Hu-
man Genome Sequencing Consortium, 2001).

SINEs and other transposons have frequently been
described as junk’ DNA or genomic parasites without a
functional role. However, recent reports suggest these ele-
ments may play a major role in the genomic evolution of
many organisms (Makalowski, 2003). For example, inser-
tional inactivation of genes may occur when a SINE in-
serts either into the coding region of a gene or an intron
(leading to RNA splicing abnormalities). SINEs may also
promote genomic rearrangements, or stimulate transla-
tion under conditions of cellular stress (Deininger et al.,
2003; Rubin et al., 2002). These observations imply that
some SINEs may be under stabilizing selection pressure
and have a functional role within the cell.

Phytophthora infestans is the causative agent of pota-
to and tomato late blight, a devastating disease of crops
worldwide, and the cause of the Irish potato famine in
the 1840s. P. infestans belongs to the oomycetes, a class
of fungus-like organisms that are more closely related to
the heterokont brown algae (Stramenopiles) than the
true fungi (Baldauf et al., 2000; Sogin and Silberman,
1998). Compared with the true fungi, plants, and ani-
mals, the oomycetes have been relatively unstudied until
the recent development of molecular biological tools
and resources for them. P. infestans is one of the most
intensively studied oomycete species, and genomics re-
sources have been developed in the form of large ex-
pressed sequence tag (EST) datasets (Kamoun et al.,
1999; Lam, 2001; Waugh et al., 2000), partial genomic
DNA sequencing (Garelik, 2002), large insert DNA li-
braries (Randall and Judelson, 1999; Whisson et al.,
2001), and molecular genetic linkage maps (van der
Lee et al., 1997, 2001). P. infestans is notorious for its
ability to adapt rapidly to overcome resistance genes de-

ployed in its host plants, and to develop resistance to
control chemicals (reviewed in: Duncan, 1999; Fry and
Goodwin, 1997; Shattock, 2002); these observations
are suggestive of a highly flexible and adaptable genome.
The genome of P. infestans is estimated to be 250 Mb,
large compared with the other oomycete species charac-
terized to date (Tooley and Therrein, 1987; Voglmayr
and Greilhuber, 1998). Over 30 different repetitive
DNA families, representing more than 50% of the gen-
ome, have been reported from P. infestans, including
those related to the Gypsy and Copia families of retro-
transposons (Judelson, 2002; Judelson and Randall,
1998; Tooley and Garfinkel, 1996). Retrotransposons
in P. infestans, if active, may in part explain the extraor-
dinary adaptability of this plant pathogen. However, it
is as yet unknown whether other classes of retrotranspo-
sons, such as LINEs or SINEs, exist and to what extent
they have proliferated in the genome of P. infestans.
This paper reports the identification and characteriza-
tion of tRNA-related SINEs in the P. infestans genome
by the exploitation of existing partial genomic DNA se-
quence, EST datasets, and a large insert bacterial artifi-
cial chromosome (BAC) library. The diversity of
individual SINE families, together with their distribution
within the genus Phytophthora, suggests that SINEs have
been active throughout the evolution of P. infestans.

2. Materials and methods
2.1. Phytophthora isolates

Phytophthora infestans isolates T30-4, 88133, 80029,
88069, and CY29 were selected from the culture collec-
tion of the Scottish Crop Research Institute (SCRI;
Invergowrie, Dundee, UK) and used to isolate and char-
acterize candidate SINEs. Additional Phytophthora spe-
cies P. cactorum (IMI 296524; clade 1a), P. nicotianae
(IMI 268688; 1b), P. citricola (cit2; 2), P. citrophthora
(IM1332632; 2), P. palmivora (Palm P222; 4), P. mega-
sperma (IMI 333317; 6), P. cinnamomi (CBS 342.72;
7a), P. fragariae var. rubi (IM1 355974; 7a), P. cryptogea
(IMI 045168; 8a), P. drechsleri (P532; 8a), P. porri
(P1720; 8b), and P. brassicae (HH; 8b) were also selected
from the SCRI culture collection. From sequencing of
ribosomal DNA internal transcribed spacer (rDNA-
ITS), P. infestans is most closely related to P. nicotianae
and P. cactorum, and most distantly related to P. porri
and P. brassicae (Cooke et al., 2000). DNA from P.
brassicae (HH) was provided by N. Williams and D.
Cooke, SCRI. Cultures were maintained on Rye A agar
(Ribeiro, 1978) at 20 °C. Phytophthora mycelium for nu-
cleic acid extraction was grown at 20 °C in pea broth
(125 g/L frozen fresh peas, boiled for 1 h, filtered, and
autoclaved) for 3 days, harvested by filtration, frozen
in liquid nitrogen, and stored at —70 °C prior to use.
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2.2. Nucleic acid manipulations

Genomic DNA was extracted from frozen mycelium
using the DNeasy plant mini kit (Qiagen, UK), following
the manufacturer’s protocol. DNA from BAC clones was
isolated by alkaline lysis (Sambrook et al., 1989). All
DNA samples were stored at —20 °C until used.

Genomic DNA samples (5pg) used in Southern
hybridizations were digested to completion with either
HindIIl or Pstl (New England Biolabs) according to
the conditions recommended by the manufacturer. For
Southern hybridizations, BAC DNA was digested with
either HindIIl or Pstl. For subcloning, BAC DNA was
partially digested with Sau3Al (New England Biolabs).

Genomic and BAC DNA restriction fragments were
electrophoresed on 1% w/v agarose gels in 1x TBE buffer.
PCR products (10 pl) were electrophoresed on 1.5% aga-
rose gelsin 1X TBE buffer. Gels for Southern hybridization
were treated and DNA transferred to Hybond N+ nylon
membrane (Amersham Biosciences, UK) using standard
capillary transfer methods (Sambrook et al., 1989), fol-
lowed by UV crosslinking of the DNA to the membrane.

DNA probes (25 ng) were labeled with [a->*P]JdCTP
using the High Prime labeling system (Roche Diagnos-
tics Gmbh, Germany). Prehybridization, hybridization,
and autoradiography were carried out as described by
Whisson et al. (2001).

Products from PCR were cloned into the pGEM-T
Easy vector (Promega) using the manufacturer’s proto-
col. BAC DNA, partially digested with Sau3Al, was
cloned into vector pGEM-3Z (Promega) that had been
previously digested with BamHI. Cloned DNA was elec-
troporated into Escherichia coli strain DH10B (Invitro-
gen, UK) as described in Whisson et al. (2001).
Plasmid DNA for sequence determination was isolated
from bacterial clones by alkaline lysis. Sequences of
cloned DNA were determined using SP6 and T7 pro-
moter primers, and BigDye v2.0 or v3.1 sequencing
chemistry (Applied Biosystems, UK).

Total RNA was extracted from frozen P. infestans
mycelium using the RNeasy plant mini kit (Qiagen,
UK), following the manufacturer’s protocol, and RNA
samples stored at —70 °C until used for cDNA synthesis.

RNA samples were treated with DNase (DNA Free
kit, Ambion Europe, UK) prior to cDNA synthesis to
remove DNA contamination. First-strand cDNA was
synthesized from total RNA by both random and oli-
go(dT) priming using the first-strand cDNA synthesis
kit (Amersham Biosciences, UK) and following the
manufacturer’s protocol. Synthesized cDNA was stored
at —20 °C until used in RT-PCR.

2.3. PCR amplification of SINEs

Each 20 ul PCR contained 0.5 U Tag polymerase
(Promega, UK), 1x reaction buffer (reaction buffer B, con-

taining MgCl,; Promega), 250 uM deoxynucleotide tri-
phosphates (Promega), 1 uM forward and reverse
primers, and 10 ng genomic DNA. The same reagent
concentrations were used for RT-PCR, except that undi-
luted (0.5 ul) and diluted (1:10) in water first-strand
cDNA were used.

Stringency of PCR conditions was achieved through
altering the primer annealing temperature. Low strin-
gency conditions used for A and B box primers
(TGGCTCAGTGG and GGGATCGAACC, respec-
tively; Borodulina and Kramerov, 1999) were as fol-
lows: 94 °C for 5 min, followed by 35 cycles of 94 °C
for 30s, 45°C for 30s, and 72 °C for 30s. Higher
stringency conditions were used for PCR from P. infe-
stans genomic DNA. The reaction conditions were as
described above, with the exception that the annealing
temperature used was 60 °C. Similarly, PCR of SINEs
from various Phytophthora species used an annealing
temperature of 50 °C. Sequences for oligonucleotide
primers used in PCR of P. infestans SINEs are listed
in Table 1.

2.4. High-density colony filters of BAC clones

The P. infestans BAC library used for hybridization
to SINEs was described by Whisson et al. (2001).
Clones from the BAC library were transferred to Per-
forma positively charged nylon membranes (Genetix,
New Milton, UK) using a Genetix Q-Bot laboratory ro-
bot. The entire BAC library was represented on three
filters. Each clone was double spotted in a unique pat-
tern and the position of the clones in the array was de-
signed to be diagnostic of the plate from which the
clones originated. Membranes containing arrayed
clones were grown for 24 h at 37 °C on LB-chloram-
phenicol agar before the bacterial colonies were lysed
with alkali to bind the DNA to the membrane (Sam-
brook et al., 1989).

2.5. DNA sequence datasets and search strategy

Phytophthora infestans genomic DNA sequence reads
(not assembled) were available to us through the Phy-
tophthora Genomics Consortium (Garelik, 2002; Lam,
2001). This sequence resource consisted of 530801 indi-
vidual single pass sequence reads, typically of 400-600
bases in length, in FASTA format, trimmed of poor
quality and vector sequence as described by Waugh
et al. (2000). Sequences were generated from P. infestans
genomic DNA libraries of 3 kb HindIll fragments,
1-1.5 kb HindIIl fragments, 1.5-3 kb sonicated frag-
ments, 1-1.5 kb sonicated fragments, 1-1.5 kb EcoRI
fragments, and 3 kb EcoRI fragments.

A consensus sequence to search for Phytophthora
RNA polymerase III promoters was generated as fol-
lows. Sequences for RNA polymerase III promoters
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Table 1

Oligonucleotide primers used for PCR amplification of P. infestans SINEs from cDNA of P. infestans, genomic DNA of Phytophthora species, and
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for quantitative PCR from P. infestans genomic DNA

SINE Primer Primer sequence Quantitative PCR  Quantitative PCR primer sequence
primer
infSINEb infSINEbF GTGGCTCAGATGGCTACAGT infSINEbTMf CAGTGGCACATCATTGCTTTG
infSINEbR GTACGAATGGGACTGCTCT infSINEbTMr TGCTCTTTTCGCCGACTGA
infSINEc SINE4F GAATTGGCGCAGTGGAAAA SINE4F GAATTGGCGCAGTGGAAAA
SINE4R1 TAAAACGCGAGCACCGCCC SINE4R GCGGAGGGACTCGAACTCA
infSINEd InfSINEdF CAGTGGTTGGCGCAATGGGA infSINEdTMSf TGTCGATCCTCGCGTTAAACT
infSINEdR CGATGCTGTGTTGTTCGGT infSINEdTMr TGGCACCCACGCAGAAA
infSINEh  infSINEhF ACGTCGTGTTCGAGCGGGT infSINEhTMf GTGTCCGAGCGGGTAACG
infSINEhR CACTTGCTCGTGCACTTGTCG infSINEhTMr TCTCCGTGGGAATCGAACTC
infSINEi infSINEIF GCTTACTCACCGAGTGGCT infSINEITMf AGCGGTACAGTGCCGAGTTC
infSINEIR AACTGGAGTTGACGCCGGGA infSINEiTMr TGATTAAGAAGAAAACTGGAGCTGAC
infSINEj SINE7F1 ACGGCATTGGTGGAGAGGT SINE7F GCAATATCGCGGGTTCG
SINE7R GCAGACCCCTAAGGGATCCT SINE7R GCAGACCCCTAAGGGATCCT
infSINEI infSINEIF CCGACTTCGTGGCGCAGTGGT infSINEITMf TCGCCGCTGGTAATCGA
infSINEIR CACTCCCGTGTGTGAGCGGA infSINEITMr GGTGACCAGTGGGTTGTCAAC
infSINEm  SINEI1OF GGTAAAATGGAGGCGGTACGT SINE10F GGTAAAATGGAGGCGGTACGT
SINEIOR1 TTCGCCCTTCTTGCCCTTC SINEIOR GGCTCCGACCGGCGTTC
infSINEo infSINEoF GCGGTGGCGGAGGGGGTGGAT infSINEoTMf GATTGGGTTCGAATTCTGCATAC
infSINEoR CTGAATAGTCCGGATGATGCGA infSINEoTMr AGCGACTAATTCGCTCATTGG
infSINEp  infSINEpF CCAACGCCCCCGTAGCTCA infSINEpTMf CGGTAGAGCGGGAGACTACGT
infSINEpR CCCACACAGTACAGCTTACA infSINEpTMr CCCACACAGTACAGCTTACAACTATCT
infSINEq infSINEqF CGAATTCTCGTTAGTATAGT infSINEqTMf CGAGTTGTGGTTGTACGAATTCTC
infSINEqR CTGGCAGTATGGGCGCAGCA infSINEqTMr CGTCCGGGAATTGAACCC
infSINEr infSINErF CCCTTATAGCTCAATGGT infSINErTMf CGGCCTGTCAAGCCAAAG
infSINErR1 ~ GTAACAGCGAAAGTGGTGTCC infSINErTMr TCGATGAGCATGATCCAAATG
infSINErR2  ~ GTTCATGGAACGAGAGGGCT
infSINEt infSINEtF CGACAGCTGGCCGAGTGGT infSINEtTMf GAGTGGTTAAGGCGATAGACTAAAATC
infSINEtR CAAGGCAATATGGATCCGA infSINEtTMr GCAAGGCAATATGGATCCGA
infSINEy  infSINEyF GCGTGACTGGCGCAATGGA infSINEyTMf CGCAATGGATAGCATAATATGCTATT
infSINEyR CGCGACGCAAGACTCGA infSINEyTMr CAAATTTACGCGACGCAAGA
infSINEz infSINEzF1 GGGATGTAGCTTAAATGGT infSINEZTMf GCTTCTCCAGGCGTGTGTAGT
infSINEzR 1 CACACGCCTGGAGAAGCA infSINEzZTMr CGGATTCGAACCAGGGATTT
infSINEzF2 ~ CGTGTGTAGTATAGTGGTCA
infSINEzR2 GCATAATGAATATAAGAGTGCGCGT

from Arabidopsis thaliana and rice were examined
(Cheng et al., 2003; Myouga et al., 2001) and these se-
quences aligned with a Phytophthora sequence identified
through low stringency PCR, BAC library screening,
and subcloning. The range of base separations for A
and B box sequences (25-50 bp) was also derived from
observations in the tRNA database of Lowe and Eddy
(1997) (http://rna.wustl.edu/GtRDB/). Plant sequences
were used, as opposed to those from fungi or animals,
since the phylogenetic affinities of the oomycetes lie clo-
ser to plants than other phyla.

The genomic sequence was searched for degenerate
RNA polymerase III promoter A and B box sequences
using the in-house program FindSeq3. This program
finds occurrences of a query sequence (which may in-
clude IUPAC ambiguity symbols) and its reverse com-
plement that are separated by a prescribed maximum
and minimum number of bases within a larger nucleo-
tide sequence. FindSeq3 is available as a Python script
and a Windows executable at http://bioinf.scri.sari.
ac.uk/Ip/findseq.shtml, or from the authors on request
(Ipritc@scri.sari.ac.uk).

Sequence reads yielding a positive match were tested
for presence of tRNAs and tRNA-related elements
using the tRNAscan-SE program with the default set-
tings (http://www.genetics.wustl.edu/eddy/tRNAscan-SE/;
Lowe and Eddy, 1997). Sequences yielding a positive
tRNA identification were further inspected for the pres-
ence of an oligothymidine tract at the 3’ end of the pre-
dicted tRNA. Sequences predicted to encode tRNAs
were catalogued, grouped into amino acid classes, and
aligned using the MultAlign program (http://prodes.
toulouse.inra.fr/multalin/multalin.html; Corpet, 1988).

Sequences encoding a predicted tRNA structure but
with an extended 3’ tRNA-unrelated sequence before an
oligothymidine tract were considered as candidate SINEs
for further analysis, and were named in an alphabetical
series from infSIN Eato infSIN Ez (where infSINE signifies
infestans SINE; Table 2). Additional candidate SINEs
were obtained from those sequences found to contain
matches to both A and B boxes, but where no apparent
5" tRNA-related region was predicted by tRNAscan-
SE. These sequences were then resubmitted to tRNA-
scan-SE using only the EuFindtRNA search algorithm
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Table 2

Examples of genomic DNA sequences and copy number estimates for Phytophthora infestans SINEs

SINE

Sample DNA sequence *

Copy no. estimate—quantitative
PCR (confidence interval)

Hybridizing BAC
clones per haploid
genome equivalent

Presence in other
Phytophthora spp.

infSINEb

infSINEe

infSINEd

infSINEh

infSINEi

infSINEj

infSINEI

TTTTGATGCTGCCACHIRIT T WEECTACAGTGGCACATCATTGCTTT
GACGTTCGTTGGCGTCAGTCGGCGAAAAGAGCAGTCC
CATTCGTACTTAGGATTTGTAAATTCAATTTGTAGCATACTTCGAAGCCC
GATGTGTCTGTACAATTAGACTAAGGATCGGGTCAAAATGTGTGCAATAG
TGGCAAAGCGTGTCAGGETGTCAGTACTGGGTGATTCAGATAARAGCTCA

ATTAGTCTCAGAAACTGCCAATCGACATGCGCACATTCTTTTGATTG

GGGCATTCCAAOCNEINEGEAAAAGACTGECCCEGTTTACACTCC
TGGECETC RIS e dsCTCCGCAGCAACGGGCGETGCTCGCGTTTTAC
TGGTGATGCAATAACAGGTCATT
TCOTHI SN e CAAGTAGATGGEGAACCAACTGAACATGCCATCCG
AGTGCGTGTCT E ch el NP FCAGCGTCACGTCACCGARCAACACAGCA
TCGAAGTAACCCGCCAGTCCATGGACGACAGCGCTCTCTGCAGCGATAAA
CCEAAGCTCTGCTTGTCTGCGETTGTCGATCCTCGCGTTARACTTCGEGT
GCGTGAACCGGAAGCATTTCTGCGTGGGTGCCAAGGCGTAAAAGTTGTGA
AGTCGCACCACATAGGGCGTCTCGAAGCTCTTGAGCEAGTCGTGCACTTT
GACTTCGTTCCAGAGCTTGGAGGACATTACAGGTGTCACGARCG
CTGCGACGTC GTAAAAGAGCATTCTCACGCGCAGTACG
CGTGL SCACGAGGACCARACTCCGCGACAAGTGCACGTGCA
AGTGTTTTTGCAAGGARACGCTGGCACGATGATCACCACAGACGCARRAR
AAGCGCCGACTGGAGACTTCCTTETGCTTGGGGATATGCTCATCGTGGAR
CGTTCACGATGTTCTAGCAGACACGAGGATCACGAAGACAGCGCACGAGE
TACTTGAGACTGCGAATACGGGGGCGACAACCACTTCACTCAGTTGACTG
AGCGACGATGTGCGACTGCACAGCATACGAAGAAGTATCTTGTAGACCCA
GGCGACTGCGACGTCGGAATATAGGTGACCTGCGAGCTGGGGTTTCACTC
GTCGTCGTGGAACCTCGTGTCACTCACGCCGCACTCACTCACTCACTCGE
TCTCACTCACTCACTTACTTACTCACTTGTTCACTCGGCTTACTCACCGA
ACAGTGCCGAGTTCTCGTATAGCTGETCACCEEIRISE
- GGCGTCAACTCCAGTTTTCTTCTTAATCATCATGGCGAGCGCCTC
CGTGTACCCGCGCAGGCTGGTCGCCTTCTTCACCG

ACGACGGCAT)yeleuyelerXerNele TTTAGCCGCGTCGTTCCACGCGCAATATC
GCGeleinyeerchie[eGCGGGCAGCGATAACACAGAAGGATCCCTTAGGGGT
CTGCAACTGCCATGTAAGTCCTTTTGGAAAAAGTAGAAAAATATATTTAT
GCATTATGAATACAAACAATGTACCACTATTTATTTGCAGACCTGGCAGC
TTCCTTGTATCCGTCGTARAAGCGTCAGGATACATCGCTATAATCTCTTG
AAGCTCTCTACTGAGCTGCTCGACTTTCCAGACACCGTCACGAGGAAGAT
CCAGGCCGCACTGAGCCATGGACTTATTTGCCCAATTTTCTCCGTTTTTG
TCTTTCTCTAAGTTGACGAGGC

CTCACGAAGCCGACTTC CAATGCATGGGGCCGCGAGT
CAGAACGCCAG, &CACCAGGCGCATCCGCTCACACACGGGA
GTGTTGTATTTGCTGCCAGAACGGAACGGCTTCGAACATCTCAAAGACAT
GAGACTTGTCGACTGGAAGTCAAGCACTTTAGCAACCCAAGTGAGCGGCA
CGTTGTCACCACTGGTGTCACCAAATTTAGGTACTTGTTGACCACTGTGT
CGCCGCTGGTAATCGAAGTCATTTCGGCGCAGTCGTAGCGTGTCGAGTTG
ACAACCCACTGGTCACCGGTTCGATGTCGCCGGTGTTTATTTGCTTTCAT
TATTGCACTGACAAGTTGTGTCAGTGTTCGCCGCGGCTCACG

1(0.8-1.2)

21 (20.1-21.5)

1(0.8-1.2)

35 (25-46)

42 (30-57)

10 (10.1-10.2)

86 (65—114)

1

89

41

37

26

35

All species tested

Not detected

P. sojae and
P.ramorum

Not detected

All species
tested except
P. sojae,
P.ramorum,

P. citricola, and
P. citrophthora
Not detected

Not detected

(continued on next page)
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Table 2 (continued)

SINE

Sample DNA sequence®

Copy no. estimate—quantitative ~ Hybridizing BAC
PCR (confidence interval) clones per haploid
genome equivalent

Presence in other
Phytophthora spp.

infSINEm

infSINEo

infSINEp

infSINEq

infSINEr

infSINE!

infSINEy

infSINEz

GGCGGTACGTGTAGCTGAAACCACCTCGGE
[T i e/sGAACGCCGGTCCGAGCCCCCACCTGAGCCTCCGTCACCACCA
GAAATCGTGGCGATTGCAGACCTACTTGACGAGGTATACGCGGAGCCTAA
ACAGCGTCAGATGCATTATACAATGAAGAAGAAACGACATGCTCTTGAAG
GGCARGAAGGGCGAATATACTGCGTATCAGTCTCTACARAGGTTGCTACG
ACGTTTT
TGGCGOH SN G TGGATTTTCAACTGGCTCCCTTTCTTCGATTG
C'r'rCGAGCAGCACTCGTAGCAACGGGCGCCCA
GCAATAATTCCGACCAATGAGCGAATTAGTCGCTCAGCATCAGATTGAGA
TAATGTCGCATCATCCGGACTATTCAGTCTTTCGACCAATCCCATGGAAT
CTTCACCTTGATTCGTCARAACTTCATCTTGTGCGTTTT
CCCCCo NS E TAGAGCGEGAGACTACGTC TCCAGGCCGCTEEY
[(er ¥ Nie[s AGCCGGGGACAGATAGTTGTAAGCTGTACTGTGTGGGATGTG

TTTGTGTTTT

TCTCGTy:XeawNyNeyyel TAGTATACCCGCCTGTCACGCGGGTGACCCGE
pEHe VU EseCGGACGGGAAGTCTGCTGCGCCCATACTGCCAGCTTGTTTT

CAACACCCTTTp¥ el eV Yiele TTGAGCGCTGGCTTTGAGAGCCACAGGT
CGGTelehgiele) elelss ACCAGGGCACAGCCCTGTCGTTCCATGAACGATGT
TCACGCTTGGACAAGCTTAAGAGCAATCCGCTTTy XeleyjerNeyiele TCGAG
CGTTGGCTTTGGAAGCCACAGGTCGGT clcipnslc) v {elsleGCCAGGGCACAG
CCCTCTCGTTCCATGAACTATTGTCCTTGAATGGACAAGCTTAAGGGCAA
CGCCCTTT & \ejeyyerlepyele TCGAGCGCTGGCTTTGAAAGCCACAGGTCGG
Tleleigiel vV Uele ACCCGGGCGCAGCCCTCTCATACCATGAGTAGTCCGTT
CTCGGACTGACGTACGGGCATCCCCCT TG Xelgysr¥Ylele TAGAGCTCCG
GCCTGTCAAGCCAAAGGCCAGTecypiecr bielsleCGTGCGGGACACCACTT
TCGCTGTTACAGCGCATCCACATTTCGGATCATGCTCATCGAGCAAGTTGT
TTCAAAACAACTATGCGTCTATCGAGACGCTTGTGCCTGAACCTTGTTCA

GCACAACACGAAGCACCTGCTTCCTTCGGGACCATGTCCCTAACACTACG
AGGTCTCTCCACCTCCTGCTCCCGC

GACAGCpyeielslsle) Yepdele TTAAGGCGATAGACTAAAATCTATGGGGTAACC
CGCGTG! e er Vv S s CACAGCTGTCGGATCCATATTGCCTTGCGTTTTT

CAAGTTTTGTTGGAGCAAATGTATAAAACATGCGTGA
TAGCATAATATGCTATTATCAGACTTCGAATCTGAAGGTTGC ;
[l TGCGTCGCGTARATTTGTTTGAATATCCCGARAACCACAATTTTGT

GGGATGpY {ejoaygiv:¥.Vuele TAGAGCGCTCGCTTAGCATGCGAGAGGTACAG
e N e CTGCTTCTCCAGGCGT GTCR N SR ele TCAGTACCT

CACCTTGTGGCGGTGAAATCCCT eleywnele) V- Wele GGGCACGCGCACTCTT
ATATTCATTATGCTTCTTCTACCTTTGCTTTTT

14 (11.9-173) 8
47 (35-61) 41
21 (16—28) 26
776 (630-955) 6
562 (457—692) 155
157(119-206) 1
8 (6-11) 3
541(410-714) 14

Not detected

Not detected

P. sojae
(tRNA only),
P.cactorum,
P.cryptogea,
P. brassicae
P. sojae and
P.ramorum
(tRNA only),
not detected in
other species
Not detected

P. sojae and
P.ramorum
(tRNA only),
not detected in
other species
P. sojae

(5’ truncated),
P.cactorum

P. sojae,
P.ramorum,
P.cinnamomi,
P.megasperma,
and P. citricola

“The 5’ tRNA-related regions are shown in bold type, A (left) and B box (right) promoter elements are shown as black and grey shaded boxes, respectively, and possible insertion site direct repeats

(where present) are underlined. The region of infSINEr shown in italics is similar to a P. infestans Gypsy-like retrotransposon.
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operating on ‘relaxed’ parameters. Sequences that still
yielded no support for a 5’ tRNA-related region were not
considered further, as these may encode other RNA poly-
merase [II-transcribed sequences such as 7SL RNA, 5S
rRNA, or some snRNAs. All candidate SINEs were aligned
together to identify further related SINE family members.
The SINE discovery process to this stage was automated
in later analyses to accelerate SINE discovery and the
script for this analysis pipeline can also be found at http://
bioinf. scri.sari.ac.uk/programs.html. Potential ancestral
tRNAs for predicted SINEs were identified by pairwise se-
quence alignment, using MultAlign, with P. infestans
tRNAs predicted by tRNAscan-SE. Insertion site se-
quence duplications flanking the SINEs were searched
forusing the 30 bp 5’ from the A box, and sequences of var-
iable length 3’ of the predicted RNA polymerase III tran-
scriptional stop. When searching for insertion sequence
duplication, direct repeat sequences were searched for be-
hind each possible transcriptional stop using MultAlign.

2.6. Quantitative SYBR green real-time PCR assays

Primer pairs for quantitative PCR specific to each
P. infestans SINE (Table 1) were designed and optimized
as described by Avrova et al. (2003). Quantitative PCR
primers for infSINEr were targeted to one of the four
monomers. Genomic DNA from P. infestans isolate
T30-4 was used in all optimization procedures. Primers
were also designed and optimized for the ActB (5-CCG
TACCCCTGAGGTGCTATT-3' and 5-GGAAAGCG
CACTCGTGAACT-3'), Infl (5'-CCTCTCGGACAC
GTCGTTTAA-3' and 5-ACGCGCACATGAGCTTG
TAC-3'), and piCdcl4 (5'-TCGGCGGGCATCGA-3'
and 5-CGGCATAGGCGCATTTG-3’) genes, as
known single copy genes. The amplification efficiencies
of ActB, Infl, piCdcl4, and all SINE amplicons were
determined to be equivalent over a wide range of genomic
DNA concentrations (from 1:10 to 1:160 dilution), allow-
ing the use of the comparative C; method for relative
quantification of target sequence copy number (Avrova
et al., 2003). Detection of real-time PCR products was
by binding of the fluorescent DNA dye SYBR green
(SYBR green PCR master mix; Applied Biosystems,
USA) to PCR products. All assays were carried out in
triplicate, and no template controls were included. PCR
conditions were as described by Avrova et al. (2003).

3. Results
3.1. Development of RNA polymerase III promoter A
and B box sequences to search P. infestans DNA

sequence databases

An initial strategy to isolate SINEs using PCR prim-
ers designed to general RNA polymerase 111 promoter A

and B boxes (Borodulina and Kramerov, 1999) yielded a
mixture of PCR products between 50 and 100 bp. These
DNA fragments, when cloned and sequenced, all
showed greatest homology by BLASTN search to an
aspartic acid tRNA from P. parasitica.

To determine the full sequence of the tRNA-like se-
quence, the BAC library was screened by hybridization
with the PCR product, and positive clones identified.
Subclone libraries of two BACs, 31P22 and 27122, were
made, screened with the PCR product, and positive sub-
clones sequenced. This yielded only a single sequence
type, and contained a predicted aspartic acid tRNA with
a typical oligothymidine transcriptional stop for RNA
polymerase III at the 3’ end of the tRNA sequence.
Comparison of the P. infestans A and B box promoter
elements with those from A. thaliana and rice yielded
degenerate A and B box sequences of TRKYN-
NARNGG or TRKYNNARWNGG (A box) and
RGTTCRANHYY (B box). Two versions of the A
box consensus were used in further sequence searches,
as it was observed that tRNAs from A. thaliana fre-
quently possessed an additional base at position 9.

3.2. Prediction of tRNAs and SINEs from P. infestans

All available sequence reads were scanned using the
FindSeq3 program, which was set to search for the
degenerate A and B box sequences. FindSeq3 identified
a total of 4414 sequences as containing the A and B box
sequences described in the previous section. From these
sequences, 277 were predicted by tRNAscan-SE and/or
EuFindtRNA not to possess a tRNA-related sequence,
and were not considered further as they may encode
other RNA polymerase III transcripts such as 5S rRNA,
7 SL RNA, or snRNAs.

The remaining 4137 sequences were examined further
using tRNAscan-SE or EuFindtRNA. Using tRNA-
scan-SE set to default parameters, the remaining 4137
sequences were examined for presence of a 5 tRNA-re-
lated region. A tRNA-related region was not always ob-
served in potential SINE-like elements, despite the
presence of A and B box sequences. Relaxing the strin-
gency of the tRNA search parameters using only the Eu-
FindtRNA algorithm identified possible 5’ tRNA-like
structures in several sequences. In total, 12 different se-
quence groups were identified that contained RNA poly-
merase III A and B box motifs, a 3’ tRNA-unrelated
region, and where a tRNA was predicted under the re-
laxed parameters of EuFindtRNA. Representative se-
quences of all potential tRNA-related SINEs are
shown in Table 2. SINE sequences described have been
deposited in GenBank as Accession Nos. AY 623609 to
AY623621, and AY848952-AY848954.

Our search strategy also identified numerous pre-
dicted tRNA sequences, thus validating the A and B
box sequences used to search the P. infestans genomic
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DNA database. Based on the predicted tRNA
sequences, the RNA polymerase III A and B box pro-
moter sequences for P. infestans can be further refined
to TRGYNBAR(T)YGG (A box) and RGTTCRA-
DYYY (B box). The T in parentheses for the A box se-
quences denotes an extra base at this position in
phenylalanine tRNAs. Sequence diversity among the
tRNA sequence group members was typically very low
at less than 1% within the tRNA coding region, imply-
ing that there is stabilizing selection pressure to maintain
tRNA integrity.

Two SINEs are composed of multiple copies of
tRNA-related units. InfSINEr is composed of at least
four similar copies of a tRNA-related repeat element.
Each element possesses a tRNA-related sequence at
the 5’ end, and a 56-68 bp 3’ sequence that overruns
the tRNA region of the next unit. That is, the final thy-
midine of the transcriptional stop for the first element
forms the 5’ thymidine of the A box motif for the second
element. In some copies of this element, the oligothymi-
dine tract marking the end of one unit and the start of
the next was not obvious (less than T4; Table 2; Fig.
1B). A further element named infSINEz was identified
that comprised two different tRNAs separated by only
two base pairs. No oligothymidine tract was identified
between the two tRNAs, and in the absence of contra-
dictory evidence, this element was considered as a poten-
tial SINE or dicistronic tRNA.

The full complement of tRNA gene sequences for
P. infestans is not known and this prevents unambiguous
assignation of the tRNA background for each of the
SINEs identified. However, infSINEq is most probably
derived from aspartic acid tRNAs, as this SINE exhibits
near identity in its tRNA-related region to the aspartic
acid tRNA from P. parasitica and P. infestans

A A Box

(Fig. 1A), and the 3’ sequence of infSINEq exhibits sim-
ilarity to the region immediately 3’ of aspartic acid tRNA
sequences. InfSIN Eq differs from the aspartic acid tRNA
due to a 10 bp deletion containing the oligothymidine
tract for the aspartic acid tRNA resulting in a 5" aspartic
acid tRNA followed by a 30 base 3’ tRNA-unrelated se-
quence. Each of the four tRNA-related SINE units that
comprise infSINEr are homologous to predicted threo-
nine tRNAs (72-79% identity; Fig. 1B). InfSINE]j exhib-
ited 68% identity to predicted glycine tRNAs. The two
tRNAs that form infSINEz are predicted by tRNA-
scan-SE to be alanine and histidine tRNAs; the alanine
tRNA is similar to alanine tRNAs from other organisms.
Other predicted SINEs do not show significant similarity
to known or predicted tRNAs.

3.3. Copy number and genomic organization of predicted
SINEs

Although the genome of P. infestans has not been
fully sequenced and assembled, an approximate range
of copy number for each putative SINE could be esti-
mated from the number of BLASTN matches of each
SINE sequence to the existing genomic DNA sequence
reads. However, there is the possibility of sequence over-
or under-representation in our genomic DNA sequence
data, and so a more accurate estimate of SINE copy
numbers was made by real-time quantitative PCR. The
copy numbers obtained from quantitative PCR are ex-
pected to be a minimum copy number estimate rather
than the exact number present within the genome as pri-
mer pairs may fail to anneal and amplify all copies of the
SINEs, due to sequence mismatch, insertions or dele-
tions (Fig. 2 for example). For example, over 63 different
infSINEh sequences were identified from the single pass

B Box

asp-tRNA TCTCGTTAGTATAGTGGTTAGTATACCCGCCTGTCACGCGGGTGACCCGGGTTCAATTCCCGGACGGGAAGCTTCTTTTGCTCTGCT

infSINEq

asp-tRNA GCGCCCATACTGCCACCTTGTTTT
infSINEQ ............... Govvvvnn

B A Box

B Box

thr-tRNA TAGCTCAGTGGTAGAGCACTCGCTTCGTAAGCGAAAGGTCGGTGGTTCGATCCCGCCTGGGGGCTCTTCTTTT

infSINErl ....... A....T....G..G....T.AG...C.C...
infSINEr2 ...G........ C....GT.G....T.G....C.C...
infSINEr3 C........... Cc....G..G....T.A....C.C....
infSINEr4 ....... Ao, T.CG..C.GTC....C
thr-tRNA

infSINErl GTTCACGCTTGGA-CAAGCTTA-AGAGCAATCCGCTTT
infSINEr2 GTCCTTGAATGGA-CAAGCTTA-AGGGCAACGCCCTTT
infSINEr3 GTCCGTTCTCGGA-CTGACGTA-CGGGCATCGCCCTTG
infSINEr4 ATCCACATTTGGATCATGCTCATCGAGCAAGTTGTTTC

........... G...A..A...CA.AGCC..G.CGTTCCATGAACGAT-

........... A......A...CA.AGCC..C.CGTTCCATGAACTATT
......... A.AT..A..C...C..AGCC..C.CATACCATGAG---TA
..... C.A.............CGTGC...A.A.CA....CG--CTGTTACAGCGC

Fig. 1. Alignment of genomic DNA sequence of infSINEq with a predicted P. infestans aspartic acid tRNA (A). The sequence of infSINEq is almost
identical to that of the aspartic acid tRNA, with the difference that infSINEq has gained a short 3’ tRNA-unrelated sequence by the deletion of the
oligothymidine tract from the aspartic acid tRNA. The sequence of infSINEr from Table 2 has been separated into its component 5’ tRNA-related
and 3’ tRNA-unrelated monomers (infSINEr1 to infSINEr4) to enable alignment (B). All monomers exhibit sequence similarity to predicted P.

infestans threonine tRNAs.
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A Box B Box oligoT

1 ACGTCGTGTTCGAGCGGGTATAGGAGCA-TGCTCACGCGCAGTACGCGGGAGTTCGATTCCCACGGAGACCAAACTCCGCGACAAGTGCACGAGCAAGTGTTTTT -
4 e e e AC...... E B T e e e e e e e e e -
5 AC...... mertssecrsrsesenrrses Tt e e e e e e e e e e e e e [ -
13 e AC...... E T e e e e A e -
14 e C.ooonns G e T e e et e e e e e i e e CC...... -
O i e AT...... E T e Y B -
3 e AT...... SR e T e A...... G e e A..... -
2 AT..... T AT......A. .. ... T e e AT........oo... -
18 e AC...... e CT...... L O -
5 AC.A T- B C.. T i C..... TA.G. .G --
P AT...... T T P, -
15 e e AT...... " tsceerersesenerens T e e B B -
11 AT..... T i AT......A ... .. T e e e AT. ... -
16 o e AT...... " e brssserersssensrans Teoviiinn [ T e e e e e T -
12 e e AT.... A - i [ T i e T e e e Aviiiiiiii -
23 e AT...AA.A........ T..... T, T i T e e e e C..... -
2 i e AC. .. e e T...C...... TTT....... T...G....A..... B T
20 e AC. .T. e e T...C...... TTT....... TA..G....A..... ——-- T T
22 - AC..G...-...A. ... i Citatadade e TS T ot e

Fig. 2. Alignment of 19 different copies of infSINEh from the genomic DNA of P. infestans. Sequences were derived from cloned PCR products of
infSINEh. The predicted transcribed region consisting of a 5’ tRNA-related region (A-B box), 3’ tRNA-unrelated region, and 3’ oligothymidine tract
(T4 6) is shown. The sequence conservation at the 5’ end of the sequence is due to the binding site of the PCR primer used to amplify the sequence.

genomic sequences, almost double the total estimate (35)
by quantitative PCR. However, only 26 of these 63 se-
quences support complete sequence homology with the
primers used. Minimum copy numbers estimates by
quantitative PCR can be found in Table 2.

To gain another estimate of SINE copy number in
the P. infestans genome, each SINE sequence was also
hybridized to the existing P. infestans BAC library on
high density filters. With the exception of infSINEc, ¢,
r, t, and z, good agreement was obtained between the
copy number estimates from quantitative PCR and
BAC library hybridization (Table 2). For infSINEq,
776 combined copies were estimated by quantitative
PCR, but only 64 hybridizing BACs, corresponding to
6-7 copies per haploid genome equivalent. Primers de-
signed for infSINEq did not discriminate between infS-
INEg and aspartic acid tRNA sequences due to their
sequence similarity, and so the copy number estimate
is combined for these sequences. Hybridization of an
infSINEgq probe to BACs yielded more intense signals
on autoradiographs than those observed for most other
SINEs. One possible explanation for this may be that all
of the copies of infSINEq are clustered at a few genomic
loci. This interpretation is supported by the observation
that PCR of this element from genomic DNA of P. infe-
stans yielded a ladder of multiple DNA fragments of
increasing size approximately every 500 bp, indicative
of an array of infSINEq and/or aspartic acid tRNA se-
quences. It was not possible to determine if arrays of one
sequence or the other were present in particular genomic
regions, or if infSINEq and aspartic acid tRNA se-
quences were mixed within an array. Similar observa-
tions to those for infSINEq were also made for
infSINEt and z (Table 2), and were verified for infSINEq
and z by Southern analysis of separate HindIII and PstI-
digested BAC clones (not shown).

The most abundant SINEs encountered in the search
of P. infestans genome sequence reads were infSINEh

and infSINEi. Both elements were typically encountered
together, separated by approximately 350-400 bp. The
region between the two SINEs is characterized by vari-
able numbers of tetranucleotide repeats (ACTC) close
to infSINEi (Table 2). The number of positively hybrid-
izing BAC clones was in agreement with the quantitative
PCR copy number estimates for infSINEh and i of 35
and 42 copies, respectively. It was expected that all
BAC clones that hybridized to infSINEh would also
hybridize to infSINEi. However, numerous BAC clones
were identified that hybridized to infSINEh, but not
infSINEi, and vice versa. The presence/absence of infSI-
NEi and/or & on individual BAC clones was also verified
by Southern hybridization of HindIll-digested BAC
DNA (Fig. 3). This suggests that not all of the genomic
sites where these elements can occur have been occupied
by infSINEh and i. This is not due to a HindIII site be-
tween infSINEh and i (the BAC library predominantly
used HindIIl as a cloning enzyme) separating the two
SINEs in different BAC clones. Southern hybridization
of selected BAC clones to infSINEh or i (Fig. 3) also re-
vealed that over half of the BAC clones tested contained
multiple copies of these SINEs (similar results were also
obtained for infSINEo, r, and z). Substantial sequence
diversity was identified among different copies of infSI-
NEh, mostly as single base pair substitutions, but at
least two indels also occur in the 3’ tRNA-unrelated se-
quence (Fig. 2). The sequence diversity observed in the
single pass genomic sequences was verified by cloning
and sequencing 22 PCR-amplified copies of infSINEh
in both directions (Fig. 2). The level of sequence diver-
sity observed was similar to that in the single pass se-
quences for infSINEh.

From the sequences and copy number estimates pre-
sented in Table 2, the predicted SINEs comprise 0.3% of
the 250 Mb genome of P. infestans.

For each family of SINEs, the immediate 5’ and 3’ re-
gions (outside A—B box) were found to be highly similar
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Fig. 3. Southern hybridization of infSINEh and infSINEi to HindIII-
digested P. infestans BAC DNA. The same BAC clones in the same
order are shown in both panels. Most BAC clones contain multiple
copies of both SINEs. Although infSINEh and i are typically found
together, BAC clones 25H10 and 34A9 contain infSINEh but not
infSINEi, and clones 34H18, 40B8, 40L2, and 48A22 contain infSINEi
but not infSINEh. Molecular size markers (kb; 2-log ladder; New
England Biolabs) are shown at right.

for each copy of that element. For example, the regions
of sequence directly surrounding the various copies of
infSINEH are all very similar to each other, as are the se-
quences surrounding copies of infSINEg (but distinct to
those surrounding infSINEh). Without a fully assembled
genome sequence or fully sequenced BAC clones
containing these elements, it is difficult to draw any con-
clusions as to the broader genomic environment sur-
rounding SINEs. However, since the surrounding
DNA for each family of SINEs is highly similar, it is
probable that P. infestans SINEs may typically form
part of larger, interspersed repeat units. Evidence for
this comes from the observation that some elements dis-
covered in this report are physically located adjacent to
other repeat sequences described by Judelson and

Randall (1998) and Judelson (2002). For instance, infSI-
NEo is located next to a segment of repeat AA2 (Judel-
son and Randall, 1998); repeat AA2 shares homology
with a reverse transcriptase sequence. The final 3’
tRNA-unrelated sequence of the multimeric infSINEr
marks a junction with a P. infestans Gypsy-like retro-
transposon (Judelson, 2002).

A characteristic of SINE insertion into genomic
DNA is the direct duplication of short sequences flank-
ing the insertion site. For infSINEd, m, o, p, q, and ¢, no
obvious direct repeats could be identified. Short direct
repeats of 6 bp were identified for infSINEI and r, and
a direct repeat of 7 bp for infSINEb, c, and j. Evidence
for longer direct repeats was found for infSINEh
(11 bp), i (10-14 bp), and y (9 bp). However, these re-
peats were typically partially degraded, although the
length of the repeats was preserved (Table 2). For
infSINEh, an 11 bp direct repeat was located adjacent
to the A box sequence, and its cognate sequence was lo-
cated 238-250 bp after the oligothymidine and approxi-
mately 60 bp before the ACTC repeats prior to infSINEi
(Table 2).

3.4. Transcription of P. infestans SINEs

The transcriptional activity of the predicted SINEs
was tested by RT-PCR. Random-primed cDNA syn-
thesis was used since none of the identified elements
were predicted to have a substantial polyadenylated
3’ tail. To confirm the lack of polyadenylation, cDNAs
were also synthesized in an oligo(dT)-primed reverse
transcription reaction. RT-PCR was carried out using
both sets of cDNA samples, undiluted and diluted
1:10, on cDNAs synthesized using total RNA from
the mycelial growth stage. Only infSINEh and infSINEi
were found to be actively transcribed in P. infestans
mycelium. No RT-PCR amplification was observed
from any other predicted SINEs. This also indicated
that the cDNA synthesis was not contaminated with
genomic DNA. The two transcribed elements were de-
tected only in undiluted random-primed cDNA sam-
ples, suggesting that they are transcribed at a
relatively low level and are not polyadenylated. Typi-
cally, a 1:10 dilution of synthesized first-strand cDNA
is adequate for RT-PCR detection of most P. infestans
genes transcribed in mycelium (A.O. Avrova, personal
communication).

SINEs composed of multiple units (infSINEr and z)
were tested as individual units. That is, each tRNA-re-
lated unit was tested separately for its transcription.
For both elements, no transcription was detected either
as an intact multimeric element, or as individual tRNA-
related units. The significance of this for infSINE:z is
that it shows that this element is not responsible for pro-
ducing a tRNA dicistron that is processed later to yield
two tRNAs.
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To gain some indication of any SINE expression not
detected in our RT-PCR assay, available P. infestans
EST databases (Lam, 2001; http://www.pfed.org/pfed/
filter/filter.html) were searched by BLASTN for the
presence of any SINEs, either as individual ESTs, or
as insertions into expressed genes. However, no
tRNA-related SINE insertions into 5’ UTRs, 3’ UTRs,
or coding sequences of any ESTs were identified.

3.5. SINEs detect restriction fragment length
polymorphisms among P. infestans isolates

A panel of five P. infestans isolates and two restriction
endonucleases (HindIIl and Pstl) were used to assess
whether restriction fragment length polymorphisms
(RFLPs) could be detected by six SINEs (infSINEc, h, i,
o, r, and z). Complete digestion of the genomic DNA
was verified by Southern hybridization to a probe of
known copy number (A.O. Avrova; unpublished). Of
the isolates used, 80029 and 88133 are known to exhibit
numerous polymorphisms with other multi-locus DNA
markers (van der Lee et al., 1997, 2001). All of the SINEs
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Fig. 4. Southern hybridization of infSINEh (A) and infSINEz (B) to
P. infestans genomic DNA. Genomic DNA was digested with either
Pstl (A) or HindIIl (B) restriction endonucleases. Due to the high
copy numbers of these sequences, polymorphisms (arrowed) are
observed over a background smear of comigrating fragments.
Molecular size markers (kb; 2-log ladder; New England Biolabs)
are shown at right.

used as hybridization probes detected RFLPs. However,
the high copy numbers of all of the SINEs tested pre-
vented clear interpretation of hybridization profiles;
RFLPs were only visible over a background smear of
comigrating fragments (Fig. 4).

3.6. Distribution of P. infestans SINEs within the genus
Phytophthora

Homologs of P. infestans SINEs were identified in
other species of the genus Phytophthora in two ways.
First, the P. sojae and P. ramorum genome sequences
(http://genome.jgi-psf.org/) were searched by BLASTN
to identify homologs of P. infestans SINEs. P. sojae
and P. ramorum are not close relatives of P. infestans
and are placed in clades 7b and 8a, respectively, of the
Phytophthora phylogram (Cooke et al., 2000); P. infe-
stans is placed in clade lc. In P. sojae, these comparisons
yielded sequences with significant similarity to infSI-
NEb,d, p, q,t,y,and z. For infSINEp, ¢, t, y, and z, sim-
ilarities to P. sojae sequences were limited to the A-B
box region only. All of these elements (infSINEp, ¢, t,
v, and z) possess a predicted tRNA structure in this re-
gion. In P. ramorum, homologs of infSINEbD, d, q, t, and
z were identified. As for P. sojae, the region of similarity
to P. ramorum was typically restricted to the tRNA re-
gion of the P. infestans SINEs. Other elements, notably
infSINEb and d, exhibited similarity to P. sojae and P.
ramorum, either across the entire element (infSINEd)
or only the 3’ tRNA-unrelated sequence (infSINED).
InfSINE: yielded a full-length sequence match with P.
sojae and P. ramorum genome sequences, indicating that
the organization of this element is conserved in distantly
related Phytophthora species.

The occurrence of P. infestans SINEs within the
genus was further investigated by PCR amplification
of related sequences from a panel of 12 Phytophthora
species representing the major clades within the genus.
Although it is likely that primer binding in PCR will
be prevented by sequence divergence of SINE sequences
between species, it can serve as an indicator of SINEs
that are evolving at a slower rate within the genus.
Low stringency PCR from the selected 12 Phytophthora
species yielded no products for infSINEc, d, h, j, I, m, ¢q
or r. Of these elements, infSINEd and g both have
homologs in the P. sojae genome, suggesting that their
sequences in other species are sufficiently divergent to
prevent binding of primers during PCR. Other elements
giving no PCR products for the other species tested may
be restricted to P. infestans or other very closely related
species such as P. mirabilis or P. phaseoli, both of which
were unavailable for testing in this instance. Primers for
infSINEo and y both generated poorly amplified, larger
than expected fragments. Successful amplification of
infSINED, i, p, and z was observed for various species
tested (summarized in Table 2).
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To determine if the PCR-amplified products from the
various Phytophthora species were genuinely representa-
tive of the existence of a SINE homolog in these species,
the agarose gels from the species PCRs were Southern
blotted and hybridized to probes of the appropriate
SINEs. This strategy confirmed the amplification results
observed for infSINEbD, i, p, and z, and also detected
hybridization to PCR products from some species not
identified as harboring the sequence only by ethidium
bromide staining of agarose gels (Table 2). For infSI-
NEo and y, which generated PCR products that were
larger than expected, it was shown that these were typi-
cally not homologous to the SINE probes, and were
most likely to be randomly amplified products. An
exception to this was the weak hybridization of infSI-
NEy to a PCR product from P. cactorum.

4. Discussion

We have described 15 tRNA-related SINEs from the
P. infestans genome, and their possible distribution
within the genus Phytophthora. This represents the first
report of SINEs from the oomycetes, although many
other repetitive DNA sequences from Phytophthora spe-
cies have been described previously. The genome of P.
infestans contains many different families of repetitive
DNA that together comprise over 50% of the haploid
genome (Judelson and Randall, 1998). Our data suggest
that only 0.3% of the 250 Mb P. infestans genome is
composed of SINEs. The exact percentage is likely to
be higher than this estimate, as our copy number esti-
mates represent minimum copy numbers. The predicted
SINEs each possess a predicted 5’ tRNA-related region
containing the A and B box internal promoter elements
for RNA polymerase III, and a 3’ tRNA-unrelated se-
quence. Eight of the SINEs also possess flanking short
direct repeats.

Oomycetes exhibit marked differences to other
eukaryotes at the gene organization and transcription le-
vel. For example, Phytophthora gene sequences rarely
contain introns, a unique transcriptional start site se-
quence is frequently present 50-200 nt upstream of the
ATG codon, and promoter consensus sequences do
not always conform to those observed for other eukary-
otes (reviewed in Kamoun, 2003; McLeod et al., 2004).
Due to these differences, we aimed to first identify if
P. infestans conformed to a general model for RNA
polymerase III A and B box internal promoter elements,
by using a low stringency PCR with ‘universal primers.’
Borodulina and Kramerov (1999) used this strategy to
directly identify SINEs from the genomes of numerous
organisms. For P. infestans, this approach did not di-
rectly identify any SINEs, but was successful in identify-
ing an aspartic acid tRNA gene. This confirmed that
general RNA polymerase III A and B box consensus

sequences could be adapted and used to search our P.
infestans genomic DNA sequence database for SINEs.

Copy number of the predicted SINEs was highly var-
iable, ranging from low copy numbers (infSINED, d, and
y), moderately repetitive (infSINEc, h, i, j, I, m, o, p, and t)
to highly repetitive (infSINEgq, r, and z). With the excep-
tion of infSINEq, t, and z, which are clustered in arrays at
several genomic sites, all other SINEs are dispersed
throughout the genome. While most of the identified
SINESs exist in many copies within the P. infestans gen-
ome, the genomic DNA sequences immediately flanking
the SINEs were observed to be similar for each copy of
each element. One possible explanation for this observa-
tion is that each SINE has inserted into a different, larger
repetitive element, either in a burst of proliferation tar-
geted to the repeat sequence, or as a single insertion into
a genomic sequence that has subsequently amplified by
other means. Such a situation has also been observed in
the rice blast fungus, M. grisea, where MgSINE was dis-
covered within the Pot! retrotransposon (Kachroo et al.,
1995). Similarly, the A4. thaliana AtSN2-1 SINE was also
found to be located within a much larger repeat unit of
12 kb (Myouga et al., 2001). The observation that the
P. infestans SINEs all appear to be located within other
repeat sequences, and not within the 3’ or 5 UTRs, or
coding regions, of available ESTs, suggests that gene dis-
ruption or modification by SINE insertion is not leading
to major phenotypic changes in this organism. However,
the wider genomic context of SINE insertion in P. infe-
stans, potentially leading to genome rearrangements, is
presently unknown.

In other organisms, expression of some SINEs is
implicated in stress responses (Kimura et al., 2001; Ru-
bin et al., 2002). The P. infestans lifecycle progresses
through several different cell types or stages, and it is
possible that some of the identified elements may be spe-
cifically transcribed in these stages or in planta during
infection. In previous work, we have identified stress-re-
lated genes in cell types formed prior to host infection,
and in planta (Avrova et al., 2003). Both infSINEi and
h were transcribed in P. infestans mycelium growing in
a nutrient-rich medium, and not an environment of cel-
lular stress. It is uncertain if there is any significance in
the simultaneous transcription of these SINEs since they
are physically located only 350—400 bp apart. The detec-
tion of transcripts for infSINEh and i implies that both
may be active retroposons within the P. infestans gen-
ome. This is also supported by the observation that
not all BAC clones that hybridize to infSINEh also
hybridize to infSINEi, and vice versa, suggesting that
not all available genomic target sites for infSINEh and
i retroposition have been occupied. It is uncertain which
of these elements is older within the P. infestans genome.
However, infSINEh is not found in any other analyzed
Phytophthora species, but infSINEi was apparently
present in all species tested except P. citricola,
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P. citrophthora, P. ramorum, and P. sojae. This suggests
that infSINEi is the older element, and infSINEh more
recent, possibly having proliferated late in the speciation
process among very few, closely related Phytophthora
species. The presence of direct repeats for both of these
SINEs can also provide some indication of the age of
these elements. That is, direct repeats surrounding infSI-
NEi were typically partially degraded, although the
length of the repeat was preserved, as may occur
through nucleotide substitution over time. In compari-
son, infSINEh frequently possessed intact direct repeats
of 11 bp, as may be expected if its occurrence within the
genome was more recent.

Sequence similarity between the predicted P. infestans
SINEs was not obvious, and all of the SINEs appear to
have arisen from independent tRNA-related sequences.
The observed diversity of tRNA-related sequences from
the predicted P. infestans SINEs indicates independent
bursts of SINE retroposition activity in the evolutionary
history of P. infestans and other Phytophthora species.
This process may be ongoing, as demonstrated by the
transcriptional activity of infSINEh and i.

SINE proliferation has been hypothesized to involve
utilization of the retropositional process provided by
LINEs. The 3’ sequence of some SINEs shares sequence
homology with the 3’ sequence of LINEs and this is
thought to aid retroposition of the SINE (Ogiwara
et al., 2002; Weiner, 2002). Although the aim of this re-
search was not to identify LINEs, sequences that may be
characteristic of LINEs, such as reverse transcriptase
and endonuclease, can be found in the P. infestans
EST databases. However, none of the 3’ sequences from
any of the SINEs identified for P. infestans exhibits any
similarity to these sequences. In primates, the A/u SINE
superfamily is considered to rely on LINE L/ for retro-
position, although there is no obvious primary sequence
similarity between these elements, and many copies of
Alu possess a polyadenosine (poly(A)) tail (reviewed in
Deininger et al., 2003). None of the P. infestans SINEs
possesses a poly(A) tract longer than As in the 3’ region
for reverse transcription. The lack of poly(A) tracts in
the 3’ tRNA-unrelated region of the P. infestans may
be partly explained by the apparent lack of transcription
for all but infSINEh and i. That is, once a SINE is no
longer transcribed, any poly(A) tract that did exist will
be lost through random nucleotide substitution through
generations and time. For active SINEs infSINEh and i
that lack a poly(A) tract, the mechanism by which retro-
position occurs is therefore not obvious, but may in-
volve trans-mobilization by other retrotransposons.

Multimeric SINEs have been reported from several
organisms, for example the A/u SINEs from primates
(Quentin, 1992), twin from the mosquito Culex pipiens
(Feschotte et al., 2001), and CYN from dermopterans
(Schmitz and Zischler, 2003). The process by which mul-
timerization of the SINE monomers occurred for each

of these SINEs is unknown. Feschotte et al. (2001) pro-
posed a model for the generation of twin in C. pipiens
where the SINE arose through an unprocessed dimeric
tRINA precursor. Alternatively, multimeric SINEs could
arise through retroposition of a tRNA-related SINE
near a tRNA, or preferential SINE insertion into exist-
ing SINE insertions (Piskurek et al., 2003). Dicistronic
tRNAs that are processed post-transcription have been
described in the yeast, Saccharomyces cerevisiae
(Schmidt et al., 1980). It could not be ascertained if
the two distinct P. infestans tRNAs in infSINEz were
transcribed as a dicistron, and processed post-transcrip-
tion into two functional tRNAs; transcription of the en-
tire tRNA dicistron or the individual tRNAs could not
be shown. This does not necessarily signify that infSI-
NEz represents a SINE, but may be two tRNA pseudo-
genes. The dicistron tRNA structure was also preserved
in other species of Phytophthora, such as P. sojae, P. cin-
namomi, P. citricola, and P. megasperma.

A multimeric repeat of up to four similar tRNA-re-
lated SINEs is characteristic of infSINEr, in which each
copy of the tRNA-related monomer is apparently self-
contained. A curious aspect of this element is the similar-
ity of the genomic region beyond the 3’ tRNA-unrelated
sequence of the final monomer to a Gypsy-like retroele-
ment previously described by Judelson (2002). In this sce-
nario, it is possible that the tRNA-related SINEs may
have used the Gypsy-like element to proliferate in the P.
infestans genome. This could have occurred if infSINEr
exhibited any insertion site specificity, targeting it to
Gypsy-like sequences. Alternatively, infSINEr may also
have been carried with Gypsy-like retroelements when
they have been active in P. infestans.

This study has presented the first directed search for
SINEs in oomycete genomic DNA. Future experiments
will be required to more fully assess their distribution
among Phytophthora species, their present activity (if
any), and assess their organization in context of the en-
tire genome. SINEs that were widely distributed among
the different Phytophthora species (infSINEz for exam-
ple), and therefore evolving slowly, could be used to
examine speciation within the genus. Potentially active
SINEs, such as infSINEh and i, could be further devel-
oped and used as multi-locus tools in population genet-
ics of P. infestans since it is probable that insertional
polymorphisms (presence/absence) do exist for these
SINEs. Furthermore, any future demonstration that P.
infestans SINEs function to accelerate genome evolution
may in part yield insights into the notorious variability
of this plant pathogen.
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