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ABSTRACT

The genomic clone, RRNpss1, representing the short
ribosomal DNA length variant in Pisum sativum L. cv.
Alaska, has been isolated and the 2859 bp intergenic
spacer, along with the 25S rRNA 3' border and 18S
rRNA 5’ border, has been sequenced. The intergenic
spacer contains nine tandem repeats, approximately
180 bp in length, which show greater than 80%
sequence homology to each other. The RNA
polymerase | transcription start site and a processing
site, located 776 bp and 536 bp upstream of the 5’ end
of 18S rRNA, respectively, have been determined using
$1 analysis. The region surrounding the + 1 site shows
strong homology between the positions —6 to + 10 to
the rDNA sites of initiation in radish, maize, and wheat.
The sequence CATGCAAA is located 19 bp upstream
of the site of initiation, and appears once within each
subrepeat and twice more between the end of the
subrepeat array and the site of initiation. A previously
characterized Hpall site which shows developmental
regulation of methylation is located 31 bp downstream
of the site of initiation. Using RFLP linkage analysis,
tne short rDNA length variant of cv. Alaska is assigned
to Chromosome 4 where it is genetically independent
of the long rDNA length variant which is putatively
assigned to Chromosome 7.

INTRODUCTION

Eukaryotic ribosomal RNA genes (rDNA) are arranged in tandem
arrays consisting of 18S, 5.8S and 25S rRNA coding regions
separated by internal transcribed spacers. These units in turn are
separated by an intergenic spacer (IGS) extending from the 3’
end of the 25S rRNA coding region to the 5’ end of the 18S
rRNA coding region. The IGS varies in size from a few kilobase
pairs (kb) to more than 30 kb. This length heterogeneity is
observed in both plants and animals, and can occur between and
within species. Length heterogeneity within a species is generally
due to variation in the number of copies of subrepeats (repetitive
elements of approximately 100—400 bp) present within the IGS
(for reviews, see 1,2,3).

The rDNA promoters of many animal systems, including
human (4,5), mouse (6,7), rat (8), Xenopus (9,10), Drosophila
(11) and Acanthamoeba (12,13) are well characterized. However,
due to the lack of an adequate in vitro transcription system for
plants, no plant rDNA promoters have been defined. Based on
S1 data and sequence comparisons with published transcription
start sites, putative sites of initiation have been identified in maize
(14,15), wheat (16), and radish (17).

The IGS of most animal systems examined contains upstream
control elements (1,3). These upstream control elements (UCEs),
which can function as enhancers, occur either in the form of a
single element, as in yeast (18), mouse (19), rat (20), and human
(4), or in the form of subrepeats, as in Xenopus (21) and
Drosophila (22,23). In all cases, except yeast, the UCEs contain
sequences which are also found in the promoter. In all cases,
except human, the UCEs are capable of initiating transcription.
Developmental data from pea and genetic data from wheat
indicate that the subrepeats in these systems may also function
as UCEs (24).

Termination of rDNA transcription has been well studied in
Drosophila, Xenopus, and mouse (reviewed in 25). In these
organisms, a short sequence (9 bp to 18 bp), located downstream
of the mature 25S rRNA 3’ end, directs termination of the
primary transcript. In Xenopus (26) and mouse (27,28), copies
of this sequence are located 215 bp and 171 bp upstream from
the site of initiation, respectively. Deletion of these sequences
results in a lower rate of transcript initiation. The manner in which
these terminator sequences enhance initiation is unknown,
although it has been shown that these terminator sequences can
prevent promoter occlusion (29).

The rRNA genes of pea comprise two independent loci located
on different chromosomes (30,31). Using RFLP analysis on a
number of pea lines (excluding cv. Alaska), Polans et al. (31)
have shown that the generally shorter, more homogenous length
variants are located on the Rrn/ locus of Chromosome 4 and
the generally longer, sometimes heterogenous length variants are
most likely located on the Rrn2 locus of Chromosome 7,
corresponding to the established locations of the pea nucleolar
organizer regions (32,33,34). Pisum sativum L. cv. Alaska has
two major length variants; a short length (8.6 kb) variant (S),
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and a long length (9.0 kb) variant (L), presumably located at
Rrnl and Rr2, respectively. Several restriction fragment length
polymorphisms (RFLPs) exist between the two variants, such
as the presence of two EcoRI restriction sites within the array
of subrepeats, and the absence of an Sphl site located at the 3’
end of the subrepeat array of the L variant (35).

Several lines of evidence point to differential regulation of the
cv. Alaska length variants during light-mediated leaf
development. Watson et al. (36) have examined cytosine
methylation in the genomic rDNA during leaf development and
have identified a Hpall restriction site, near the promoter region
of the S variant, whose methylation is developmentally regulated.
Demethylation of the internal cytosine residue of the Hpall
recognition sequence CCGG is observed in the S variant as the
lighting condition in the growth regime is changed from 7 days
dark to 4 days dark followed by 3 days light; remethylation of
this cytosine residue is observed when plants are grown in the
light for 7 days (for growth regime conditions, see 37). The
comparable cytosine residue in the L variant is unmethylated in
all the above growth regimes.

Kaufman et al. (38) have determined that developmentally-
regulated DNasel hypersensitive sites are present near the
promoter of the S variant. These sites are not present in the S
variant when plants are grown for 7 days in the dark, but are
observed in the S variant when plants are grown in the dark for
4 days followed by 3 days in the light. These sites are present
in the L variant of plants grown in either condition.

Baerson and Kaufman (37) have determined that the rate of
rDNA transcription is almost three times greater in nuclei isolated
from plants grown in the dark for 4 days followed by 3 days
in the light, than is the rate of rDNA transcription in nuclei
isolated from plants grown in either 7 days darkness or 7 days
light. These data, and the fact that nuclei obtained from light-
grown plants contain more nucleoli per nucleus than do the nuclei
from dark-grown plants (Kaufman, unpublished observation),
suggest that the S variant is expressed only during certain stages
of leaf development, while the L variant is expressed
constitutively.

To aid in understanding the differential regulation of rRNA
genes in pea, we have isolated and cloned the short rDNA length
variant from Pisum sativum L. cv. Alaska. We report here the
chromosomal location of this length variant, the complete
nucleotide sequence of its IGS, and the possible significance of
sequences and secondary structures located within the IGS.

MATERIALS AND METHODS
Plant material

Seed for inbred lines A73-91 and C879-344 were obtained
through the courtesy of Dr. G. A. Marx (NYS Agr. Exp. Sta.,
Geneva, NY). Pisum sativum L. cv. Alaska seed was purchased
from J. Mollema & Son, Inc. (Grand Rapids, MI).

Restriction endonuclease digestions and Southern analysis

Genomic DNA was digested overnight twice, using 6 U
enzyme/ug of DNA on each occasion. Restricted DNA was
fractionated in agarose gels (0.5% —1.0%) and transferred to
GeneScreen (NEN; Boston, MA) according to the manufacturer’s
guidelines. Blotting, hybridization, and washing conditions were
performed as previously described (38).

For RFLP analysis, DNA was extracted and hybridized as
previously described (31,39). Intergenic and coding regions were

identified using the pea rDNA clone PHA1 (35) as previously
described (31).

For copy number reconstruction, genomic DNA (5 pug)
and pRRNpss1 DNA (66 ng, 120 ng, and 320 ng) was digested
with HindIII, electrophoresed in a 0.5% agarose gel, blotted,
and probed with nick-translated RRNpssl insert.
Relative hybridization was determined by using a GS300
Transmittance/Reflectance Scanning Densitometer (Hoefer
Scientific Instruments; San Francisco, CA).

Genomic cloning and subcloning

A HindIIl genomic library of Pisum sativum L. cv. Alaska in
Lambda phage vector L47.1 (40) was obtained from the
laboratory of W.F. Thompson (North Carolina State University,
NC). Plaques were screened as described by Maniatis et al. (41)
using the pea minor rDNA length variant, pHA1 (35), as a probe.
Putative short rDNA length variant clones were identified via
restriction site analysis and one, RRNpssl, was selected for
further study (figure 1). The subclone pEB3890 was constructed
by ligating the EcoRI/HindIIl 2550bp fragment (containing the
3’ end of the 255 rDNA and upstream portion of the IGR) and
the HindIll/BamHI 1340bp fragment (containing the downstream
portion of the IGR and 5’ end of the 18S rDNA) into the plasmid
vector Bluescribe (Stratagene; La Jolla, CA) at the EcoRI and
BamHL sites of the polylinker.

DNA Sequencing

Sequencing was performed in both directions using the Sequenase
kit (United States Biochemical; Cleveland, OH). Templates for
sequencing were made by subcloning fragments of pEB3890 into
the phage vectors M13mpl8 and M13mpl9 (42). Sequence
specific primers (17 bp-long) were synthesized on a Biosearch
8700 DNA synthesizer (Biosearch, Inc.; San Rafael, CA). In
cases where compressions occurred, the guanine analog 7-deaza
dGTP was used to resolve the sequence (43). DNA samples were
electrophoresed in 45cm—85cm long polyacrylamide gels
(4% —9%) containing 8M urea. DNA sequence comparisons and
primary and secondary structure analysis were carried out using
previously detailed algorithims (44).

S1 nuclease mapping

Poly A~ RNA was obtained by running total RNA isolated from
the leaves of seven-day-old white-light-grown peas over a poly
(U) Sephadex (BRL) column and collecting the effluent as
previously described (45). The effluent was passed over the
column a second time, and was again collected. For each S1
experiment, 300 ug of poly A~ RNA was coprecipitated with
10% cpm of the appropriate 5’ end-labeled (HX194, PR249,
XX663) or 3’ filled-in (HpBg311) probe. Labeling, annealing
and S1 digestion were performed as in Maniatis et al. (41) except
that buffer containing 120 units of S1 nuclease was added to each
reaction. Conditions of S1 digestion differed for each probe and
were as follows: 49°C for 15 minutes (HX1940), 42°C for
10 minutes (PR249), 49°C for 5 minutes (XX663), or 60°C for
10 minutes (HBg311). All reactions were phenol/chloroform
extracted, ethanol precipitated, and dissolved in 15 ul of loading
buffer (36% formamide, 8mM EDTA, 0.02% Bromophenol
Blue, 0.02% Xylene Cyanol FF). A standard volume of 3 ul was
loaded onto sequencing gels, along with sequencing reactions of
M13mp18 which functioned as length markers.

The locations of DNA fragments used as probes for S1 analysis
are shown in figure 1; HpBg311 is a 311 bp Hpall/Bglll
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Figure 1. The major rDNA length variants in pea. The long (L) and short (S) variants differ in length (400 bp) and restriction site composition within the intergenic
spacer (IGS). RRNpssl is a genomic clone representative of the S variant family. EB3890 is a subclone of RRNpss1 containing the 25S rRNA 3’ border, IGS, and
18S rRNA 5’ border. Probes which generated S1 nuclease protected fragments are shown (HX194, PR249, XX663, HpBg311). The probe EBg541 was used for
indirect end-labeling (38). The restriction sites HindIII (H), EcoRI (E), Sphl (S), BamHI (B), Xmnl (X), Hpall (Hp), BgllI (Bg), PstI (P) and Rsal (R) are indicated.

fragment; HX194 is a 194 bp HindIll/Xmnl fragment; PR249
is a 249 bp Pstl/Rsal fragment; XX663 is a 663 bp Xmnl/Xmnl
fragment.

RFLP analysis of chromosomal location

F, progeny from crosses AlaskaxA73-91 and
C879-344 x Alaska were individually scored for isozymes,
morphological traits, and rDNA variation as previously described
(31,39). Linkage relationships were estimated using the 3.10
version of the LINKAGE-1 computer program (46).

RESULTS AND DISCUSSION

Chromosomal locations of the two major rDNA length
variants in Pisum sativum L. cv. Alaska

The rRNA genes of pea are confined to two genetic loci, Rl
and Rrn2, located on Chromosomes 4 and 7, respectively (31).
In that study, which did not include cv. Alaska, digestion with
EcoRI divided the pea rDNA repeats into a 3.7 kb fragment
contained completely within the rRNA transcription unit, and a
series of fragments (varying in length by multiples of 180 bp)
containing part of the IGR. These latter bands were designated
by Polans et al. (31) as follows: a (approximately 4.6 kb in
length), b (approximately 4.8 kb in length), ¢ (approximately 5.2
kb in length), and d (a series of six bands ranging from
approximately 5.5 kb—10.0 kb in length). Pea inbred lines
C879-344 and A73-91 display the bd and ac haplotypes,
respectively. Genetic analysis of the F, progeny derived from
their cross indicated that Rrn! corresponded to the shorter a and

b bands, while Rr2 corresponded to the longer ¢ and d bands.
Using these and other crosses, Rrn] was mapped to Chromosome
4 because of the tight linkage it displayed with Chromosome 4
markers Fa (fasciated stem phenotype) and Was (a waxy mutant
phenotype). Rrn2 showed tight linkage with a group of unmapped
isozyme loci and was putatively assigned to Chromosome 7 based
upon both genetical and cytological arguments.

In this study, assignment of the two major rDNA length
variants of cv. Alaska was accomplished by crossing Alaska with
the two lines used in the previous study and then examining the
segregation patterns that these crosses produced in the F,
generation among the mapped and unassigned length variants.
Both crosses were performed because the Alaska band pattern
originally appeared to be bbcc, permitting segregation analysis
for Rrml (a,b) using only the Alaska (bbcc) X A73-91 (aacc) cross
and for Rrm2 (c,d) using only the the C879-344 (bbdd) X Alaska
(bbcc) cross. However, due to the presence of two EcoRI
restriction sites within the L variant subrepeat array of Alaska
(see figures 1 and 3) and what appears to be differential
methylation of these cleavage sites according to genetic
background (Polans, unpublished observation), band ¢ was often
replaced by (or appeared with) its EcoRI digested products —most
notably a 1.4 kb fragment denoted f. Thus, the second cross is
more appropriately described as C879-344 (bbdd) X Alaska (bbff).
In either case, the F2 banding patterns were unambiguously
scored and the data summarized in Table 1. For Rrnl, Rrn2 and
Fa (the only relevant genetic marker segregating in these crosses),
a comparison of observed and expected F, progeny in each
category showed excellent agreement with the 1:2:1 Mendelian
ratio for segregation at a single locus, as indicated by x
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Table 1. Individual and joint segregation analysis involving Rrnl, Rm2 and an associated marker locus.

F, progeny in each genotypic class?, no.

Loci 1112 2 1L 1L,12 11,22 22,11 22,12 22,22 n X P
ALASKA XA73-91

RmI® 8 10 6 24 100 0.61 (N.S)

Fa* 5 19 24 022 0.64 (N.S)

Fa, Rm1d 4 1 0 4 9 6 24 642 <005

C879-344 X ALASKA
Rm2b 17 24 15 56 1.29 0.53 (N.S)

a Genotypic designations: 1 = A73—91 or C879—344 haplotype, 2 = Alaska haplotype
b 1:2:1 expected ratio (2 d.f.)

¢ 1:3 expected ratio (1 d.f.); heterozygote cannot be differentiated due to dominance

d 1:2:1:3:6:3 expected ratio (2 d.f.); recombinant fraction = 0.22 + 0.09
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Figure 2. Restriction and Southern analysis of pRRNpss1. (A) A partial restriction map of RRNpss1 contains one HindIIl site (H), two EcoRlI sites (E), four BamHI
sites (B), and two SphI sites (S). The sizes of generated fragments are given in base pairs. (B) Genomic DNA (lanes 1,5,7,9) and pRRNpss1 DNA (lanes 2,3,4,6,8,10)
were digested with the following restriction enzymes: Lanes 1 thru 4, HindIII; lanes 5 and 6, HindIII plus EcoRI; lanes 7 and 8, HindIII plus BamHI; lanes 9 and
10, HindHI plus Sphl. Nick-translated RRNpss1 insert was used as a probe. Copy number reconstruction (lanes 1 through 4) was performed using 5 ug of genomic
DNA (lane 1) and 320 ng, 120 ng and 66 ng of pRRNpssl DNA (lanes 2,3, and 4, respectively). Sizes of fragments are given in kilobase pairs.
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GAATTCACCA AGTGTTGGAT TGTTCACCCA CCAATAGGGA ACGTGAGCTG GGTTTAGACC GTCGTGAGAC AGGTTAGTTT TACCCTACTG ATGACAGTGT
101 | CGCAATAGTA ATTCAACCTA GTACGAGAGG AACCGTTGAT TCGCACAATT GGTCATCGCG CTTGGTTGAA AAGCCAGTGG CGCGAAGCTA CCGTGCGTTG
201 | GATTATGACT GAACGCCTCT AAGTCAGAAT CCGGGCTAGA AGCGATGCGT GCGCCCGCCG TTCACTTGCC GACCAGCAGT AGGGGCCTTG GCCCAGAGGC
301 | ACGTGCCGTT GGTGTACCCT GTAAGGTGGA TGAGCCTTGC GGGACACTAT GAAACGCAAT TCCTATTGAG CGGCGGGT

401

1a MOT-2a MOT -3a
501 GICCCTCCCA ACCCACGTMGCC" MAC TAGATCTAGG GTTACAAACA ATTTTTTGAT AC‘I“I’GGMAT TTTTTAAAAT TTT
MOT-2b

701 [ TGGTATAGAT GTCCATGCAA AAATTGGGGT ACAAATICGT TGTGTAGGCC AAGTTATTGT CGCTCCCGLL VCTCGYCCLG TGGCCTATAG CCTACGGAAG
T-5b

. YSub2
801 | CTGGGTTCCG GTCGAAAAAT CGAGGATTGT TGGAAATGCT CCGAGACTTT GGAGTCCCTT AACATTTGTT GGAATAGATG TCCATTCAAA AATTGGGGTA
MOT-4d

MOT-1c
901 | CAAATTCATY GTGTAGGCCA AGTTATTGTC CTTCCCGECT CVCGACCCAT GGCACGTGGC cmm;ccn CGGAAGCTGG cnccemcs AAAAATCGAG

Ysub3
1001 | GATTGTTGGA AATGCTCCGA GACTTTGGAG TCCCTTAACA TTTGTTGGAA TAGATGTCQMATT GGGGTACMA_EQ_‘I’ETGT AGGCCAAGTT
MOT-1d
1101 | ATTGTCCTTC CCGCCTCTCG ACCCATGGCA CGTGGCCTAT AGCCTACGGA AGCTGGGTTC CGGTCGAAAA ATCGAGGATT GTGGGAAATG CTCCGTGACT

MOT-4f MOT-1e
1201 | TTGGAGTCCC TTAACATTTG TTGGAATAGA rstcg_g_wuncccs TACAAATTCA YTGTGTAGGC CAAGTTATTG TCCTTCCCGC CTCTCGACCC

1301 | ATGGCACGTG GCCTATGGCT ATGGAGCACT AGGTCCGGTC GAAAAATCGA GGATTGTGGG AAATGCTCCG AGACTTTGGA GTCCCTTAAC Aﬁlrﬁmm
1401 nnwsrc;ﬁ&w TGGGGTACAA ﬁ:ﬁgc TAGGCCAAGT TATTGTCCTT cccc;smm;gggnmc ACGTGGCCTA TGCCTATGGC
1501 | CTATGGAGCA CTAGGTCCGG TCGAAAAATC GAGGATTGTG GGAAATGCTC CGAGACTTTG GAGTCCCTTA Acaﬁtitgm GAATAGAAGT c&fw
1601 | ATTGGGGTAC Mgnnmgm TGTAGGCCAA GTTATTGTCC nccccg?iéig;nc GCACGTGGCC TATGGCCTAT GGCCTATGGA GCACGCGTTT
1701 | CGGTCGAAAA ATCGAGGATT GTTCGAAATG CTCCGAAACT TCTAAGTCCC rwcng‘r?nmnnu mrcgﬁo&zyunmm nw&
1801 ]‘_‘_‘IQI’GTAGGC CAAGGTTTTG tccncccc;_g%?_g ATGGCACGTG GCCTATGGCT ATGGAGCACG CGTTTCGGTC AAAAGATCGA GGATTGTTCG
1901 | GAATGCTCCG AAACTTCTAA GTCCCTCAAC ATTTGTTGGT Anwcrcg_:gﬁz&m TGGGACTCAA A"ﬁ&ﬁm TAGGCCAAGT TATTGTCGCT
2001 ccccmm:.‘c}mmsc ACGTGGCGTT TCGACGATTA GTTCCGGTCG AAAGTCGAGA ATTATTCGAA ATGCTCCGM ACTTTGCAGT CCCCCMCA¥

Sub? MOT-5i MOT -4k
2101 | TTATTGGAAT AGACGTCCAT GCAAAAATTG GCATCAAAAT TCGTTGTCTA GGCCAAGTTT TGATGTTCCC GM_QGTGGCACG TGGCCTATGG

¥Sub10 MOT-5j
2201 | CCTATGGACC ACCCGTTCGG TCGAAAAATC AAAGTTGTTC GAAATGCTCC GAAACTTTGC AGATCCTTTC TATATGTATT GAGGAAAGAT QM,AA

2301 | ATCGGCTCAA AATY TCCGACTAGG ATTCCGTTGG TTTCCGTCCG CATAAAGCCG ACACTTAGAA AAATCATTAA MATTCATAC GACGTCGAAA

MOT-5k MOT-51
2401 AAARTTTATT TTTGGTGGAC CTCATTCTTA TATTGTGTTT uwwmwn CAAAGTCTAA CXi g AAGGAATTTA

T-5m
2501 TGTCTACAGG GAAAAAGGGA CCCAGTTGCT GCTAAAGCAG ka TCAAGCTTAT ATAGGGGGAG GCCCTTGACC AGTCCGACCG TCCCGGGGCC

2601 GTCCGACCGT CCTGTGACCC GCCAGGCTGC AGCCTGGGAC GCAGGAAAAG CCATTTTTGC AAGAAATCCT TGCAAATTAA AAATTTTTCA TCATCAAATC
2701 AAATATTTTT CAAATCAAAA TCAAATTTTG GATAAATTTT TGGAAATTTT TCACTTGCCC GCCCATGTTT G'IGCGCCCA:‘E&AEM!!T&TGYG"
2801 G;TCT'I’CATG CCTAGCGCGG AGGAACCGGC GTTGTTGTAT GCTACM&&GCGTGC CTTGCATTGT GGGGTGTGGT ACGTCCTGCG ATGTTGGATC
2901 TTGCTGTCGT GGGGGCGTAT GAGTGGTATT GCAATTGTTT GTGTTTGCTG GCTCTATGCT TTTGCATGGA ACGGTGAACA CCACAATCCT AGTCATTTTT
3001 CATCGTGTGC ATTCGGTGTT TGTTTATGTG TTCCTGTTTG TCTTGCCYAT AAAATGGTAA AACAAGTGGC CCGTTAGTTT TTAACCATCC CATACCATTT

3101 CTTGGTGTTG CGGTGGCTTT TGAAGTGATG CGTGTGTGCC GTTTTAGATG TTGTATGCGA CGTCTCTTGC GGTATGCATG TATTCACTGA TTTCTTGGAG
3201 GCGGTACTTG AGATGACCTT TGGTTTATTC CATTATGICC

3301
3401
3501
3601
3701
3801

GTGCAAAACT TGCACTATGT GCAGAGTCAT A TACCTGGTTG ATCCTGCCAG TAGTCATATC TTGTCTCAAA GATTAAGCCA TGCATGTGTA
AGTATGAACT AATTCAGACT GTGAAACTGC GAATGGCTCA TAATCAGTAT AGTTGTTGAT GGTATCTACT ACTCGATAAC CGTAGTAATT CTAGAGCTAA
TACGTGCAAC AAACCCCGAC TTTTGAAGGA TGCATTTATT AGATAAAAGG TCAACGAGCT CTGCCTGTTG CTTTGATGAT TCATGATAAC TCGTCGGATC

GCACGGCCTT TGTGCTGGCG ACGCATCATT CAAATTTCTG CCCTATCAAC TTTCGATGGT AGGATAGTGG CCTACCATGG TGGTGACGGG TGACGGAGAA
TTAGGGTTCG ATTCCGGAGA GGGAGCCTGA GAAACGGCTA

Figure 3. Nucleotide sequence EB3890. The boxed regions from positions 1 through 478, and 3338 through 3876 represent the 25S and 18S rRNA 3’ and 5’ ends,
respectively. The subrepeat region—beginning at position 696 and extending through position 2319 —contains nine full length subrepeats, one truncated subrepeat,
and is also boxed. Short repeated sequences located within the IGS are bold-face-underlined, and numbered according to the order in which they appear. The consensus
sequence for each motif is as follows: MOT-1 = CCTCTCGTCCC; MOT-2 = G/;TTGCCT; MOT-3 = TCATAAAA; MOT4 = ATTC®/,TTG; MOT-5 =
CATGCAAA. The asteric at positions 478, 2562, 2802, and 3338 represents the locations of S1 nuclease generated products.

goodness-of-fit tests. This strongly supports the assignment of to bands ¢ and f) to the Rrm2 locus on C.hromosome 7. Further
the Alaska S variant (corresponding to band b) to the Rrnl locus support for the assignment of the S variant to Chromosome 4
on Chromosome 4 and of the Alaska L variant (corresponding derives from a tight linkage with Fa, mapping an estimated 2 + 9
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map units from the marker (Table 1). This is very close to the
estimated distance between Rrnl and Fa made by Polans et al.
(31) using a different cross.

Identification of a short rDNA length variant clone

The two major rDNA length variants in cv. Alaska can be
differentiated via restriction enzyme sites located within their IGS.
Putative short rDNA length variant clones were identified by the
lack of EcoRlI sites in the subrepeat region (figure 1). The clone,
RRNpss1, shows an RFLP pattern characteristic of the Alaska
short length variant and was subcloned into the DNA vector
plasmid pGEM-3 (Promega Biotec; Madison, WI). To determine
if pPRRNpss1 was a genomic clone representative of the short
rDNA length family, we performed two types of restriction site
analysis. In the first analysis, genomic DNA and pRRNpss1 DNA
was either digested with HindlIII alone, or double-digested with
HindIll plus either EcoRI, BamHI or Sphl, fractionated on
agarose gels, blotted, and probed with the full-length pPRRNpss1
clone. The results are shown in figure 2b. Restriction digestion
with HindIll indicates that the pRRNpssl insert (lanes 2—4)
comigrates with the genomic 8.6 kb short DNA length variant
(lane 1). Restriction digestion of pRRNpss1 with EcoRI (lane
6) indicates the lack of 1.2 kb and 1.4 kb fragments which are
characteristic of the long length variant (lane 5). In addition, the
2.3 kb fragment characteristic of the short variant (lane 6)
comigrates with the identical size fragment of genomic rDNA
(lane 5). Restriction digestions of pRRNpss1 with BamHI (lane
8) and SphlI (lane 10) yield fragments which are identical in size
to those resulting from similarly digested genomic DNA (lanes
7 and 9, respectively). The extra band present in the BamHI and
Sphl digested genomic DNA is derived from the L variant.

Because the short rDNA length variant lacks the EcoRI sites
present in the IGS of the long length variant, it is possible to
use the indirect end-labeling probe EBg541 (figure 1) to examine
restriction sites in genomic copies of the short length rDNA
variant that lie between the 3’ end of the subrepeat array and
the EcoRlI site in the 18S coding region. Using this method we
have confirmed that the following sites, present within the IGS
of the short IDNA clone, are also present within the bulk of the
genomic short rDNA (data not shown): the 5’-most Sphl site at
position 1774; the 5’-most Xmnl site at position 2462; the HindIIl
site at position 2553; the Xbal site at position 3490; the Hincll
site at position 3550; the BamHI site at position 3871.

Copy number reconstruction experiments (figure 2, lanes 1—4)
were performed to determine the number of long length and short
length rDNA copies in genomic DNA of cv. Alaska. It has been
previously determined that the total number of rDNA copies per
haploid genome in pea (cv. Alaska) is approximately 4000 (47).
Using a standard amount of genomic DNA and varying amounts
of pRRNpss1 DNA, we have determined that the genome of pea
(cv. Alaska) contains approximately 1000 copies of the short
rDNA variant and 3000 copies of the long length variant.

Nucleotide sequence of pEB3890

DNA fragments were isolated from pEB3890 following digestion
with one or a combination of restriction endonucleases (EcoRI,
Sphl, Xmnl, HindIIl, or BamHI), cloned into the appropriate sites
in M13mp18 or M13mp19, and sequenced. Regions of pEB3890
lacking convenient cloning sites were sequenced from longer
fragments by priming with 17 bp synthetic oligonucleotides. The
1.7 kb subrepeat region was sequenced in the following manner:
A 1.7 kb HindIIl/Rsal fragment from pUC19 (48) was ligated

to the EcoR1/HindIII 2550 bp fragment from pEB3890. Partial
digestion of insert from the resulting clone with Rsal or Ncol
allowed the separation, isolation and subsequent cloning of the
partially digested subrepeat fragments.

The complete nucleotide sequence of pEB3890 (3876 bp),
shown in figure 3, contains 478 bp of the 25S rRNA 3’ end,
539 bp of the 18S rRNA 5’ end, and 2859 bp of intergenic spacer.

S1 nuclease mapping

Four major S1 nuclease generated products have been detected
using probes derived from the subclone EB3890. These products,
which map to positions 478, 2562, 2802, and 3338 (denoted by
asterics in figure 3), probably represent the 3’ terminus of 25S
rRNA (figure 4a), the site of transcript initiation (figure 4b), a
processing site (figure 4c), and the 5’ terminus of 18S rRNA
(figure 4d), respectively.

The approximate locations of 18S and 25S rRNA in the pea
rDNA clone pHA1 have been previously determined using R-
loop analysis (35). Based on data from that study, the 25S 3’
border was placed between EcoRI and Bg/II restriction sites, and
the 18S 5’ border was placed between two Xmnl restriction sites
(see figure 1 of 35). We have used DNA fragments from these
two regions as probes in S1 mapping experiments, and observe
two S1 generated products at positions 478 and 3358 (figure 3)
which represent the 25S rRNA 3’ border and 18S rRNA 5’
border, respectively. A comparison of the pea IGS sequence with
published rRNA border sequences of radish (17), cucumber (49),
maize (14,15), and wheat (16) reveals rRNA/IGS borders which
correlate with our S1 nuclease data.

Two prominant S1 nuclease generated products are observed
within the IGS of pea. The upstream-most of these products
(figure 4b) maps to position 2562 (figure 3). Table 2 compares
the sequence surrounding this S1 nuclease generated product with
sequences surrounding the putative sites of initiation in other plant
systems, as well as rDNA initiation sites in animal systems.
Although rDNA promoters are species-specific, and generally
show limited sequence similarity, homology is observed between
the sequence surrounding position 2562 in pea and putative sites
of initiation in monocots and other dicots. For example, between
position —6 and +10 (Table 2), 15/16 residues are identical
between the pea and radish sequences. The unique stretch of
sequence homology, in conjunction with the fact that no other
5’ transcripts are detected upstream of position 2562 (using both,
S1 analysis and primer extension methods) suggests that the S1
nuclease generated product mapping to position 2562 probably
represents the primary site of transcript initiation.

The second S1 nuclease generated product located within the
IGS (figure 4c) maps to position 2802 (figure 3). Since the
sequence surrounding this product shows no homology to
sequences surrounding the the pea site of initiation, or published
transcription start site sequences from other systems, it probably
does not represent a second site of transcript initiation. S1
nuclease generated products are also observed downstream of
the transcription start site in radish (17), maize (14,15) and wheat
(16). The authors of the above studies propose that the
downstream S1 nuclease generated products represent major
processing sites. It is probable that the S1 nuclease generated
product, which maps to position 2802 in pea, also represents a
processing site.

Structural analysis of the intergenic spacer

Located within the intergenic spacer of pea are multiple copies
of five short sequences, or motifs, which range in size from 7
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Figure 4. S1 nuclease mapping. (A) The probe HpBg311 (lane 1) generated a 247 bp S1 protected fragment (lane 2) mapping to position 478 (figure 3). (B) The
probe HX194 (lane 1) generated a 186 bp S1 protected fragment (lane 2) mapping to position 2562 (figure 3). (C) The probe PR249 (lane 1) generated a 79 bp
S1 protected fragment (lane 2) mapping to position 2802 (figure 3). (D) The probe XX663 (lane 1) generated a 73 bp S1 protected fragment (lane 2) mapping to
position 3338 (figure 3). M13mp18 sequencing reactions were used as standards in lanes 3 through 6 (G, A, T, and C reactions, respectively).

Table 2. Comparison of RNA polymerase I initiation sites and flanking regions.

+1
TCAAGCTTATA -TAGGG
+1
TAAGTGTTATA-TAGGG
CCTCAGGTATAGTAGGG
CCTCGGGTATAGTAGGG
CGGGCAGGAAGGTAGGG
CAAAAACTACTA-TAGGT
GCCGGGTTATA-TGCTG

aagrQQa o

>»QP>Q0Q0 Q
>arQ-s

pea

radish (17)
maize (14)
wheat (16)
Xenopus (57)
Drosophila (58)
human (59)

NnAQ>>> >
Q»PQAQQ aQ
nanNQQa o
50000 0
QaQa»>» 0

bp to 11 bp; they are numbered 1 through 5 in the order of which
they appear within the IGS, and multiple repititions of the same
sequence are designated a, b, c, ... (figure 3). Because of their
location, reiteration, and what is known about rDNA transcription
and regulation in Xenopus, Drosophila, and the mammals, it is
possible that they may be involved with initiation of transcription
(motif-5), and termination and/or processing (motif-1 through
motif-4). Also located within the IGS are two sets of direct repeats
(other than the subrepeats), four stem-loop structures and a
palindrome. These structures (figure 5), along with motifs-1
through motif-5, will be discussed in the following sections.

The 25S border. There are two sets of direct repeats near the
258 border (figure 5). Direct repeat-1 (DR-1) begins 2 bp
downstream of the 25S rRNA 3’ border, and is comprised of

two 16 bp repeats (DR-1a and DR-1b, figure Sa). The first 11
bp of DR-1 shows homology to the 5’ IGS border sequence in
radish (17), cucumber (49), maize (14,15), and wheat (16); in
these systems, however, the sequence is not part of a direct
repeat, as it is in pea. Direct repeat-2 (DR-2) begins 60 bp
upstream of the subrepeat array, and is comprised of two full
length, and one partial copy of a 27 bp long repeat (DR-2a,
DR-2b, and DR-2c, figure 5b). The partial copy (DR-2c) contains
only the first 12 bp of DR-2. The 1.7 kb subrepeat region begins
at the seventh position of DR-2c. Interestingly, a 15 bp sequence
which shows homology to the terminal 15 bases of DR-2 (11/15
match), is located immediately downstream of the subrepeat
region (figure 3, positions 2335-—2349). Thus, the 1.7 kb
subrepeat region appears to be ‘inserted’ into DR-2c.

Motif-1 (CCTCTCGT/,CCC) traverses DR-1a and DR-1b,
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Figure 5. Direct repeats and secondary structures located within the IGS. (A) DR-1, composed of two 16 bp repeats (DR-1a and DR-1b) begins 2 bp downstream
of the IGS 5’ border. (B) DR-2, composed of two complete 27 bp repeats (DR-2a and DR-2b) and a 12 bp partial repeat (DR-2c), begins 60 bp upstream of the
1.7 kb subrepeat array. (C) A 10 bp stem-30 base loop structure with a free energy of —14.1 kcal/mol begins 50 bp downstream of the beginning of subrepeats
one through nine (figure 6). (D) A 16 bp stem-13 base loop structure with a free energy of —15.0 kcal/mol is located traversing the junction of subrepeats 9 and
10. (E) A 9 bp stem-21 base loop structure with a free energy of —18.0 kcal/mol begins 4 bp downstream of the site of initiation. (F) A 16 bp stem-28 base loop
structure with a free energy of —16.6 kcal/mol begins 4 bp downstream of the major processing site. (G) A 74 bp palindrome with a free energy of —38.5 kcal/mol

begins 77 bp upstream of the 18S rRNA 5’ border. Arrowheads in E, F and G represents the site of initiation (+1) and processing (P), and the start of the 18S
rRNA coding region (18S), respectively.

and occurs once within each of the nine full-length subrepeats.
Motif-2 (6/tTTGCCT) occurs 41 bp and 155 bp downstream of
the IGS 5’ border. Motif-2 is also located 22 bp and 14 bp
upstream of, and 46 bp downstream of the putative processing The subrepeat region. A 1.7 kb subrepeat region begins 218 bp
site (figure 3). In wheat (16), five copies of motif-2 are located downstream of the IGS 5’ border. This region is comprised of

upstream of the major processing site. The locations of motif-2
in both pea and wheat are consistant with a role in processing.
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Figure 6. Subrepeat.sequences. The subrepeats were manually aligned to achieve maximum homology. A consensus sequence was determined and is displayed in
the top row. Nucleotides within the subrepeats which are identical to those in the consensus sequence are denoted (—), while those which are present in the consensus
but not in the subrepeats are denoted (X). Insertion of the sequences TATTGA in subrepeat 10, GCCTATGG in subrepeats 5 and 6, and CG in subrepeat 8 are

denoted (1), (2), and (3), respectively.

Table 3. Comparison of length, thermodynamic stability, and location of palindromic sequences

near the 18S rRNA 5’ border.

PALINDROME
ORGANISM LENGTH STABILITY LOCATION
Pea 74 bp —38.5 kcal/mol =77 bp
Radish (17) 90 bp —32.2 kcal/mol —90 bp
Cucumber (49) 83 bp —29.9 kcal/mol —110 bp
Wheat (16) 65 bp —19.7 kcal/mol —73 bp
Maize (14) 58 bp —24.5 kcal/mol —68 bp
Drosophila (60) 60 bp —9.3 kcal/mol —60 bp
Sea urchin (61) 51 bp —24.8 kcal/mol —52 bp

nine full length subrepeats, which range in size between 168 bp
and 183 bp, and a single truncated subrepeat (located at the 3’
end of the array), which is 47 bp long. Subrepeats 2, 3, 4, 5
and 6 show 95%, 94%, 97%, 93% and 91% homology to a
subrepeat consensus sequence (figure 6), respectively, while
subrepeats 1, 7, 8, 9 and 10 show less homology (88%, 89%,
80%, 84% and 64%, respectively). The pattern of greater
divergence from the consensus sequence among the external
subrepeats is also common to the rDNA subrepeat array in maize
(14) and wheat (16).

Computer analysis of the subrepeat consensus sequence (figure
6) indicates the possible formation of two stem-loop structures.
The first is a 10 bp stem-30 base loop structure (figure 5c), with

a free energy of — 14.1 kcal/mol; it can form in each of the first
nine subrepeats. The loop region of this secondary structure
contains a complete copy of motif-1. The only other copy of
motif-1 is located at the 25S rRNA border where it traverses
DR-1a and DR-1b (figure 5a). Direct repeats and loop domains
of stem-loop structures may be effective ways of ensuring that
if transcribed, motif-1 occurs in a single stranded form. The
second structure, containing a 16 bp stem and 13 base loop (figure
5d), has a free energy of —15.0 kcal/mol. Unlike the stem-loop
structure described above which occurs within each subrepeat,
this structure occurs only once within the subrepeat array
traversing the border between subrepeats 9 and 10. The stem
region of this structure contains a complete copy of motif-5,
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Table 4. Periodicity of guanine residues (G) on the noncoding strand which lie on the

same face of the DNA helix.

-20 -10
......... *. D .*. DI
G G G
G G G
G G G
GG G G
G G
G G G
G G
G G
G G
G G
G G G
G G G
GG G

G Mouse (53)
G Pea
G Radish (17)
G Maize (14)
G Wheat (16)
G Human (59)

G  Drosophila (58)
G Xenopus (57)

G Yeast (62)
G Neurospora (63)
G Tetrahymena (64)
E. coli (65)
Acanthamoeba (12)

QaQ

Table 5. Comparison of stem size, loop size, thermodynamic stability, and location of secondary structures

near the rDNA site of initiation.

ORGANISM STEM LOOP STABILITY LOCATION
Pea 9 bp 21b —18.00 kcal/mol +4
Radish (17) 10 bp 6b —11.30 kcal/mol +2
Wheat (16) 7bp 6b —9.50 kcal/mol +1
Maize (14) 6 bp 5b —14.50 kcal/mol -26
Xenopus (57) 7 bp 14b —13.54 kcal/mol -13
Drosophila (58) 8 bp 7b —13.60 kcal/mol +1
Sea urchin (61) 11 bp 11b —19.94 kcal/mol -18
Human (59) 7 bp 8b —8.70 kcal/mol +14
Mouse (66) 8 bp 13b —8.41 kcal/mol +11
Rat (67) 7 bp 16 b —6.14 kcal/mol +12

which we believe to be a core promoter/enhancer element (see
following section). If transcription of the subrepeat region occurs
in pea, as it does in other systems (reviewed in 25), then this
copy of motif-5 would occur in a double stranded RNA form.

The transcript initiation region. S1 analysis (figure 4c) and primer
extension data (not shown) have mapped the site of transcript
initiation to position 2562 (figure 3). Motif-5 (CATGCAAA)
occurs 19 bp upstream of this site of initiation, two more times
at —115 and —103 (relative to the site of initiation) and once
within each of the 10 subrepeats. This motif represents the only
sequence which is reiterated both in the promoter region, and
in the subrepeats. In Xenopus (7,21,50,51), Drosophila (22), rat
(8), mouse (19) and human (4), sequences located upstream of,
and showing homology to the rDNA promoter have been
demonstrated to act as enhancer elements, and in some cases,
initiate transcription. By anology to these systems, it is very likely
that motif-5 represents a core promoter/enhancer element in pea.
We are currently testing this idea using the mobility shift and
transient expression assays.

Motif-3 (TCATAAAA) is located 53 bp downstream of the
25S rRNA 3’ border, and again 81 bp upstream of the site of
initiation. In Xenopus (52) and mouse (27,28), a short sequence
(7 bp and 18 bp, respectively) —located downstream of the 28S
rRNA 3’ border (235 bp and 570 bp, respectively)—directs
termination of the primary transcript; an identical copy of the
terminator sequence—located 215 bp (Xenopus) and 171 bp
(mouse) upstream from the site of initiation —functions as a
failsafe terminator and probably prevents promoter occlusion
(29). A similar situation exists in human (4) where an 11 bp
sequence —located 174 bp upstream of the site of initiation and

showing homology to the mouse terminator—is essential for
elevated promoter activity. Based on anology to these systems,
it is possible that the copy of motif-3 located 53 bp downstream
of the 25S rRNA 3’ border is involved with termination, while
the copy located 81 bp upstream of the site of initiation is involved
with failsafe termination.

A 9 bp stem-21 base loop structure with a free energy of —18.0
kcal/mol begins 4 bp downstream of the site of initiation (figure
Se). Similar structures are identified near the site of initiation
in other plant and animal systems (Table 3). Because of this
conservation, it is possible that these structures may be involved
with the regulation of rDNA transcription.

The region surrounding the site of initiation in pea contains
G residues at positions —43, —34, —25, —16, —7, +3and +10
—all lying on the same face of the helix. Analysis of published
rDNA promoter sequences of plants and animals, as well as of
E. coli, shows G residues at positions analogous to those observed
in pea (Table 4). In mouse, a G to A base change at position
—25, —16, or —7 greatly reduces or abolishes transcription
(53,54). The fact that all rDNA systems examined contain G
residues on the same face of the rDNA helix indicates a conserved
G residue periodicity which may be necessary for transcription
factor binding.

The promoter region of the short rDNA length variant contains
a developmentally regulated Hpall methylation site (36) located
at +31, and three developmentally-regulated DNAsel
hypersensitive sites (38) located at —100, +150 and +350. In
wheat (16), a Hpall restriction site is located 141 bp downstream
of the site of initiation; methylation of this site is under genetic
control (24). Radish (17) and maize (14,15) contain Hpall sites
located 105 bp and 30 bp downstream from the site of initiation,



respectively, but methylation studies have not yet been carried
out using these systems.

The processing region. One major S1 nuclease generated product
is observed 240 bp downstream from the site of initiation, at

position 2802 (figure 3). This product is analogous to Sl

generated products located downstream of the site of initiation
in radish (17), maize (14,15) and wheat (16), and probably
represents a primary processing site (see ‘S1 nuclease mapping’
section). A computer analysis of sequence surrounding this
processing site reveals the presence of a 16 bp stem-28 base loop
structure, with a free energy of —16.6 kcal/mol (figure 5f),
beginning 4 bp downstream of the processing site.

The 18S border. A 74 bp palindrome with a free energy of —38.5
kcal/mol is found in the rDNA of pea beginning 77 bp upstream
of the 18S rRNA 5’ border (figure 5g). An analysis of published
sequence data from other plant and animal systems indicates the
presence of a thermodynamically stable palindrome in the region
analogous to that of pea (Table 5). The fact that large sequences
containing dyad symmetry are present immediately upstream of
the 18S border in both plants and animals strongly suggests the
involvement of palindromes in the processing of 185 RNA. It
is interesting to note that in yeast (55) and rice (56), a palindrome
with a free energy of —18.4 and —19.3 kcal/mol, respectively,
is located in the internal transcribed spacer at the 25S rRNA 5’
border, suggesting that palindromes may also function in
processing at this location.
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