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Abstract

Cyclins in association with the protein kinase p34°“““ and related cyclin-dependent protein kinases (cdks)
are key regulatory elements in controlling the cell division cycle. Here, we describe the identification and
characterization of a full-length ¢cDNA clone of alfalfa mitotic cyclin, termed CyclIIMs. Computer
analysis of known plant cyclin gene sequences revealed that this cyclin belongs to the same structural
group as the other known partial alfalfa cyclin sequences. Genetic segregation analysis based on DNA-
DNA hybridization data showed that the CycIIIMs gene(s) locates in a single chromosomal region on
linkage group 5 of the alfalfa genetic map between RFLP markers UO89A and CG13. The assignment
of this cyclin to the mitotic cyclin class was based on its cDNA-derived sequence and its differential
expression during G2/M cell cycle phase transition of a partially synchronized alfalfa cell culture. Se-
quence analysis indicated common motifs with both the A- and B-types of mitotic cyclins similarly to
the newly described B3-type of animal cyclins.

Introduction

Cyclins are regulatory subunits of protein kinases
encoded by cdc? or related cyclin-dependent pro-
tein kinase (cdk) genes that play a central role in
the eukaryotic cell cycle machinery. They were
first identified in eggs of marine invertebrates [9]
but have now been described in a wide variety of

organisms from yeast to mammals (for reviews,
see [23,24]). The two best characterized groups
of cyclins are the G1 cyclins that regulate pro-
gression through the G1 restriction point in ani-
mals or START in budding yeast (for review, see
[36]) and the mitotic cyclins that drive passage
through mitosis (for review, see [27]). Mitotic
cyclins can associate with the catalytic domain of

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number X78504.
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the p34°““ protein kinase forming the maturation-
promoting factor (MPF). Dephosphorylation of
specific amino acids in the ATP-binding site of
this protein complex by the phosphatase cdc25 is
required for the mitosis of eukaryotic cells
[14,29,37]. Vertebrates and insects contain at
least two distinct classes of mitotic cyclins, the A-
and B-types {27, 38] which can be distinguished
by sequence motifs and the timing of their de-
struction in the cell cycle. The degradation of
both cyclins is required for exit from mitosis,
however, the A-type cyclins are expressed and
degraded earlier during the cell cycle than the
B-type cyclins [23] and seem to carry out distinct
functions during the S or the G2 phases [16,39].
At the N-terminus, mitotic cyclins contain a short
sequence motif of 10 amino acids known as the
destruction box which may be recognized by some
component of the ubiquitin-conjugating system
[17]. The cyclin box, another highly conserved
region of the mitotic cyclins, comprises the P box
domain which is required for the activation of
cdc25 [40].

Recent progress in the understanding of the
mitotic control in animal cells has provided pow-
erful tools to analyze the regulation of the plant
cell division cycle. Between the animal and the
plant kingdom, the basic elements of the cell cycle
machinery seem to be conserved through evolu-
tion [8,24]. Functional homologs of the cdc2 gene
encoding the p34°“? protein kinase have been
isolated from different plant species [2,7,10,22]
as well as cyclin genes from soybean [19], Ara-
bidopsis[20], Antirrhinum [11] and maize [32]
which were classified as mitotic cyclins. The
products of the Arabidopsis and maize cyclin genes
were shown to induce meiotic maturation of
Xenopus oocytes indicating that these genes could
functionally replace the endogenous cyclin genes.
In addition, partial cDNAs of putative cyclin
genes were isolated from carrot [19] and from
alfalfa [21]. Based on sequence and expression
analyses of these partial alfalfa cDNAs, it was
suggested that one of the two alfalfa cyclins,
cycMs2, belongs to the B-type cyclins whereas the
other, cycMsl, was proposed to represent a novel
type of cyclin [21]. However, on the basis of se-

quence data it is very difficult to classify plant
cyclins as A- or B-type cyclins as they generally
share common features of both types. Recently,
from the available amino acid sequences of plant
cyclins and their divergence from the animal and
the yeast cyclins, a new nomenclature based on
phylogenetic tree analysis was proposed for plant
mitotic cyclins forming three groups (LILIII)
[32].

In this paper, we report the isolation and char-
acterization of the first full-length cyclin cDNA
clone from M. sativa which is expressed predomi-
nantly during the G2 and M phases of the cell
cycle. Based on the sequence analysis, we pro-
pose to classify this cyclin gene, designated
CyclIIMs, within the plant cyclin group 1. We
show that the two known partial alfalfa cyclin
cDNAs reported previously [21] are closely re-
lated to CycIlIMs and we determined the chro-
mosomal location of this gene in alfalfa. More-
over, we hypothetise an evolutionary relationship
between plant and animal B3 type cyclins.

Materials and methods
Plant growth conditions

Medicago sativa ssp. sativa cv. Sitel plants were
grown under greenhouse conditions with 16 h light
period at 22 °C. Nitrogen-fixing nodules were in-
duced on the alfalfa roots by inoculation with the
wild-type Rhizobium meliloti strain Rm41 and
nodules of two different ages (7 and 12 days) were
harvested as described [1]. Plant materials, after
harvesting, were immediately frozen in liquid nitro-
gen and stored at —70 °C,

Construction and screening of a cDNA library

A cDNA library was constructed in the ZAPII
vector (Stratagene ) from poly(A)* RNA purified
from 3 to 4-day-old non-nitrogen-fixing nodules
of Medicago sativa ssp. varia A2 plants multiplied
in vitro by cuttings. About 1 x 10° plaques were
screened for hybridization with the 750 bp cycMs2



probe [21]. Fourteen positive clones were selected
and rescreened. The insert of one clone with
strong hybridization signal was excised using the
in vivo excision protocol supplied by the manu-
facturer (Stratagene ) to generate a subclone in
the pBluescript SK(-) phagemid. The plasmid pu-
rified on CsCl gradient was used as sequencing
template. The complete sequence of both strands
was determined by the dideoxy-chain termination
method [34] using T7 and universal as well as
custom primers. Reactions were carried out fol-
lowing the protocol supplied with the used seque-
nase enzyme (version 2.0, USB).

Computer analysis

Amino acid sequence comparisons were made
using the program from the GCG software pack-
age (Genetic Computer Group, Madison,WI) and
phylogenetic tree analysis was performed with the
program of the Computational Biochemistry Re-
search Group (Zurich).

DNA analysis

Total genomic DNA of diploid M. truncatula cv.
Ghor and tetraploid M. sativa ssp. sativa cvs.
Nagyszénasi and Cardinal was isolated from
leaves using the CTAB method [33] and purified
through a CsCl gradient. For Southern blot, total
genomic DNA (10 ug) was digested with Eco RI
restriction enzyme. The DNA fragments were
separated by electrophoresis on a 0.8%, agarose
gel in 1 x TAE buffer and transferred onto nylon
membrane (Hybond-N, Amersham) as described
[33]. DNA blots were hybridized at 65 °C as
discribed [6] with the 420 bp Bsm I-Xho I frag-
ment (3’ part) and with the full-length CycIIIMs
gene labelled by random priming (Boehringer).
Membranes were washed at the final stringency
of 0.2x SSC, 0.1% SDS at 55 °C for 20 min
according to the manufacturer’s protocol.
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Molecular markers

RFLP markers designated UO are cDNA clones
originating from a library described before [3].
The clone denoted by CG is a genomic clone from
a Psi 1 library as described before [28]. Southern
transfer and hybridization were carried out as
described [28]. Segregation pattern of the cyclin
gene was detected using the MultiBlotter System
MB-96 (Labimap, Plaisir, France). RAPD mark-
ers were generated by PCR amplification using 10
base oligonucleotide primers purchased from Op-
eron Technologies (Alameda, CA) as described
elsewhere in detail [28].

Calcufation of linkage

Scoring the genotypes of the loci was as follows:
1, Mgk93 homozygote for cycq; 3, Mcw2 ho-
mozygote cycw; 2, heterozygote; 4, not homozy-
gote for the Mcw2 cycq; 5, not homozygote for
the Mcw2. Scoring of genotypes for other loci
was as described [25]. The genotypes of the in-
dividual loci were used to calculate the linkage
and the map distances using the MAPMAKER
V2 program [30]. The map distances were cal-
culated according to the Haldane function.

Cell synchronization, mitotic and flow cytometric
analysis

Medicago sativa ssp. varia A2 cell suspension cul-
tures were synchronized with 15 mM hydroxyurea
(Sigma) for 36 h, rinsed thoroughly and then re-
leased in fresh medium as described [26].
Samples for mitotic index determination were
treated with colchicine (0.5 mg/ml) for 2 h. After
Carnoy I fixation the cells were washed in Gal-
braith’s buffer [12], stained with 1 ug/ml DAPI
and around 1000 cells per sample were analyzed
for mitosis with fluorescent microscopy.

For the flow cytometric analysis, eight drops of
the cell culture (around 0.2 ml) were directly put
into 1 ml cold enzyme medium (0.5%, Cellulase
Onozuka RS, 0.5% Macerozyme Onozuka R10,
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0.059% Pectolyase Y23 dissolved in BS culture
medium (Sigma) supplemented with 1 M sorbitol
and incubated for 30 min at 4 °C with continu-
ous shaking in order to partially remove the cell
wall. After washing out the enzyme solution with
excess B5 medium, the nuclei were liberated by
vigorous pipetting in Galbraith’s buffer supple-
mented to 0.6%, Triton X-100. The flow cytomet-
ric analysis of 20 000 nuclei per sample was car-
ried out as described earlier [35].

RNA extraction and expression studies

Total RNA from about 1.0 g frozen plant mate-
rial was purified by the acid guanidium thiocyan-
ate-phenol-chloroform extraction method [5]
modified by using volume 0.3 of cold absolute
ethanol instead of 1 volume of isopropanol for the
first precipitation of RNA and dissolving the final
RNA precipitate in 509 formamide instead of
0.5% SDS. 15 ug of total RNA was separated in
a formaldehyde agarose gel and transferred to
Hybond-N membrane (Amersham) by the alka-
line downward capillary transfer method [4]. As
a control for loading artefacts, rRNA molecules
bound to the filter were stained with 0.04%, me-
thylene blue in 0.5 M sodium acetate (pH 5.2)
[33]. As a hybridization probe, a 216 bp long
PCR fragment was generated (primers: 5'-TGG-
CCATAGCTTAGCTACTA-3’ forward and
5'-GTAAATGTTGACATAAAGAC3-'reverse;
90 °C 305,40 °C 1 min, 72 °C 1 min, 40 cycles;
Amersham Tag polymerase) representing a 3’ re-
gion (from 1431 to 1647) of the CycIlIMs gene
exhibiting only 679, homology to the appropriate
3’ part of the known cycMs2 sequence [21].
[**P]-labelled probes were prepared with one
tenth of the PCR reaction (5 ul) using a random
hexamer kit (Boehringer) following the manufac-
turer’s recommendations. Membranes were hy-
bridized at 65 °C as described [18]. The final
washing solution was 0.2x SSC, 0.1% SDS at
62 °C for 30 min. The hybridized filters were ex-
posed to Kodak X-Omat film using an intensify-
ing screen at —70 °C. The autoradiogram of the
cell cycle-specific expression was analyzed with

Millipore Bio Image equipment connected to an
Unix workstation and a Kodak CCD camera
producing an image of 1024 x 1024 pixels.

Results

Isolation and characterization of the CycllIMs
clone

A partial alfalfa (M. sativa ssp. sativa) cyclin
cDNA clone cycMs2 isolated by Hirt ef al. [21]
was used to screen a cDNA library constructed
in the 4 ZAPII vector and prepared from mRNA
of young non-nitrogen-fixing root nodules 4 days
after the inoculation of alfalfa roots with the sym-
biotic Rhizobium meliloti bacteria. About 1 x 10°
plaques were screened and 14 positive clones were
selected on the basis of their hybridization signal.
After one round of plaque purification, one clone
hybridizing strongly was selected for further
analysis. The cDNA insert was subcloned into
the pBluescript vector SK(-) using the in vivo ex-
cision protocol provided by Stratagene and se-
quenced on both strands. The cDNA consists of
1706 nucleotides (Fig. 1) including a putative
polyadenylation signal (AATAA) 25 nucleotides
before a 19 residue long poly(A) tail. The largest
open reading frame extends from nucleotide 137
through 1421 encoding a predicted protein of 428
amino acids with a molecular mass of 48.81 kDa
and an isoelectric point of 5.37. The putative
protein harbours all the consensus amino acid
sequences characteristic of mitotic cyclins
(Fig. 1). It contains the 9 amino acid long de-
struction box motif RxxLxxxx conserved in all A-
and B-type cyclins [17] starting at position 29. It
also contains the cyclin box motif, a highly con-
served central region of cyclin proteins [31] from
the Met-204 to Leu-237 which includes the cyclin
P box domain required for the activation of the
protein tyrosine phosphatase Cde25 and conse-
quently for the activation of the cyclin B-p34°%?
complex at the end of the G2 phase which is a
prerequisite of G2-M transition [40].
Comparison of the predicted alfalfa CycIIIMs
protein sequence with the primary structure of 13
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GACCTCATGCATGAGACATTGTTTCTCACTGTCAATCTTATAGACAGATTTTTGGAA 85¢
K @ 8 v VR K KL gL V G L V A K L L 257
AAGCAGTCTGTGGTAARGAAAGAAGCTTCAGTTGGTTGGTCTAGTGGCAATGCTTTTG 207
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GCATGCAAGTATGAGGAAGT TTCAGTGCCTGTGCTTGGAGATCTAATTCTTATATCA! 964
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A

Fig. I. ¢cDNA and deduced amino acid sequences (single-
letter code) of the alfalfa cyclin CycIIIMs ¢cDNA clone. The
destruction motif is underlined in bold and the highly con-
served amino acids of this motif are circled. The motifs char-
acteristic of the group III of plant cyclins [32] are underlined
with dashed lines. The cyclin box region displaying the high-
est similarity to other mitotic cyclins is framed. Within the
cyclin box, the P box domain required for the activation of
cdc25 [40] is underlined. A putative polyadenylation signal is
indicated in bold. The stop codon is denoted by an asterisk.
The Bsm I site used to create the 3 specific probe for Southern
analysis is shown.
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other known plant cyclins revealed the highest
similarities with the partial alfalfa cyclin se-
quences CycMsl lacking the C-terminus (979
identity) and CycMs2 lacking the N-terminus
(77% identity, 859 similarity) [21] and with a
full-length maize cyclin CycllIZm (559 identity,
719 similarity) [32]. Computer analysis estimat-
ing the relatedness of the 13 known plant cyclin
sequences revealed that plant cyclins belong to
three groups (Fig. 2), in concordance with the
results of Renaudin ez al. [ 32]. All the three alfalfa
cyclins as well as the maize cyclin mentioned
above fall into the same group and carry the con-
served HRPITRS/RF and EMEDI amino acid
sequence motifs at their N-terminal region (Fig. 1)
characteristic of the group III cyclins [32]. Ac-
cording to the classification and nomenclature of
Renaudin er al. [32] we designated the alfalfa
full-length cDNA clone CyclIIMs.

The CycllIMs alfalfa cyclin, similarly to other
plant cyclins [32], shows homology to both A-
and B-type cyclins within the cyclin box region
(Fig. 3). However, it is not a unique property of
plant cyclins since recently a novel type of verte-

CycMsl1
CycllIMs/3

CycllZm

Fig. 2. Unrooted distance tree of amino acid sequences of
plant cyclin members obtained by using the Phylotree program
(Computational Biochemistry Research Group, Zurich). Dis-
tances are drawn to scale and represent the estimate of the
Point Accepted Mutation (PAM) distances between each pair
of sequences and their variances which are used to weight the
distance in the final tree. A circle indicates the weighted cen-
troid of the tree. The sequences of the following proteins were
included: CycIIIMs and the two partial cycMsl and cycMs2
cyclin sequences from alfalfa [21], cyclAt from Arabidopsis
[20], CyclaZm, CycIbZm, CycllZm and CycllIZm from
maize [32], C13-1Dc from carrot, S13-6Gm and S13-7Gm
from soybean [19] and Cg21Am and Cg22Am from Antirrhi-
num [11].
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Fig. 3. Alignment of the cyclin box region of the CycIIIMs protein with the corresponding region of the B3-type chicken (Gallus
gallus) mitotic cyclin CycB3Gg [13] and with the cyclin A and B consensus sequences [13,19]. The residues identical between
at least two sequences are printed in bold. Amino acids in the consensus sequences which are present in one or both of the aligned
cyclin proteins are underlined with single or double lines, respectively. Longer regions of the alfalfa and chicken cyclins which might
represent differences between A- or B-type cyclins are boxed together with the corresponding consensus sequence.

brate cyclins (CycB3Gg) has been identified from
chicken (Gallus gallus), which is structurally re-
lated to and shares functional properties of both
A- and B-type cyclins [13]. On the basis of these
features CycB3Gg was suggested to represent an
evolutionarily early member of the cyclin family.
Alignment of the cyclin box region of the alfaifa
CyclIIIMs and chicken CycB3Gg cyclins and their
comparison to the cyclin A- and B-consensus se-
quences [13,19] showed that both the alfalfa and
the chicken cyclin had similar degree of homology
to the cyclin A- and B-consensus, respectively.
Moreover, in many cases the cyclin A- and B-type
specific motifs and residues were similarly ar-
ranged in both proteins (Fig. 3).

The CycllIMs gene locates at a single chromo-
somal locus in the diploid alfalfa genome

High-molecular-weight genomic DNA was iso-
lated from the autogamous diploid species M.
truncatula cv. Ghor and from the two cultivars of
the tetraploid heterogamous M. sativa ssp. sativa.

Eco R1 digested DNA fragments were hybridized
to the full-length CyclIIMs (Fig. 4a) and to the
420 bp Bsm I-Eco RI fragment (Fig. 4b) corre-
sponding to the 3’ part of the cDNA (see Fig. 1).
Though CycllIMs cDNA has no internal Eco RI
site, in the diploid genome two bands hybridized
strongly with the full-length probe whereas only
one with the 3’ part of the cDNA (lane 1 in
Figs. 4a and b). This may suggest that the gene is
present in a single chromosomal region in M.
truncatula, and the existence of the two hybridiz-
ing bands with the full-length clone might be due
to the presence of intron(s) containing an Eco RI
cleavage site. In both cultivars of M. sativa, 3
bands hybridized strongly with the entire probe
and 2 with the 3’ part of the cDNA (lanes 2 and
3 in Figs. 4a and b) indicating that the tetraploid
M. sativa species contains either an additional
Eco RI site in an intron region or more likely two
different RFLP alleles. Fainter bands indicated
by the arrows in Fig. 4 suggest the existence of
further gene(s) homologous to CycITIMs both in
the diploid and the tetraploid genomes.
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Fig. 4. Southern hybridization of CycIIIMs to genomic DNA
of diploid M. truncatula cv. Ghor (lane 1) and tetraploid M.
sativa ssp. sativa cvs. Nagyszeénasi (lane 2) and Cardinal (lane
3). Eco Rl-digested DNA fragments were hybridized with the
32p_labelled 1706 bp full-length (A) and the 420 bp 3’ Bsm I-
Eco RI fragment (B) of the CycllIMs cDNA. DNA size mark-
ers are shown on the left side of the slots. Arrowheads indi-
cate faint hybridizing bands.

Characterization of the CycllIMs locus and its po-
sition on the alfalfa genetic map

To determine the location of the cyclin CycllIMs
locus on the genetic map of Medicago, the inher-
itance of the parental genotypes was analyzed in
a segregating population which is the self-mated
progeny of an F1 hybrid plant (F1/1) derived from
a cross between the diploid (2n = 2x = 16)
yellow-flowered M. sativa ssp. quasifalcata
(Mgk93) and the diploid (2n = 2x = 16) purple-
flowered M. sativa ssp. coerulea (Mcw2) [28]. The
genotypes of the individual plants in the mapping
population for the cyclin gene were determined by
DNA-DNA blot hybridization. The segregation
of the cyclin alleles as hybridizing bands using the
full-length clone as probe is shown in Fig. 5a.
Using the cyclin probe for hybridization, three
and two hybridization bands were detected in the

1065

A

F2

Mc Mg r
kb w2 k83 F111 16 29 33 34 35 36 38 42 47 48 52 53 56

Sl PR L Y LN T

43— - e -8 -.-- .---.
3.2

Jo> a®® e e -

22- @) e e - Gew. o

= < o~ o
g - ; -] = -+ (=0 -
2 E8 CylliMs S 3 & =% <=
=] [=N=] =} o =] ao al
5 55 l 2 © =] oD o0
- L1 L L L 11 1 1 .
1.9 07 37 1.5 15 33 26 07 1107 M

Linkage Group V

Fig. 5. Chromosomal mapping of Cycl/IIMs. A. The hybrid-
ization pattern of the CycIIIMs locus in the parents, Medicago
sativa ssp. coerulea (Mcw?2) and M. sativa ssp. quasifalcata-
(Mgk93), F1/1 hybrid and selected individuals of the F2 prog-
enies. Lambda DNA digested by Pst I was used as molecular
mass marker. B. Location of the Cvc/IIMs locus on the genetic
map of alfalfa. The region flanked by markers UO89A and
CG13 on linkage group 5 is shown. Details of the mapping
data for the other loci are described elsewhere [25]. Genetic
distances are Haldane distances in centimorgans (cM).

Eco Rl-digested total DNA of Mcw2 and Mgk93,
respectively. The sizes of the CyclIIMs-specific
hybridizing bands of Mcw2 and Mgk93 are 4.6,
3.0, 2.2 kb and 4.3, 3.2 kb, respectively. These
bands were designated cycw4.6, cycw3.0,
cycw2.2 and cycqg4.3, cycg3.2. In the F1/1 prog-
eny, two bands from the Mcw?2 parent (cycw4.6,
cycw2.2) and two bands from the Mgk93 parent
(cycg4.3, cycq3.2) were inherited. It seems that
the Mcw?2 parent is heterozygote for the cyclin
locus and the cycw3.0 hybridizing band repre-
sents the other allele, while Mgk93 is homozygote
for the CyclIIMs locus according to the Eco RI
restriction and hybridization patterns. From the
segregation pattern of the cyclin alleles it is evi-
dent that the two bands of the appropriate par-
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ents were always inherited together, and conse-
quently they are genetically linked. Since there
might be an Eco RI restriction site in the middle
of the structural gene of CyclIIIMs, it is proposed
that the two hybridizing Eco RI bands are two
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fragments of the same structural gene. On this
basis, the CycllIMs allele of Mcw2 and Mgk92
were designated cycw and cycq, respectively.
From the hybridization pattern, the segregation
of the CyclIIIMs alleles inherited by the F2 indi-
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Fig. 6. CychIMs expression during the cell cycle progression of partially synchronized alfalfa cell culture. A. 15 ug of total RNA
samples isolated from alfalfa Medicago sativa ssp.varia A2 cells collected at two hour intervals after the release of the cells from
a hydroxyurea block were analyzed by northern hybridization using a 216 bp long probe of the 3’-untranslated region of the
CycIlIMs cDNA. The autoradiogram was analyzed by a Millipore image analyzer, and the relative integrated intensity (RI) of the
bands is also shown in arbitrary units. The strongest intensity (at 16 h) was considered as 100 units. The intensity of the 18 h band
(*) was multiplied by a factor of two, on the basis of the staining intensity of rRNA molecules bound to the filter as an RNA quantity
control (data not shown, see Materials and methods). B. Flow cytometric analysis of nuclear DNA content (2C < S <4C) of the
partially synchronized alfalfa cell culture and the mitotic index (MI) analysis of the same colchicine-treated cell samples were carried
out as described in Materials and methods, at the same time intervals as above. The frequencies of the cells in the different cell

cycle phases at these time periods are shown.



viduals was calculated. Theoretically the alleles
segregate according to the 1:2:1 ratio. The ob-
served segregation of cycw and cycq was cycw/
cyew:cycw/cycqicyeq/eyeq = 1.0:5.5:1.2. This
segregation is comparable to the degree of distor-
tion described before [28].

The genotype of the CycIIIMs locus carried by
the individuals in the F2 population was used to
find its location on the alfalfa genetic map by
calculating the linkage to other loci using the
maximum likelihood equation of the computer
program MAPMAKER V2 [30]. This analysis
revealed that the CycIIIMs locus mapped to link-
age group 5 between loci UOS9A and CG13 [28].
Using more genetic markers (RFLP as well as
RAPD markers) the CycIIIMs locus was mapped
more precisely in this region between markers
UO584B and UO121A. The map location of
CycIIIMs is shown on Fig. 5b.

Expression of CycllIMs in partially synchronized
cell culture and plant tissues

To determine the pattern of expression of
CycIIIMs gene, northern blot analysis was per-
formed with total RNA isolated at 2 h intervals
from a partially synchronized cell suspension cul-
ture after release from a hydroxyurea block.
Figure 6b shows that during the 36 hour hydrox-
yurea treatment 719, of the cells accumulated in
the early S phase. After the removal of the drug
these cells passed synchronously to the G2 phase,
reaching the maximum G2 frequency (67%,) at 10
h followed with a mitotic peak between the 12th
and 14th hours (28 %, mitotic index). Most of the
G2 cells passed to the G1 phase (79%) at 22 h
after the release. The RNA message of the
CyclIIMs gene, as revealed by using a 3" specific
probe for northern analysis, increased in parallel
with the increase of the proportion of G2/M cells
(Fig. 6a). It reached its maximum between the
10th and 16th hours after the block, which is the
period of the highest mitotic activity, and then
decreased. It was hardly detectable when the per-
centage of G2/M cells was below 5% . This result
indicates that this cyclin gene may play a role in
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Fig. 7. Organ-specific expression of the CycIIIMs alfalfa cy-
clin gene. 15 ug of total RNA samples has been used for
northern analysis of CycIlIMs mRNA levels in 7- and 12-day-
old alfalfa root nodules developed after the inoculation of
alfalfa roots with R. meliloti (lanes 1 and 2, respectively), in
exponentially but asynchronously growing suspension cultured
A2 cells (lane 3), in flower buds (lane 4), flowers (lane 5), stems
(lane 6), shoot tips (lane 7) and leaves (lane 8), in roots after
the removal of their apex (lane 9) and in root tips (line 10). As
hybridization probe a 216 bp long PCR fragment representing
the 3’-untranslated region of the cDNA sequence was used.
The uniform loading of the RNA samples was confirmed by
methylene blue staining (data not shown).

G2/M transition and thus belongs to the mitotic
cyclin family.

The expression of the alfalfa CyclIIMs gene
was also investigated in different plant tissues by
northern analysis of total RNA samples. Gene
expression was detected only in tissues with cell
division activity (Fig. 7). The gene was strongly
expressed in young root nodules harboring an
active apical meristem (lane 1) as expected since
the screened cDNA bank was prepared from this
organ. The expression was similarly strong in the
root apex (lane 10) and relatively high in the ex-
ponentially but asynchronously growing suspen-
sion cultured alfalfa cells (lane 3). The mRNA
level was much lower in stems and roots (lanes 6
and 9, respectively), still detectable in flower buds
and flowers (lanes 4 and 35, respectively), but not
in leaves (lane 8) and mature nitrogen-fixing nod-
ules (lane 2) where the meristematic activity had
become low.

Discussion

We report here on the isolation and the charac-
terization of a full-length cyclin cDNA clone from
alfalfa. Sequence analysis with the Swissprot pro-
tein data base revealed extensive homology of the
primary protein sequence deduced from the
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c¢cDNA sequence to cyclin proteins from other
plant species, most notably to the partial alfalfa
cDNA sequences cycMsl and cycMs2{21]. Se-
quence comparison analysis indicated that
CycIlIMs and cycMsiand cycMs2 are close ho-
mologues, exhibiting 979, and 77Y%, identity, re-
spectively, at the amino acid level. Our analysis
on the divergence of the known plant mitotic cy-
clins concords with their classification recently
suggested [32]. The analysis indicated that Cy-
cIIIMs belongs to the group III, which consists
of the two partial alfalfa cyclins, cycMs1 and cy-
cMs2[21], and the CyclIIZm cyclin isolated from
maize [32]. Based on the genetic heterogeneity of
heterogamous perennial alfalfa species and sub-
species, it is likely that the partial cycMsl cDNA
from M. sativa ssp. sativa RA3, differing only in
five amino acid residues in the sequenced region,
represents an allelic variant of the M. sativa ssp.
varia CycIIIMs gene. Therefore, the cycMs! gene
does not belong to a new class of cyclins as has
been proposed [21]. It is not clear from the avail-
able sequence data whether cycMs2 is an allelic
form of CycIIIMs or whether it is a closely related
gene. The analysis of the segregation of the
CyclIIMs gene among the diploid Medicago indi-
cates that this cyclin gene represents a single ge-
netic region mapped between the UO89A and
CG13 RFLP marker loci in the linkage group 5.
At present, we do not know whether this single
chromosomal region contains one or more struc-
tural genes in close proximity to each other. The
additional weak bands on Southern blots may
correspond to distinct cyclin genes hybridizing to
the highly conserved motifs of plant cyclins.
Sequence analysis of the CycllIMs gene re-
vealed the presence of specific mitotic cyclin mo-
tifs such as the destruction motif as well as the P
box domain present in all A- and B-type cyclins.
Moreover, we have shown that the expression of
the CycIIIMs gene during cell cycle progression of
a partially synchronized alfalfa cell culture was
tightly linked to the presence of cells in the G2/M
cell cycle phase, as revealed by flow cytometric,
mitotic and northern analyses of cell samples ob-
tained at two hourly intervals after release of the
cells from a hydroxyurea block. Likewise, pre-

dominantly G2/M phase specific expression was
reported for the two other known alfalfa cyclin
sequences cycMsl and cycMs2, although a con-
siderable message level was observed in all cell
cycle phases using the whole cycMsI sequence as
a probe [21]. This difference might be due to the
use of different hybridization probes. Therefore,
both the sequence data and the expression pat-
tern of CycIIIMs were typical of a mitotic type of
cyclin,

On the basis of sequence analysis it is not pos-
sible to assign clearly CycIIIMs nor any other
plant mitotic cyclin to either A- or B-type as they
share characteristic sequence motifs of both types
[19,32]. It seems from phylogenetic studies in-
cluding yeast, animal and plant cyclins that
groups II and III of plant mitotic cyclins form a
separate class which is more homologous to
B-type cyclins (data not shown) while the group
I is more closely related to the A-type cyclins as
has already been proposed [19,32]. However, the
CyclIIIMs protein (but not the other plant cyclins)
has a destruction motif RXALGVIXX charac-
teristic of A-type cyclins [17]. Mitotic cyclins
sharing not only structural characteristics but also
the functional properties of A- and B-type cyclins
have recently been described from animal species
as well [ 13]. Amino acid sequence comparison of
the cyclin box region of one of these so called
B3-type cyclins and CycllIMs with the cyclin A
and B consensus sequences revealed remarkable
similarity between the two cyclins in respect of
the distribution of A- and B-type specific motifs
or residues. B3-type mitotic cyclins were pro-
posed to represent an evolutionary early class of
animal cyclins that might be the closest relatives
of the plant cyclins. It remains to be elucidated
whether single plant cyclins simultaneously as-
sure functional properties of A- and B-type mi-
totic cyclins or whether different molecules with
separate functions have also evolved in plants.
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