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Abstract

We report the isolation and characterization of a tomato nuclear gene encoding a chlorophyll a/b-binding
(CAB) protein of photosystem I (PSI). The coding nucleotide sequence of the gene, designated Cab-6B, is
different at eight positions from that of a previously isolated cDNA clone derived from the Cab-6A gene,
but the two genes encode identical proteins. Sequence comparison with the cDNA clone revealed the presence
of three short introns in Cab-6B. Genetic mapping experiments demonstrate that Cab-6A and Cab-6B are
tightly linked and reside on chromosome 5, but the physical distance between the two genes is at least 7 kilo-
bases. Cab-6A and Cab-6B have been designated Type I PSI CAB genes. They are the only two genes of
this branch of the CAB gene family in the tomato genome, and they show substantial divergence to the genes
encoding CAB polypeptides of photosystem II. The Type I PSI CAB genes, like the genes encoding PSII
CAB proteins, are highly expressed in illuminated leaf tissue and to a lesser extent in other green organs.

Introduction

The chlorophyll a/b-binding (CAB) proteins are
constituents of the photosynthetic apparatus of
higher plants. They form protein-pigment complex-
es which function in capturing light energy and in
the distribution of excitation energy between pho-
tosystem I (PSI) and photosystem II (PSII) in the
thylakoid membranes of the chloroplast [1]. The
CAB polypeptides of both photosystems are struc-
turally related to each other [6, 9]. At least two
types of CAB polypeptides, designated Type I and

Type II, have been identified in tomato PSII, and
each is encoded by multiple nuclear genes [17, 19,
20]. Genes for PSII Type I and Type II CABs have
also been isolated and characterized in other plant
species [5, 7, 8, 12—15, 24]. Nucleotide sequence
comparisons demonstrate that the genes encoding
Type I PSII CAB proteins diverged from the genes
encoding Type II PSII CAB polypeptides at least be-
fore the divergence of monocotyledonous and di-
cotyledonous plants [19, 20, 22].

The isolation of genes encoding PSI CAB poly-
peptides has not yet been reported. Recently, we
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isolated a ¢cDNA clone encoding a tomato PSI
CAB polypeptide which we designated “Type I”
[11]. The overall homology of this protein to any
tomato PSII CAB polypeptide is only 30%, but
two segments within it, each about a quarter of its
total length, show approximately twice this level of
homology to the equivalent segments in the PSII
CAB proteins. Here we report the isolation and
characterization of a tomato gene encoding the
Type I PSI CAB protein. In addition, we examined

the mode of expression of Type I PSI CAB genes

in various tomato organs and the number and chro-
mosomal location of these genes in the tomato ge-
nome. The evolutionary relatedness of the Type I
PSI CAB genes to genes in the other recognized
branches of the CAB gene family is also discussed.

Materials and methods
Gene isolation and characterization

A 32P-labelled tomato cDNA clone which encodes
a PSI Type I CAB protein [11] was used as a probe
in the screening of a tomato genomic library in the
Charon 4 phage vector [17]. A single positively
hybridizing phage was isolated and its tomato
DNA insert was subcloned into pUCI18 plasmids as
previously described [17]. Southern blots [23] and
nucleotide sequence determination [16] were car-
ried out as described [17].

Genetic mapping

The position of the cloned DNA fragments on the
genetic map of tomato was determined by the re-
striction fragment length polymorphism (RFLP)
mapping technique [2, 3]. F2s (40 individuals) of
an interspecific cross between L. esculentum and L.
pennellii were examined because of the relative lack
of RFLPs among L. esculentum cultivars (see ref.
[3] for detailed discussion of the methodologies
used in setting up crosses, phenotype scoring and
analyses of data).

Northern blots

mRNA was isolated from the different tissues and
Northern blots were performed as previously
described [21].

Results and discussion

Isolation and characterization of a tomato gene
encoding a PSI Type I CAB polypeptide

We have previously reported the identification and
characterization of five loci in the tomato genome
which contain genes encoding PSII CAB polypep-
tides [17, 19, 20; 27]. These five loci, designated
Cab-1 through Cab-5, each reside on a different
chromosome [17, 20, 27]). Cab-1 and Cab-3 are
complex loci: they contain four and three genes,
respectively, all encoding the Type I PSII CAB
polypeptides {17]. Cab-4 and Cab-5 each contain a
single gene encoding the Type IT1 PSII CAB proteins
[20]. The single gene in the fifth locus, Cab-2,
which, unlike the genes in the Cab-1, 3, 4 and 5 loci,
has not yet been physically isolated and character-
ized, also appears to encode a PSII CAB protein
[27].

We have recently isolated a tomato cDNA clone
encoding a PSI CAB protein. We have designated
the gene from which it was transcribed Cab-6A,
and the protein it encodes, CAB-6A, as a Type I
PSI CAB [11]. We used the cDNA clone of Cab-6A
to screen a genomic library of partially EcoRI-
digested tomato DNA in the phage vector Charon
4 [17]. A single recombinant phage containing
tomato DNA hybridizing to the probe was isolated.
The nucleotide sequence of the single Type I PSI
CAB gene present in this phage (see below) was de-
termined and was found to differ from that of the
sequence of the cDNA clone of Cab-6A (Fig. 1).
We therefore designated the cloned gene Cab-6B.
The two genes differ by eight nucleotides within the
coding region but they encode identical proteins
(Fig. 1). In addition, there is one nucleotide substi-
tution within the 3’ transcribed region, and one
nucleotide substitution and two deletions/inser-
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Fig. I. Nucleotide sequence of Cab-6B and the amino acid sequence of the encoded polypeptide. The sequence of the cDNA clone
of Cab-6A [11] is shown below where it differs from that of Cab-6B. The asterisks indicate the positions of the first and last nucleotides
of the cDNA clone. The positions of the introns are derived from comparison of the cDNA sequence with the genomic sequence. The
first two nucleotides and the last two nucleotides (GT..AG) of each intron, and the location of some restriction sites referred to in the
text are underlined. Probable regulatory sequences in the promoter region of the gene are boxed.
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Fig. 2. A schematic diagram of the main structural features of the three types of CAB polypeptides whose genes have been characterized
to date. The N-terminus is on the left. The lengths of the polypeptides range from 246 to 269 amino acids. The shaded area is the transit
peptide (33—44 amino acids) which is removed after import into the chloroplasts. Segments which are strongly conserved in all three
types are outlined. The locations of introns in the genes in respect to the protein sequencés are indicated with triangles.

tions (of one and two nucleotides, respectively) in
the 5’ transcribed region (Fig. 1).

Comparison of the nucleotide sequence of
Cab-6B with that of the cDNA clone for Cab-6A
also revealed the existence in Cab-6B of three short
introns of 107, 87, and 89 nucleotides, respectively
(Fig. 1). The Type I PSII CAB genes do not contain
introns [5, 13, 17], whereas the Type 1I PSII CAB
genes contain a single intron [12, 24]. However,
none of the introns in Cab-6B is located in the
equivalent place of the single intron of the Type II
PSII CAB gene (Fig.2). All three introns in
Cab-6B are found in regions of the gene encoding
segments of the protein which have been found to
be strongly conserved among PSI and PSII CAB
polypeptides (Fig. 2; ref. [11]).

From consideration of protein structure and se-
quence homology, the cDNA sequence of Cab-6A,
containing an open reading frame of 246 codons
(ref. [11]; Fig. 1), was deemed complete. The com-
pleteness of the open reading frame is now con-
firmed by the observation that the nucleotide se-
quence of Cab-6B upstream from the first ATG of
the 246-residue open reading frame (without the in-
trons) contains no other ATG triplet in a
180-nucleotide stretch and does contain several in-
frame stop codons (Fig. 1). Furthermore, two TATA
boxes are found at nucleotides —97 to —94 and
again at —117 to —114 upstream from the ATG

start codon, and two CCAAT boxes are found at
nucleotides —145 to —141 and at ~176 to —172
(Fig. 1). In addition, a third CCAAT sequence is
found 15-20 nucleotides downstream to the
downstream-most TATA sequence. Which of these
sequences actually plays a role in the transcription-
al activity of the Cab-6B gene remains to be deter-
mined. We note here that multiple TATA sequences
have been found in the upstream regions of other
tomato CAB genes [17] and also pea CAB genes [3,
26].

Southern blots of restricted tomato DNA using
the ¢cDNA clone of Cab-6A reveal two or more
fragments hybridizing to the probe with every re-
striction enzyme used (Figs. 3A, 4A). The mini-
mum number of fragments together with their
minimum sizes indicate that the Type I PSI CAB
protein is encoded by more than one gene in toma-
to, consistent with the isolation of the cDNA clone
of Cab-6A and the genomic Cab-6B clone. Fur-
thermore, the sizes of the two Dral fragments (2.4
and 1.6 kb, Fig. 3A, lane 1) suggest that each frag-
ment contains a single gene. The Cab-6B gene was
indeed localized to the 1.6 kb Dral fragment by re-
striction digest and nucleotide sequence determina-
tion of the cloned DNA (Figs. 1, 4B). The 2.4 kb
Dral fragment must therefore contain the Cab-6A
gene, but since no Dral site was found on the
cDNA clone of Cab-6A, the locations of the two
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Fig. 3. Southern blot analysis.

A. Survey of restriction fragment length polymorphisms between L. esculentum and L. pennellii. Odd-numbered lanes are L. esculen-
tum, even-numbered lanes are L. pennellii. 3 pg of digested DNA were loaded per lane. Lanes 1 and 2: Dral-digested DNA. Lanes 3
and 4: EcoRI digests. Lanes 5 and 6: EcoRV digests. A mixture of the EcoRI-Ncol and Ncol-Ncol fragments from the coding sequence
of the cDNA clone of Cab-6A (probes #1 and #2 in Fig. 4b) was used to probe the blot.

B. Survey of 13 species in the family Solanaceae and one species (watermelon) from the Cucurbitae family for the presence of Type
I PSI CAB genes. In each case, 3 ug of a DNA sample from a single individual was digested with EcoRI. The probe was the same as
in A. Lane 1 — Lycopersicon hirsutum, 2 — L. chmielewskii, 3 — L. peruvianum, 4 — L. lycopersicoides, 5 — Solanum phureja,
6 — S. pseudolulo, 7 — S. ovalifolium, 8 — S. albidum, 9 — Capsicum chinense, 10 — Datura meteloides, 11 — Petunia hybrida,
12 ~ Nicotiana tomentosiformis, 13 — same species as 12 but an individual from a different accession, 14 — watermelon, 15 — L.
esculentum.

C. Segregation of F2s of the L. esculentum x L. pennellii cross. Each lane was loaded with 3 pg of Dral-digested DNA from a single
plant. The first two samples on the left are L. esculentum, the next two are L. pennellii, the rest are F2s. The probe was the same as
in A. Only three phenotypes are observed: the L. esculentum parental phenotype (two dark bands of 2.4 and 1.6 kb), the L. pennellii
parental phenotype (a dark band of 1.9 kb and a light band of 1.6 kb [The 0.7 kb fragment visible in Fig. 3A, lane 2, ran off the gel
in this blot]) and the heterozygous phenotype (three bands of 2.4, 1.9 and 1.6 kb).



210

A
1234567 B
75- s o = R
55- shiies 4 : Cab-6B
50- = H ED EHNN DN N E E H
| Ly 1 TR k455
”. ¢ X : chromosome
26- .o s . ED EHNMN DN N E E
: ELEE T ] | 1 cloned DNA
18- 1% ¢ : :
Cab-6A
H EH NN H E
| o
x ; chromosome
E NN
AL —1\:‘171;2@- cDNA clone

Fig. 4. Analysis of the physical organization of the Cab-6a and Cab-6B genes in the tomato Cab-6 locus on chromosome 5.

A. Southern blots. All lanes contain 3 ug of digested L. esculentum DNA. The DNA in lanes 1, 3 and 5 was digested with EcoRl,
the DNA in lanes 2, 4, 6 and 7 was digested with HindIIl. Lanes 1 and 2 were probed with the 0.38 kb EcoRI-Ncol fragment from
the 5’ coding sequence of the cDNA clone of Cab-6A (probe #1 in Fig. 4B). Lanes 3 and 4 were probed with the 0.28 kb Ncol fragment
from the 3" coding sequence of the cDNA clone of Cab-6A (probe #2 in Fig. 4B). Lanes 5 and 6 were probed with the 2.0 kb Ncol
fragment downstream (3 ) from the Cab-6B gene (probe #3 in Fig. 4B), and lane 7 was probed with the 0.7 kb EcoRI fragment upstream
(5') from the Cab-6B gene (probe #4 in Fig. 4B). Size of fragments (in kb) is indicated on the left.

B. The arrangement of the Cab-6A and Cab-6B genes in the Cab-6 locus deduced from the Southern blot analyses. Locations of
restriction sites determined by nucleotide sequencing or by restriction digests of cloned DNA are indicated on both the cloned DNA
and chromosomal DNA. Restriction sites deduced from the Southern blots of chromosomal DNA are indicated on the chromosomal
DNA only. Restriction sites are defined as: D — Dral, E — EcoRI, H — Hindlll and N — Ncol. The locations of additional Ncol
and Dral sites more distal to the genes from the sites of each kind indicated have not been determined. The heavy lines marked on

the cloned DNA and the numbers under them indicate the probes used in the Southern blots presented in Fig. 4A.

Dral sites in relation to the beginning and end of
the Cab-6A gene could not be determined. We con-
clude that there are only two Type I PSI CAB genes
in the tomato genome, and thus the minimum num-
ber of genes encoding each type of CAB protein
identified so far in tomato is two. Unfortunately,
we have not yet been able to isolate the Cab-6A
gene; a clone carrying it is not present in our toma-
to Charon 4 library, nor in another tomato library
in the vector EMBL3 [25] that we have screened.

Multiple restriction fragments were also ob-
served when restricted DNA from other Solanaceae
species were probed with the tomato Type I PSI
CAB probe (Fig. 3B), suggesting that these species,
too, contain multiple genes encoding the Type I PSI
CAB protein.

Genetic mapping

Southern blots of Dral digests of L. esculentum
and the congeneric species L. pennellii probed with
a Type I PSI CAB sequence show different patterns
(Fig. 3A, C). The L. esculentum phenotype con-
sists of two dark bands of 2.4 and 1.6 kb, while the
L. pennellii phenotype consists of a dark band of
1.9 kb, a light band of 1.6 kb and a light band of
0.7 kb (the latter band is visible in Fig. 3A, lane 2,
but it ran off the gel shown in Fig. 3C). These re-
striction fragment length polymorphisms (RFLPs)
were used to map the Cab-6A and Cab-6B genes in
tomato to each other and to other markers by ex-
amining Dral-digested DNA samples from 40 F2
individuals of the L. esculentum x L. pennellii



cross for their Type 1 PSI CAB RFLP phenotypes
and RFLP phenotypes of other DNA markers.

Only three Type 1 PSI RFLP phenotypes were
observed in the F2s: the L. esculentum parental
phenotype, the L. pennellii parental phenotype,
and the double heterozygote (a 2.4 kb band, a
1.9 kb band, and a 1.6 kb band intermediate in in-
tensity between that of L. esculentum and that of
L. pennellii) (Fig. 3C). The lack of recombinant
phenotypes thus indicates that Cab-6A and Cab-6B
are tightly linked to each other. Note that because
no segregation is observed, it could not be deter-
mined whether the L. esculentum 2.4 kb Dral frag-
ment is allelic to the L. pennellii 1.9 kb Dral frag-
ment and the L. esculentum dark 1.6 kb fragment
is allelic to the L. pennellii light 1.6 kb fragment, or
the other way around. We further note that if, for
example, the dark and light 1.6 kb fragments were
allelic to each other, certain recombinant classes
(those with two 2.4 kb alleles, one dark 1.6 kb al-
lele and one light 1.6 kb allele and those with two
dark 1.6 kb alleles, one 1.9 kb allele and one 2.4 kb
allele) would be difficult to distinguish from the L.
esculentum parental phenotype and the double het-
erozygote, respectively. Similarly, some recom-
binant classes in the alternative model are also
phenotypically not distinguishable from the paren-
tal phenotypes or the double heterozygote. However,
in both models some of the expected recombinant
classes are phenotypically distinguishable from the
parental phenotypes and the double heterozygotes,
and such phenotypes have not been observed.

Analysis of cosegregation of the Type I PSI Dral
RFLPs with other markers (data not shown) re-
vealed linkage to two DNA markers, CD78 and
CD74A, which have recently been mapped to the
end of chromosome 5 (Tanksley, manuscript in
preparation). There were 5 recombinants in the F2s
of the CD74A x (Cab-6A, Cab-6B) cross
(x* = 52.2, P<0.0001 for the test of independent
assortment) and 7 recombinants in the F2s of the
CD78 x (Cab-6A, Cab-6B) cross (x> = 34.6,
P <0.0001). The order of the markers was derived
as described in [3] and is: CD78 — 6 cM — CD74A
— 7¢cM — (Cab-6A, Cab-6B), with the Cab-6 locus
the most distal on the chromosome.
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Genomic organization of Cab-64 and Cab-6B

The cDNA sequence of Cab-6A contains no HindI11
sites; however, there is an HindIII site at the be-
ginning of the second intron in Cab-6B (Fig. 1). A
probe derived from the EcoRI-Ncol fragment
which spans the region from the first exon to the
third exon (Figs. 1, 4B) hybridizes to all the four
Hindlll fragments (of 7.8, 5.0, 2.6 and 1.8 kb) ob-
served in tomato genomic blot (Fig. 4A). A probe
consisting of the Ncol-Ncol fragment which spans
the region from exon III to exon IV (Figs. 1, 4B)
hybridizes only to the 7.8 and 2.6 kb HindIII frag-
ments (Fig. 4A), demonstrating that these two
Hindlll fragments contain the ends of the two genes
and that Cab-6A, like Cab-6B, also contains an
HindIIl site in an intron. However, because the
nucleotide sequence of the coding regions of
Cab-6A and Cab-6B are only 1% divergent from
each other (including the 5’ and 3’ transcribed
regions), it is not possible to distinguish with
probes from the coding regions of Cab-6A or
Cab-6B which of these HindIIl fragments carry
which gene. A probe consisting of a 2.0 kb Ncol-
Ncol fragment 3’ to Cab-6B (Fig. 4B) hybridizes
only to the 7.8 kb HindIIl fragment (Fig. 4A), re-
vealing that this fragment carries the end of the
Cab-6B gene and also demonstrating that the ex-
tensive sequence homology between the two genes
extends no further than 400 nucleotides down-
stream from the stop codon. The 0.7 EcoRI frag-
ment containing the promoter region of Cab-6B
(Fig. 4B) hybridizes only to the 1.8 kb HindIIl
fragment, showing that this HindIll fragment car-
ries the beginning of Cab-6B and again demon-
strating that the extensive sequence homology be-
tween the two genes in this region is limited to a
short sequence upstream from the first ATG codon.

. By elimination, the 2.6 kb HindIIl fragment con-

tains the 3’ end of Cab-6A, and the 5.0 kb HindIll
fragment contains the 5’ end of Cab-6A. The
EcoRI fragments were similarly assigned to the
respective genes.

The map of restriction sites in and around the
two genes, deduced from the restriction mapping
analysis described in the preceding paragraph and
also from restriction site and nucleotide sequence
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analyses of cloned DNA, is summarized in Fig. 4B.
This extensive restriction mapping analysis further
supports the conclusion that the tomato genome
contains only two genes, Cab-6A and Cab-6B, en-
coding the Type I PSI CAB polypeptide. Whereas
the genetic data show that Cab-6A and Cab-6B are
linked, the restriction maps presented in Fig. 4B in-
dicate that they reside at least 7—10 kb apart. This
spacing is much greater than that observed in the
compound tomato loci Cab-1 and Cab-3, whose
genes encode PSII CAB proteins [17].

Expression of the Type I PSI CAB genes

The transcriptional activity of genes encoding the
Type I PSII CAB polypeptides has been extensively
studied. These genes have been found to be highly

expressed in green leaf tissue and to a lesser extent
in other green parts of the plant [S, 14, 21, 26]. In
addition, their expression is strongly induced by
light [5, 14, 26]. We have employed the Northern
blot technique to look at the steady-state level of
mRNA transcribed from the Cab-6A and Cab-6B
genes, constituting the entire set of Type I PSI CAB
genes of tomato, in different tomato organs
(Fig. 5). As a probe we used the 0.38 kb EcoRI-
Ncol fragment from the 5’ coding region of the
¢cDNA clone of Cab-6A (Figs.1, 4). Because
Cab-6A and Cab-6B are almost identical in their
coding regions and the proximal 5’ and 3’ non-
coding ends (Fig. 1), we could not differentiate be-
tween the mRNAs of the two genes. Our probe is
thus “type specific” under the conditions used
(hybridization at 65°C, 2 x SSC, 1 x Denhardt’s
solution, 0.1% SDS; washing sequentially at 65°C

L.E RSE P& Fd Fn

Type | PSI _
CAB S

Type | PSI
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Fig. 5. Northern blots of RNA isolated from different tomato organs. The top panel is an autoradiograph of a blot probed with the
0.38 kb EcoRI-Ncol fragment of the cDNA clone of Cab-6A. This probe is “type-specific” for the Type I PSI CAB genes (see text).
The specific activity of the probe was 4.5 x 10 cpm/ug and the X-ray film was exposed for 4 d. The bottom panel is an autoradio-
graph of a blot probed with a 1.0 kb Hpal-Ps:I fragment from the coding sequence of Cab-1B, a Type I PSII CAB gene [17). This probe
is “type-specific” for Type I PSII CAB genes [17, 21]. The specific activity of the probe was 7 X 106 cpm/pg and the X-ray film was
exposed for 22 h. RNA was isolated from each organ as described [21]. The organs are (from left): L — leaf, E — etiolated seedlings,
R - root, St — stem, P — petal, S — sepal, Fd — fruit (15 days after pollination) harvested 7 h after sunrise, Fn — fruit (15 days
after pollination) harvested 7 h after sunset. 3 ug of total RNA was loaded on each well. The size of the Type I PSI CAB mRNA indicat-
ed on the right (in kb) is consistent with the size of the full length cDNA clone of Cab-6A (897 bases, ref. [11] and Fig. 1) plus the poly
A tail. The size of the Type I PSII CAB mRNA is also 1.0 kb [21].



in 2x SSC and 1 x SSC) for Type I PSI CAB
genes; in DNA-DNA hybridization experiments un-
der less stringent conditions, the same probe hybri-
dized only to the Cab-6 genes (Fig. 4A). For com-
parison, we have also probed a replicate Northern
blot with a probe which is, under the same condi-
tions, specific for Type I PSII CAB genes (refs. [17,
21]; see legend to Fig. 3).

The Northern blots of Type I PSI CAB mRNA
and Type I PSII CAB mRNA from all organs tested

are very similar to each other (Fig. 5). Relatively .

high level of mRNA is observed in green leaf tissue,
lower amount is seen in stems and sepals, and no
detectable amount is observed in etiolated sed-
lings, roots or the yellow petals. Furthermore,
both types of genes show a diurnal effect — some
mRNA observed in the light, no mRNA observed
in the dark — both in fruit tissue (Fig. 5) and in
leaf tissue (Piechulla, unpublished results). Thus,
the well-documented pattern of gene expression of
the Type I PSII CAB genes — light-inducible, green
tissue-specific — appears to apply to the Type I PSI
CAB genes as well.

Despite these similarities, when the specific ac-
tivities of the probes and the lengths of exposure of
the blots shown in Fig. 5 are taken into account, it
is clear that the steady-state level of Type I PSI
CAB mRNA is much lower than that of Type I
PSII CAB mRNA, although precise figures could
not be obtained from the present experiments. No
doubt the lower level of Type I PSI CAB mRNA is
partly due to the fact that tomato has only two such
genes, whereas it has 8 —10 genes of the Type I PSII
CAB. It would be of interest to determine if the
transcriptional activity of individual Type 1 PS]
CAB genes is also lower than that of Type 1 PSII
CAB genes, or perhaps other factors in addition to
the gene dosage effect account for the lower steady-
state level of Type I PSI CAB mRNA. Another in-
teresting observation is that the relative expression
of the Type I PSI CAB genes in organs other than
leaf is significantly reduced when compared with
that of the Type I PSII CAB genes (i.c. the ratio
leaf/stem, for example, is much higher for the Type
1 PSI CAB mRNA).
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Evolution of the CAB gene family

Three branches of the CAB gene family have now
been identified in tomato, and each branch con-
tains more than one gene. The structural homology
of all these genes [11] indicates that they all originat-
ed by repeated cycles of duplications followed by
structural divergence, although the functional sig-
nificance of the structural heterogeneity of the
CAB polypeptides is not yet understood. Nor is it
known at which period in plant evolution each of
these branches of the family originated. Further-
more, there are still CAB polypeptides, including
the “CP29” protein of PSII [10] and several types
of proteins in PSI [6, 9], whose genes have not yet
been isolated and characterized.

A summary of comparisons of coding sequence
divergences of tomato CAB genes from the three
identified branches of the gene family is given in
Fig. 6. The tomato Type I PSII CAB genes are 30%
divergent from Type II PSII genes, and the Type I
PSI CAB genes are 55% divergent from any PSII
CAB gene at the equivalent regions of the genes
(they also contain two large deletions relative to the
PSII CAB genes (Fig. 2; ref. [11])).

Our data concerning the divergence values for
CAB genes from the three branches of the CAB
gene family examined so far are consistent with the
hypothesis that the first division in the CAB gene
family occurred by gene divergence for specificity
for either PSI or PSII, and that such a division
might be as old as the two photosystems them-
selves. However, sequences of CAB genes from oth-
er branches of the family will be required to further
test this hypothesis. Furthermore, calculation of
the exact time of origin of each branch of the CAB
gene family cannot be undertaken until reliable
values for rates of nucleotide substitutions are es-
tablished for plants, and until the degree of diver-
gence among the CAB genes is examined by
sophisticated formulae which take into account
multiple hits, different substitution rates at differ-
ent positions in the codons, etc.

Within each branch of the CAB gene family in
tomato, further duplications have occurred. How-
ever, divergence among tomato genes encoding the
same type of CAB polypeptide is limited to the DNA
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Fig. 6. A phylogenetic tree of genes in the branches of the tomato CAB gene family which have been identified and physically analyzed
so far. Numbers on the right indicate percent divergence. Only coding sequences were compared. Deletions/insertions, which are usually
very short (2—3 codons) were ignored in these comparisons. However, the Type I PSI genes have two large deletions (10—20 codons
each) relative to PSII CAB genes, and the numerical value of their divergence from the PSII genes is therefore indicated as > 55%,
(55% is the value of divergence of the homologous sequences). The lengths of the branches of these phylogenetic trees are not propor-
tional to the divergence levels and should not be compared with each other. They are only meant to display, schematically, the results
of nucleotide sequence comparisons, and as such cannot be directly converted to evolutionary time scales for several reasons. First, the
rate of nucleotide substitutions in plant nuclear genes is not yet known. Secondly, the figures for percentage divergence at both extremes
of the trees are clearly underestimates: the bottom figures are underestimated because no correction is performed for multiple hits, and
the top figures, for within-locus divergence, almost surely reflect the lengths of time since the most recent gene conversion events and
not times of origin of the gene duplications within each of the loci.

sequence; the sequences of the proteins encoded are
identical or almost identical [17, 19, 20]. When the
genes encoding the same CAB type are unlinked, as
in the case of Cab-4 and Cab-5 and the Cab-1 genes
as compared with the Cab-3 genes, the nucleotide
sequence divergence is always greater than among
genes residing in the same locus, as in the case of
Cab-6A and Cab-6B, the Cab-1 genes, and the
Cab-3 genes (i.e., for genes encoding the same type,
intralocus divergence is always smaller than interlo-
cus divergence). A similar situation is observed in

the tomato gene family encoding the small subunit
of the enzyme ribulose 1,5-bisphosphate carboxy-
lase/oxygenase (RBCS). Here, too, unlinked genes
are more divergent from each other than linked
genes, and it has been shown that coding sequence
information among genetically unlinked RBCS
genes is conserved through selection on the protein
level [18] whereas nucleotide sequence divergence
among RBCS genes in the same locus is limited by
the frequent occurrence of gene conversion [25].
Such intralocus gene conversion events have possi-



bly occurred also in the RBCS and CAB loci in pea
[4, 26].

It is not yet known when the gene duplication
that gave rise to Cab-6A and Cab-6B occurred;
however, since other Solanaceae species contain
similarly duplicated Type I PSI CAB genes, it is
likely this gene duplication is not recent and
presumably cannot fully explain the high sequence
conservation between the two genes. It is also in-
teresting to note that for both RBCS and CAB
tomato systems, the highest level of sequence ho-
mology between neighboring genes occur in the
compound loci Rbcs-3 and the Cab-6 whose genes
all contain introns, and is lowest in the compound
loci Cab-1 and Cab-3 where the resident genes do
not contain introns.
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