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Abstract. Nuclear protein coding sequences from
gymnosperms are currently scarce. We have determined
4 kb of nuclear protein coding sequences from gym-
nosperms and have collected and analyzed >60 kb of
nuclear sequences from gymnosperms and nonsper-
matophytes in order to better understand processes in-
fluencing genome evolution in plants. We show that
conifers possess both biased and nonbiased genes with
respect to GC content, as found in monocots, suggest-
ing that the common ancestor of conifers and monocots
may have possessed both biased and nonbiased genes.
The lack of biased genes in dicots is suggested to be a
derived character for this lineage. We present a simple
but speculative model of land-plant genome evolution
which considers changes in GC bias and CpG frequen-
cy, respectively, as independent processes and which
can account for several puzzling aspects of observed nu-
cleotide frequencies in plant genes.
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Abbreviations: GC = guanosine plus cytosine; GapC = glycolytic
glyceraldehyde-3-phosphate dehydrogenase, EC 1.2.1.12; GapA =
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1.2.1.13; O/E = ratio of observed-to-expected dinucleotide frequen-
cies

Introduction

In the nuclear genomes of monocotyledons, two distinct
types of genes are found: GC-biased genes, in which
codon usage is strongly biased toward G and C in the
third codon position, and nonbiased genes, in which
codon usage is relaxed and the four nucleotides appear
in approximately equal frequencies in the third codon
position (Campbell and Gowri 1990; Brinkmann et al.
1987). In dicotyledons, GC-biased genes are very rare
and the codon usage of most genes resembles that of
nonbiased genes in monocots (Gardiner-Garden and
Frommer 1992). At the whole genome level, both mono-
cots and dicots typically show moderate levels of CpG
suppression {Gruenbaum et al. 1981; Hepburn et al.
1987), the cumulative result of spontaneous deamination
in 5-methylcytosine (°™C) residues over evolutionary
time (Bird 1986). In angiosperms, coding regions and
their proximal sequences tend to show lower levels of
CpG suppression than the total genome does. Further-
more, the “significant CpG-rich regions” of angiosperm
genomes, which are typically associated with genes,
contain even higher frequencies of CpG dinucleotides
than would be expected on the basis of base composi-
tion (Gardiner-Garden and Frommer 1992). This is in
contrast to the “CpG islands” of vertebrate genomes,
which are characterized by a mere lack of CpG sup-
pression and thus equal frequencies of CpG and GpG
dinucleotides (Bird 1986). Interestingly, the differences
between monocot and dicot genes with respect to GC
content at third positions are very similar to the differ-
ences observed between genes of warm and cold-blood-
ed vertebrates (Salinas et al. 1988; Matassi et al. 1989).



In the case of animals, it has been suggested that the an-
cestral vertebrate genome, or “paleogenome,” consist-
ed mostly of nonbiased genes and very few CpG clus-
tered regions, as in cold-blooded vertebrates, whereas
the “neogenome,” consisting of GC-rich genes and fre-
quently containing CpG islands, appeared recently in
evolution (Bernardi 1989, 1993).

Thus, during evolution, genes and genomes in plants
have clearly undergone changes with respect to nu-
cleotide composition. We wished to learn something
about the mechanisms which might be involved in plant
genome evolution and reasoned that outgroup compar-
ison might provide some insights into this problem. We
therefore examined nuclear DNA sequences from
nonangiosperms using three approaches. First, we de-
termined some new sequences from gymnosperms by
isolating and sequencing full-size cDNA clones encod-
ing glyceraldehyde-3-phosphate dehydrogenases from
the gymnosperms Ginkgo biloba, Taxus baccata, and
Pinus sylvestris. Second, we screened the database for
nuclear sequences from conifers, the only nonan-
giosperm taxon from which data sufficient to draw con-
clusions on genome structure has been collected. Third,
we examined the scarce sequence data available from
nonspermatophytes.

Our results show that gymnosperms possess both
unbiased and highly biased genes, as do graminaceous
monocots. The data suggest that GC-biased genes were
present in ancestral spermatophyte genomes and that the
lack of GC bias in dicot genes is a derived character for
this lineage. We put forth a simple bimechanistic mod-
el for plant genome composition change. Under this
model it is suggested (1) that a GC-error-prone DNA re-
pair mechanism may be active in the vicinity of tran-
scribed regions and could therefore be responsible for
GC enrichment in biased genes, (2) that in dicots this
repair mechanism, if present, is not GC-error prone,
and (3) that this mechanism for the introduction of GC
bias into plant genes operates independently from CpG
suppression, which lowers GC content. This simple but
speculative model can account for observed nucleotide
patterns in plant genomes and is supported by recent
findings (Bootsma and Hoeijmakers 1993; Downes et al.
1993; Selby and Sancar 1993; Schaeffer et al. 1993)
which demonstrate the presence of transcriptionally
coupled DNA repair systems in eukaryotes.

Materials and Methods

mRNA Isolation. PolyA+ mRNA was purified from endosperm of ma-
turing Ginkgo biloba seeds through two rounds of oligo(dT) cellulose
(Pharmacia Type 7) chromatography as described (Cerff and Klopp-
stech 1982) except that a 2.0 M LiCl precipitation (Maniatis et al.
1989) was performed prior to oligo(dT) cellulose binding and that ail
oligo(dT) cellulose binding, wash, and elution buffers contained
0.01% (w/v) Proteinase K (Merck). PolyA+ mRNA from Taxus bac-
cata was isolated from whole immature seeds by the method de-
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scribed (Martin et al. 1993b). Eluates from the second oligo(dT)
columns were phenolized, precipitated with ethanol, and collected by
centrifugation. mRNA pellets were dissolved in 10 mM Tris-HCI
(pH 8.0), 1 mM EDTA to 1 ug/ul, immediately frozen in liquid ni-
trogen, and stored at —80°C prior to cDNA synthesis.

c¢DNA Cloning and Sequencing. cDNA from all three gym-
nosperms was constructed using the Pharmacia kit with modifications
as described (Martin et al. 1990). cDNA cloning into Anm1149 and
screening of recombinants was performed as described (Schwarz-
Sommer et al. 1984). The Ginkgo biloba and Taxus baccata libraries
were screened with an EcoRI fragment containing the entire coding
region of GapC cDNA from Magnolia liliiflora (Martin et al. 1989).
Positively hybridizing cDNAs were subcloned into SK+ plasmids
(Stratagene). Sequences of the plasmids pTBCI, containing a Nofl in-
sert encoding GapC of Taxus, and pGB1, containing a Notl insert en-
coding GapC of Ginkgo, were determined by the dideoxy method. For
Pinus sylvestris, the cDNA library from 2-week-old seedlings previ-
ously described (Martin et al. 1993a) was screened. The Pinus GapA
clone was identified by plaque hybridization to the Psfl insert of
pS84b encoding GapA of mustard (Martin and Cerff 1986), sub-
cloned into the Notl site of pSK+ to yield the plasmid pPSAI, the
Notl insert of which was sequenced by the chemical degradation
method (Maxam and Gilbert 1980).

Sequence Analysis. The 46 gymnosperm sequences used in this
study are given in Table 1. Sequences were analyzed using the GCG
package (Devereux et al. 1984). Short sequences were excluded from
analysis in some figures. (See figure legends.) In total 37,004 bp from
coding regions and 23,599 bp from noncoding regions were ana-
lyzed. CpG and GpC plots were generated with the MACMOLLY pro-
gram (Soft Gene GmbH, Berlin, FRG). Codon usage tables for the
genes are available from authors upon request. Expected CpG fre-
quencies were calculated as the product of the relative frequencies of
C and G for the gene region analyzed. For comparisons between ho-
mologous genes of conifers, monocots, and dicots, those genes with
known coding regions over 400 bp in length in conifers having known
homologous sequences from monocots and dicots were analyzed.
When multiple monocot and dicot sequences were available, the
tomato and rice sequences were chosen for comparison.

Results and Discussion

New ¢cDNA Clones for Nuclear Encoded Genes
from Gymnosperm

Gymnosperm nuclear sequences are currently scarce in
the database. Previously, we have analyzed several
GAPDH sequences from angiosperms (Martin et al.
1989, 1993a; Brinkmann et al. 1989). Here we chose to
investigate their homologs in gymnosperms. Higher
plants possess two distinct, nuclear-encoded glycer-
aldehyde-3-phosphate dehydrogenase proteins, a Calvin
cycle enzyme (GAPA) active within chloroplasts, and
a glycolytic enzyme (GAPC) active within the cytosol
(Cerff 1979; Martin and Cerff 1986; Martin et al.
1993c). We constructed libraries, and isolated and se-
quenced cDNAs for GapA from Pinus sylvestris and
GapC from Ginkgo biloba and Taxus baccata. GapA
and GapC are highly expressed genes in both an-
giosperms and gymnosperms. As measured by the fre-
quency of positively hybridizing clones per recombinant
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Table 1. Gymnosperm nuclear sequences surveyed

Species/gene

Gene product

Reference

Pinus sylvestris
Chs
Cp-Sod
Cyt-Sod
GapA
GapC
Lhcal*1
Lhcal*2
Lhca2*1
Lhca3*1
Lhcad*1
Lhebl*1
Lheb1%2
Lhcb2*1
Lheb5*]
Pdc
Sts

Pinus taeda
Adh
Lpcr
Pal
Xsp

Pinus thunbergii
Lhcb2*1

RbcS

Pinus radiata
Adhl
Adh2

Pinus strobus
Glbnl
Glbn2
Albl
Alb2
Alb3

Pinus contorta
Act

Picea abies
Cinalda
Gluc
H2A
Hbkl
Hbk2
Lhcbl*1
Rpsi2
Tuba
Ubig

Picea glauca
Leg
Vic
28

Pseudotsuga menziessi
Lge

Larix larcinia
Lhchb1*1
RbceS

Taxus baccata
GapC

Ginkgo biloba
GapC

Chalcone synthasse
Chloroplast superoxide dismutase
Cytosolic superoxide dismutase

Chloroplast glyceraldehyde-3-phosphate dehydrogenase
Cytosolic glyceraldehyde-3-phosphate dehydrogenase

Type I chlorophyil a/b-binding protein of LHC I
Type I chlorophyll a/b-binding protein of LHC I
Type 11 chlorophyll a/b-binding protein of LHC 1
Type III chlorophyll a/b-binding protein of LHC I
Type IV chlorophyll a/b-binding protein of LHC I
Type I chlorophyl a/b-binding protein of LHC 11
Type I chlorophyl a/b-binding protein of LHC II
Type II chlorophyl a/b-binding protein of LHC II
Chlorophyll a/b-binding protein of CP26
Pyruvate decarboxylase

Stilbene synthase

Alcohol dehydrogenase
Protochlorophyllide oxidoreductase
Phenylalanine-ammonium lyase
Xylem-specific protein

Type 1I chlorophyll a/b-binding protein of LHC II
Ribulose bisphosphate carboxylase/oxygenase

Alcohol dehydrogenase
Alcohol dehydrogenase

Globulinlike protein 1
Globulinlike protein 2
Albuminlike storage protein 1
Albuminlike storage protein 2
Albuminlike storage protein 3

Actin

Cinnamy! alcohol dehydrogenase
B-1,3-glucanase-like protein

Histone 2A

Knotted homologous gene 1

Knotted homologous gene 2

Type I chiorophyl a/b-binding protein of LHC II
Chloroplast ribosomal protein S$12

a-tubulin

Polyubiquitin

Leguminlike storage protein
Vicilinlike storage protein
2S-like storage protein

Leguminlike storage protein

Type I chlorophyll a/b-binding protein of LHC 11
Ribulose bisphosphate carboxylase/oxygenase

Cytosolic glyceraldehyde-3-phosphate dehydrogenase

Cytosolic glyceraldehyde-3-phosphate dehydrogenase

Fliegmann et al. 1992
Karpinski et al. 1992
Karpinski et al. 1992

This paper

Martin et al. 1993a

Jansson and Gustafsson 1991
Jansson and Gustafsson 1991
Jansson and Gustafsson 1991
Jansson and Gustafsson 1991
Jansson (unpublished)
Jansson and Gustafsson 1990
Jansson and Gustafsson 1990
Jansson and Gustafsson 1990
Jansson (unpublished)
Jansson (unpublished)
Fliegmann et al. 1992; Schwekendiek et al. 1992

D. Harry (unpublished)
Spano et al. 1992b
Whetten and Sederoff 1992
Loopstra (unpublished)

Yamamoto et al. 1998a;
Kojima et al. 1992
Yamamoto et al. 1988b

Kinlaw et al. 1990
Kinlaw et al. 1990

EMBL Z11486
EMBL 711487
EMBL X62433
EMBL X62434
EMBL X62435

Kenny et al. 1988

EMBL X72675
Sundés et al. 1992
Sundés (unpublished)
Sundds (unpublished)
Sundés (unpublished)
Sundés (unpublished)
Sundés (unpublished)
Sundés (unpublished)
Sundés et al. 1992

EMBL X63192
Newton et al. 1992
EMBL X63193

Leal and Misre 1993

Hutchisson (unpublished)
Hutchisson et al. 1990

This paper

This paper




phage in our cDNA libraries from several gymnosperms
and angiosperms, we estimate that GapA constitutes
about 0.5% of the clonable polyA+ mRNA in light-
grown spermatophyte tissues and GapC about 0.1%.
Clone pPSA1 contains the entire coding region of the
mature GAPA chloroplast GAPDH subunit (337 amino
acids) from Pinus sylvestris and an N-terminal 74-
amino-acid putative transit peptide. The deduced amino
acid sequence (Fig. 1) has 81% and 78% identity to its
pea and maize counterparts, respectively. The clone
pTBCI1 contains the entire coding region (341 amino
acids) of GapC from Taxus and the clone pGBC1 con-
tains the coding region for GapC from Ginkgo. The de-
duced amino acid sequences of the pTBC1 and pGBC1
clones share 91% identity; these share 91% and 89%
identity to GapC from Scots pine (Martin et al. 1993a),
respectively. These sequences have been deposited
in the database under the accession numbers L.26923
(pPSA1), L26924 (pGBC1), and L26922 (pTBC1).

Dinucleotide Profiles for Coding Regions

To examine the nucleotide composition fine structure
within coding regions, we plotted CpG and GpC profiles
for the sequences of gymnosperm GapC, Lhcbl, and
GapA in the context of angiosperm homologs and, in the
case of GapC, a bryophyte (Physcomitrella) outgroup
(Fig. 1). In Fig. 1a it can be seen that the GpC profiles
for the gymnosperm GapC sequences are remarkably
similar to their angiosperm and bryophyte homologs,
whereas the CpG profiles (and O/E ratios) differ con-
siderably. In the coding regions of GapC (Fig. 1a) there
is some variation across gymnosperms with respect to
GC content. Both Ginkgo and Taxus show stronger CpG
suppression than the homolog from Pinus although the
third position GC contents in the gymnosperm GapC se-
quences are quite similar (42-47%). GapC in both
conifers and the dicot is poor in overall GC content and
also shows CpG suppression. Since their divergence
from a common ancestral gene, CpG frequency in GapC
coding regions shown in the figure has changed much
more dramatically than GpC frequency has. The pattern
observed in Fig. 1a favors the view that the degree or
rate of CpG suppression for a given gene can vary
across plant taxa. As shown in Fig. 1c, GapA of Pinus
is quite GC-poor (42% at third codon positions) and
shows slightly more pronounced CpG suppression than
the dicot homologue (O/E ratio 0.35 vs 0.52), whereas
the maize homolog has both high third-position GC
content (97%) and CpG frequency (O/E ratio 1.19). An
even more dramatic change in profile can be observed
for Lhcbl1 (Fig. 1b), where the rice homolog has a CpG
O/E ratio of 1.59 as compared to 0.32 for tobacco. Ra-
tios of observed-to-expected (O/E) frequencies for GpC
dinucleotides are close to unity for the sequences in-
vestigated in Fig. 1 and, furthermore, for all gym-
nosperm sequences surveyed here (data not shown),
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similar to the situation found in angiosperm genes (Gar-
diner-Garden et al. 1992).

We note that two findings in Fig. 1 would be quite
difficult to achieve simply through the effects of lack-
ing CpG suppression in these sequences: (1) the CpG
O/E ratio of ~1.6 for rice Lhch] and (2) third-position
GC contents in excess of 90% for monocot Lachl and
GapA. These straightforward data indicate that some
mechanism(s) other than CpG suppression (or lack
thereof) may be affecting GC bias in these sequences.

Conifer Nuclear Genes are Heterogeneous with
Respect to Third-Position GC Content

There was a large degree of heterogeneity in the third-
codon-position GC content of the gymnosperm genes
analyzed (Fig. 2). Notwithstanding our small sample, the
gymnosperm nuclear genes can very roughly be divid-
ed into two classes—a GC-rich class with >60% GC at
third positions and a GC-poor class with <60% GC at
third positions. This distribution is more or less inter-
mediate with regard to the distributions found in mono-
cots and dicots, respectively (Salinas et al. 1988; Camp-
bell and Gowri et al. 1990). Both the GC-rich and the
GC-poor group of conifer genes are somewhat lower in
third-position GC content than their graminaceous coun-
terparts. There is a general correlation between de-
creasing GC content and increasing CpG suppression in
gymnosperm nuclear sequences surveyed (Fig. 3; r* =
0.737). The GC-rich conifer genes have a frequency of
CpG close to the expected values whereas the GC-poor
genes are depleted in CpG, similar to the situation in
monocot genomes. The unusually high frequency of
CpG in the gymnosperm storage protein genes (open
squares in Fig. 3) can be explained solely by the ex-
tremely high arginine content of the encoded proteins
(data not shown). The O/E CpG value for the complete
set of conifer coding sequences is 0.66, which is inter-
mediate between the values for monocots (0.86) and di-
cots (0.56) (Gardiner-Garden et al. 1992). We have not
attempted to strictly identify “significant CpG-rich re-
gions” using the same criteria as Gardiner-Garden and
Frommer (1992) did, but we note that many of the gym-
nosperm sequences with high-third-position GC content
match their criteria. Inspection of the conifer data re-
vealed no correlation between expression level and GC
content at third positions nor between gene copy num-
ber and GC content at third positions; in addition, both
housekeeping and tissue-specific genes were found
among the GC-rich and GC-poor conifer genes. These
findings suggest the GC bias for a given gene is inde-
pendent of the nature of the gene product.

With the exception of storage protein genes, we
found no gymnosperm sequences with a third-position
GC content between 53 and 60% (Table 2). Both GC-
rich and GC-poor gymnosperm genes have lower GC
content than their monocot homologs, the GC-rich genes
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in gymnosperms having roughly >60% GC at third po-
sitions as compared to >90% in monocots and the GC-
poor gymnosperm genes having <50% GC at third po-
sitions compared to roughly <70% for monocots. These
data suggest the existence of an approximately bipartite
genome structure in gymnosperms, although with an in-
creasing gene sample, the division between the two
types of genes may be expected to become less distinct.
It should also be noted that genes can be biased in one
end and nonbiased in the other (Martinez et al. 1989;
Gardiner-Garden and Frommer 1992).

Comparison of Conifer Coding and
Noncoding Regions

In samples of angiosperm nuclear sequences, there is a
correlation between the GC content of the coding and
noncoding regions of individual genes (Gardiner-Gar-
den and Frommer 1992), in agreement with an isochore
organization for angiosperm genomes (Salinas et al.
1988; Matassi et al. 1989). By contrast, if the third-po-
sition GC content of the conifer genes is plotted against

Methods.

the GC content of noncoding regions (Fig. 3) we see no
such correlation, although our analysis is limited by
the small number of nuclear sequences in the sample.
The overall GC content of the conifer coding regions is
51%, whereas noncoding regions contain an average of
36% GC. The difference (15%) is very similar to the
corresponding values for monocot and dicot genes
(17%: Gardiner-Garden et al. 1992).

Comparisons of Homologous Genes from Conifers,
Monocots, and Dicots

We compared the third-position GC content in homol-
ogous genes from monocots, dicots, and conifers (Table
3). We found that in most cases GC-rich conifer genes
(>60% GC at third positions) were highly biased in
monocots and that GC-poor conifer genes were low in
GC in monocots. A portion of our sample (four out of
11 genes: GapA, Lhcb5, Pcr, and Pal) was, notably, GC-
poor in conifers, yet highly biased in monocots. Thus,
homologous functional genes can be either GC-rich or
GC-poor, suggesting that transitions between genome
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Fig. 2. Histogram depicting the number of gymnosperm nuclear

genes with the indicated third-position GC content. Data were taken
from Table 2. White columns: Sequences with less than 100 codons.
Black columns: Sequences with over 100 codons.

compartments may occur independently for individual
genes within a bipartite genome. It is possible that co-
incidence between GC bias of a given gene in monocots
and conifers simply reflects the ancesteral state of the
gene in the antecedent of the sequences studied.

Analysis of Nonspermatophyte Genes

We gathered and analyzed available sequences from
nonspermatophytes (Table 4). Although the sample is
extremely small, several points are notable. The data, al-
beit scarce, suggest that there is no correlation between
third-position GC content and CpG frequencies in fern
genomes. Also, functional fern Lhch genes show mod-
erate CpG suppression, whereas two of the pseudo-
genes show a very strong CpG avoidance (Table 3). This
suggests that a mechanism exists in ferns, in addition to
monocots (Quigley et al. 1989), which maintains CpG
content within functional genes, and that pseudogenes
become disengated from this mechanism. This would be
consistent with the finding that CpG methylation exist-
ed in the antecedent of vascular plants (Belanger and
Hepburn 1990) and that fern genomes show overall
CpG methylation levels similar to angiosperm genomes
(McGrath and Pichersky 1991). The difference in third-
position GC content between moss Lhch and the other
moss sequences (Table 4) hints at a heterogeneous na-
ture of the nuclear genome of mosses. Moreover, the
PhyCer sequence appears to be heterogenous in itself;
the 5’ portion of the gene reveals a much lower degree
of CpG suppression than the 3’ region does.

A Model for the Evolution of Land-Plant
Nuclear Genomes

We have here been able to demonstrate similarities and
differences in the genome structure of higher land-plant
taxa. We have provided evidence (1) that biased/CpG-
rich and unbiased/CpG-poor genes are present not on-
ly in graminaceous monocot (Salinas et al. 1988) but al-
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content of the gene. Data were taken from Table 2. Coding sequences
shorter than 200 codons were excluded. Open squares: genes en-
coding storage proteins. Filled squares: genes encoding nonstorage
proteins.

so in conifer genomes, (2) that transitions may occur
from a biased to a non-biased state (or vice versa) for
individual genes within a given genome (e.g., GapA of
P. sylvestris vs GapA of maize), (3) that, in contrast to
angiosperms, there is currently no clear correlation be-
tween the GC content of coding and overall noncoding
regions of conifer genes, although this preliminary find-
ing is limited by the small sample size and strong un-
derrepresentation of 5" noncoding sequences in the da-
ta set analyzed, (4) that homologues of GC-rich conifer
genes are also GC-rich in monocots, (5) that the degree
of bias for a particular gene does not appear to relate to
the expression characteristics of the gene, (6) that a
mechanism maintaining high CpG content of active
genes appears to be present in ferns (similar to the sit-
uation in monocots: Quigley et al. 1989), and (7) that
bryophyte genomes appear to contain both biased and
unbiased genes, as do gramniaceous monocots and
conifers.

Taken in the context of previously published data,
these findings provide enough information to put forth
a hypothesis for land-plant nuclear genome evolution.
We consider two independent mechanisms: (1) one
which introduces GC bias into plant nuclear DNA and,
as a mere consequence, CpG dinucleotides, and (2) a
second (CpG suppression) which depletes DNA of CpG
dinucleotides and, as a mere consequence, GC content.
As put forth in the following, this bimechanistic mod-
el can account for observed base composition patterns
in plants.

The latter mechanism is relatively well characterized.
CpG suppression is found to varying extents in differ-
ent plant genomes (Hepburn et al. 1987; Quigley et al.
1989; Campbell and Gowri 1990; Gardiner-Garden et al.
1992). Lack of suppression has been attributed to both
protection against methylation (Bird 1986) as well as
specific G-T mismatch repair (Hepburn et al. 1987); for
the purpose of our model, a distinction between these
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Table 2. Base composition and O/E ratios of CpG frequencies in gymnosperm nuclear sequences

Coding region 5’ noncoding 3’ noncoding Introns
3rd
Total pos. CpG CpG CpG CpG

Species/ No.of G+C G+C OFE G+C O/ G+C OFE G+C O/

gene codons (%) (%) ratio bp (%) ratio bp (%) ratio bp (%) ratio
Pinus sylvestris

Chs 397 54 64 0.71 33 48 0 68 41 14 109 35 0.6

Cp-Sod 141 49 36 0.29 - — — 250 33 0.6 — — —

Cyt-Sod 155 49 33 0.26 112 41 0.4 227 35 0.6 e — —

GapA 412 46 42 0.36 33 48 0 185 25 0 — — —

GapC 341 46 44 0.68 58 33 0.7 195 33 0.8 o — —

Lhcal*1 247 49 38 047 85 45 0.2 351 36 1.3 — — —

Lhcal*2 208 48 37 0.37 —_ — — 302 42 0.8 — — —

Lhca2*1 279 53 52 0.21 46 43 0.3 214 48 0.9 — — —

Lhea3*1 287 49 47 0.33 75 37 0 219 28 0.2 — — —

Lhca4*1 251 56 68 0.78 4 25 0 253 34 0 — — —

Lheb1*] 279 61 75 1.02 55 53 1.1 191 42 0.3 — — —

Lhchi*2 275 59 71 0.85 48 46 0.9 133 47 0.7 — — —

Lhcb2%1 151 58 72 0.59 — — — 128 33 0.3 — — —

Lhcb5*1 303 50 44 0.37 48 48 0.9 236 37 0.4 — — —

Pdc 59 49 46 0.47 — - — — — — — —

Sts 394 53 60 0.78 70 40 0 178 29 0 567 31 1.0
Pinus taeda

Adh 377 46 44 0.48 352 39 0.8 109 36 0.6 1,326 33 0.3

Lper 401 44 37 0.35 1114 39 0.6 308 33 0.5 1,805 34 0.2

Pal 748 49 52 0.53 — — — 233 37 0.4 — — —

Xsp 218 63 82 0.98 53 53 0.5 300 33 1.1 — — —
Pinus thunbergii

Lhcb2*1 267 58 70 0.71 2146 34 0.4 2350 32 0.3 122 43 1.1

RbcS 172 56 72 0.73 32 44 0 299 40 0.5 o — —
Pinus radiata

Adhl 175 48 44 0.34 13 46 0 — — — — — —

Adh2 133 47 42 0.51 — — — — — — — — —
Pinus strobus

Glbnl 489 33 52 1.00 19 39 1.3 363 33 0.4 — — —

Glbn2 411 51 49 0.92 171 35 04 335 32 0.6 — — —

Albl 191 54 51 1.01 262 44 0.3 214 35 0.8 — — —

Alb2 172 56 55 1.01 — — — 193 37 0.7 — — —

Alb3 173 33 50 1.05 — — — 163 34 0.8 — — —
Pinus contorta

Act 162 43 39 0.32 — — — 125 36 0.6 134 31 0.3
Picea abies

Cinalda 358 47 49 0.39 57 42 0.4 147 28 0.7 — — —

Gluc 53 45 49 0.87 — — —_ 117 44 0.9 — — —

H2A 139 50 45 0.63 73 38 0 196 35 1.0 891 34 0.9

Hbkl 98 43 46 0.46 — — — 668 38 0.3 — — —

Hbk2 168 43 42 0.44 — — — 229 32 1.2 — — —

Lhcbl 86 39 72 0.82 — — — — — — — — —

Rpsi2 990 41 27 1.12 — — — — — — — — —

Tuba 244 56 49 0.60 — — — — — — — — —

Ubiq 88 50 60 0.39 — — — — — -— — — —
Picea glauca

Leg 510 52 51 0.90 14 64 1.4 177 36 1.3 — — —

Vie 449 49 47 0.82 11 45 0 223 37 0.9 e — —

28 173 54 58 1.01 56 41 0.8 120 38 0.7 — — —
Pseudotsuga menziessi

Leg 528 52 51 0.87 40 48 0.7 90 34 1.6 — — —
Larix larcinia

Lhcb*1 192 61 77 0.71 — — —— 7 57 0 — —_ ——

RbcS 190 55 73 0.81 1614 39 0.4 1293 34 0.2 203 27 0.5
Taxus baccata

GapC 341 45 46 0.47 1 0 0 91 30 0.5 — — —
Ginkgo biloba

GapC 341 46 53 0.53 22 40 0 146 36 0.6 — — —




Table 3. Third codon position GC content of homologous
genes®

Taxon
Gene Monocot Gymnosperm Dicot
Lhebl 100 73 47
RbcS 90 72 47
Lheb2 93 71 38
Chs 94 64 43
Pal 94 52 39
Adh 65 44 38
GapC 67 44 44
Lheb5 90 44 48
GapA 96 42 50
Act 68 39 39
Pcr 96 37 40
Cyt-Sod 41 33 32

2 The angiosperm sequences analyzed for comparison to gymnosperm
homologues were Act from rice (McElroy et al. 1990) and potato
(Drouin and Dover 1990), Adh from rice (Xie and Wu 1989) and
tomato (Van der Straeten et al. 1991), Chs from barley (Rhode et al.
1991) and tomato (O’Neill et al. 1990), Cyt-Sod from rice (Sakamo-
to, 1992) and tomato (Perl-Treves et al. 1988), GapA from maize
(Brinkmann et al 1987) and tobacco (Shih et al. 1986), GapC from
maize (Brinkmann et al. 1987) and tobacco (Shih et al, 1986), Lhcbl
from rice (Lhcbl*1 or 2120, Matsouka 1990) and tomato (Lhcb1*2
or Cab-1B, Pichersky et al. 1985), Lhcb2 from rice (Lhcb2*] or
2123, Matsouka 1990) and tomato (Pichersky et al. 1987), Lhcb5 from
barley (Sgrensen et al. 1992) and tomato (Pichersky et al. 1991), Pal
from rice (Minami et al. 1989) and tomato (EMBL M90692), Pcr
from barley (Schultz et al. 1989) and pea (Spano et al. 1992a), and
RbcS from rice (Matsuoka et al. 1988) and tomato (RbcS2: Sugita et
al. 1987)

is not necessary. Hypermutability of 5-methylcytosine
obviously can account both for low O/E CpG ratios ob-
served in land plant genes and for the fact that GpC fre-
quencies in plant genes show no significant fluctuation
(Gardiner-Garden et al. 1992; see also Fig. 1). The fact
that some genes of gymnosperms (Lacbl and Xsp, Table
1) and lower land plants (Lhch and Phyl, Table 4) have
O/E CpG ratios close to unity whereas their homologs
in other taxa may be depleted suggests to us that the an-
cestral state of land plant genomes was CpG rich. Con-
sistent with this is the finding that the nuclear genes of
green algal outgroups such as Chlamydomonas rein-
hardtii show little or no CpG suppression (O/E ratios for
CpG of 0.7-1.1, data not shown). Thus, CpG suppres-
sion is a mechanism which may reduce GC content and
CpG frequencies without heavily influencing GpC fre-
quencies.

Now we consider the more tedious problem of a
mechanism which may introduce GC bias into DNA. It
is well known that many spermatophyte genes contain
up to 100% GC at third codon positions (Table 4; Nies-
bach-Kl&sgen et al. 1987; Brinkmann et al. 1987; Sali-
nas et al. 1988). We find it difficult to imagine negative
selective pressures which would be sufficiently strong
to eradicate all alleles in a plant population which pos-
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sesses adenine or thymidine substitutions at one single
third position of such a coding region; we find it equal-
ly difficult to imagine positive selection pressures which
would fix guanosine or cytosine substitutions with equal
tenacity. Anticodon-condon coevolution as a selective
mechanism can be excluded since (1) no known anti-
codon base pairs with only G or C and (2) GC-richness
often extends several hundred base pairs into promotor
regions of highly biased genes (e.g., Fig. 4). Fluctuat-
ing ANTP pools during DNA replication (Wolfe et al.
1989) were put forth as a nonselective mechanism re-
sponsible for introduction of high GC content into DNA.
Yet, were this mechanism active in plant genes, one
would expect to observe roughly homogeneous GC con-
tent across plant replicons or at least strong CpG sup-
pression in those GC-poor regions flanking extremely
GC-rich genes; neither the former nor the latter is ob-
served in analyses of dinucleotide frequencies in plant
sequences with large flanking regions for study (Fig. 4;
see also Gardiner-Garden and Frommer 1992), making
it very unlikely in our opinion that mutational bias
through replication timing causes high GC content in bi-
ased plant genes. Near-perfect G/T mismatch repair
and/or low levels of CpG methylation in premeiotic
cells of angiosperms were suggested as possible expla-
nations for the lack of CpG suppression in their GC-rich
genes (Gardiner-Garden et al. 1992), but neither of
these mechanisms could account for an enrichment in
G and C residues reaching 100% at third positions in
some plant genes.

We suggest that a (selectively neutral) “GC-error-
prone” repair synthesis machinery which may be active
(1) to varying degrees for different genes and (2) in the
vicinity of expressed genes provides the mutational
pressure which is responsible for GC enrichment in bi-
ased genes of plants. This mechanism of mutational
bias is similar to yet more explicit than that postulated
by Sueoka (1988)! from his analyses of bacterial and an-
imal genomes. Although Wolfe et al. (1989) mentioned
the possibility of error-prone repair as a means of dif-
ferentially increasing GC content within regions of the
genome, they strongly favored the replication timing
model. Though it has been known for some time that
DNA repair in prokaryotes (Mellon and Hanawalt 1989)
and eukaryotes (Bohr et al. 1985) is more efficient in
transcribed than in nontranscribed DNA, unequivocal
evidence for the existence of transcriptionally coupled
DNA repair synthesis in yeast and animals has only re-
cently emerged. (See Downes et al. 1993 and Hoeij-
makers 1993; see also Bootsma and Hoeijmakers 1993.)

! “DNA replication and DNA repair synthesis may make replication
errors differently and the extent of DNA repair synthesis may vary
among different domains of the chromatin because of the different
susceptibility of DNA to damage and repair due to differences in chro-
matin structure”
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Table 4. G + C content and CpG frequencies in nonspermatophyte nuclear coding sequences
3rd
Total pos. CpG
Division/species bp G+C G+C O/E
Gene coding (%) (%) ratio Reference
Pteridophyta/P. munitum
Lhcb 807 55 58 0.48 Pichersky (unpublished)
Lhcbl 792 57 60 0.58 Pichersky (unpublished)
Lheb F3 798 57 63 0.51 Pichersky et al. 1990
Lhch F6V 1,020 42 — 0.18 Pichersky et al. 1990
Lheb F7¥ 830 56 — 0.60 Pichersky et al. 1990
Lhch F8Y 499 42 — 0.29 Pichersky et al. 1990
Lycopodiphyta/S. martensii
Phyl 3,402 59 71 0.81 EMBL X61458
Bryophyta/P. patens
GapC 1,038 52 61 0.64 Martin et al. 1993a
Lhch 810 62 83 0.90 Long et al. 1989
myb-related 1,351 49 55 0.79 Leech et al. 1993
myb-related2 1,266 51 56 0.66 Leech et al. 1993
Bryophyta/C. purpureus
PhyCer 3,909 44 42 0.60 Thimmler et al. 1992
Exonl 2,035 47 — 0.75 Thiimmler et al. 1992
Exon II 300 47 — 0.37 Thiimmler et al. 1992
Exon III 1,574 40 — 0.38 Thiimmler et al. 1992

There is thus no doubt that DNA repair in the vicinity
of active genes differs from that for bulk DNA in these
organisms. The biochemistry of transcriptionally cou-
pled repair synthesis in plants has not been studied in
detail, although its presence in E. coli, humans, and
yeast suggests that the basic mechanism may be com-
mon to all organisms (Sweder and Hanawalt 1992).
Spermatophytes may also possess this DNA repair sys-
tem. GC-error-proneness may be a variable, if not re-
versible, property of transcriptionally coupled repair
across higher eukaryotic taxa.

The plots of dinucleotide frequencies in plant genes
shown in Fig. 4 are readily interpretable in light of this
model. In the case of Lhch2*1 of pine, the active gene
is clearly enriched in GC content relative to the flank-
ing regions, which are furthermore heavily CpG sup-
pressed, likely due to nonprotection from methylation.
In maize GapAl, the promoter, exons, and introns are
quite GC-rich, which we interpret to be the result of GC-
error-prone repair synthesis on an active gene; the flank-
ing regions are CpG suppressed but also lower in over-
all GC content. When we plotted the sequence of a
recently inactivated (Quigley et al. 1989) maize GapA
pseudogene WGapAl (Fig. 4), we were surprised to
find a very GC-rich region in the 3" noncoding flank. A
database search revealed that this region was not real-
ly noncoding as we believed, but rather contained the
remnant of a once-active gene on the opposite strand:
an interrupted reading frame for an ATP-dependent
RNA helicase domain with 50% amino acid identity to
the yeast suv3 gene product. This congruence between
high GC content and coding capacity supports the no-
tion of transcriptionally coupled, GC-error-prone re-

pair synthesis as a plausible means of introducing GC
bias into plant genes. In maize GapCl, the promoter and
first-five-plus-last-exon are more GC-rich than the 5
flank, consistent with the repair synthesis model, but the
region from intron 5 through exon 10 is CpG sup-
pressed. Thus, in GapCl we either observe suppression
superimposed upon repair synthesis within the tran-
scribed region or a restriction of repair synthesis to the
promoter-proximal region of the gene.

The data suggest that “GC-error-prone” or “GC-bi-
ased” transcriptionally coupled DNA repair synthesis
should exist in conifers and graminaceous monocots,
since they possess biased genes in which the bias is lo-
calized to the immediate vicinity of transcribed regions
(Fig. 4). This mechanism appears to have been almost
entirely lost or heavily modified in dicots. Since some
nuclear genes of bryophytes are moderately biased
(Table 4) and those of green algal outgroups such as
Chlamydomonas reinhardtii are extremely GC-biased
(Campbell and Gowri 1990; both GapA and GapC of C.
reinhardtii have >90% GC at third codon positions,
Kersarnach et al. 1994), one might speculate that biased
repair synthesis may have existed in ancestral chloro-
phytes and that they therefore may have possessed GC-
rich genes. We offer no explanation for the variation in
efficiency of “GC-error-prone repair” machinery across
genes within a biased genome (Table 3) other than the
postulate that some genes may lose their affinity as
substrates for error-prone repair synthesis. Indeed, in an-
imals there is no simple correlation between rates of
transcription and repair synthesis, and the relationship
between chromatin structure and rate of repair synthe-
sis for active genes is also unclear (Downes et al. 1993).
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Fig.4. Dinucleotide distributions plotted against intron-exon struc-
ture. Dinucleotides were plotted as in Fig. 1. Vertical increments for
CpGs and GpCs were plotted back to back along the horizontal ax-
is. Exons of active are indicated as black rectangles; exons of pseudo-
genes are indicated as gray rectangles. Double-headed arrows above
plots indicate regions for which GC content (shown in %) and O/E
ratios for CpG (shown above the arrow) and GpC (shown below the
arrow), respectively, were calculated. Sources of sequences are pine
Lhcb2*1, Kojima et al. (1992); maize GapCl, Martinez et al. (1989);
maize GapAl, Quigley et al. (1988); maize YGapAl, Quigley et al.
(1989). The region designated Wsuv3 located 5" of the WGapAJ
pseudogene contains an interrupted reading frame (five dispersed
single base indels over an 825-bp region of homology, data not
shown) which we identified through database search as having 50%
amino acid identity across 275 residues to the C-terminal ATP-de-
pendent RNA helicase domain of the yeast suv3 protein (Stepien et
al. 1992). The suv3 homologous region is located on the lower strand,
opposite WGapAl. Although the Wsuv3 sequence is probably inac-
tive, since the reading frame is not contiguous, the degree of homol-
ogy to yeast suv3 suggests that it at one time was. Maize GapAl and
WGapAl sequences shown share no significant homology (<40%)
outside of the promoter and exon regions; the GC-rich regions (61%
and 64%, respectively) share 88% nucleotide identity. The scale bar
at the lower left indicates 1 kb.
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Nonetheless, factors which infuence the rate of repair
synthesis in plants should be able to evoke transitions
from the biased to nonbiased state and vice versa as ob-
served for GapA, Lhcb5, Pcr, and Pal in monocot-gym-
nosperm comparisons (Fig. 1 and Table 4).

During evolution, many plant genes, both biased and
unbiased, clearly underwent CpG suppression. In the
case of dicotyledons surveyed to date, it appears that on-
ly few regions of the genome, the significant CpG-rich
regions (Gardiner-Garden and Frommer 1992), escaped
suppression. Many genes of monocots, conifers,
bryophytes, and algae escaped CpG suppression and
have also maintained GC bias (i.e., Lhacbl). In the case
of dicots, the GC-error-prone nature of repair synthesis
appears to have been modified (or perhaps lost alto-
gether in some taxa), since heavily biased dicot genes
have not been observed to date. The fact that third po-
sitions in dicot coding sequences are somewhat more
GC-rich than flanking regions (Gardiner-Garden and
Frommer 1992) may be a reflection of residual GC-er-
ror-prone repair synthesis, the effects of which in prox-
imal flanking regions may be overridden by non-error-
prone mutation events. The fact that GC-rich isochores
contain most of the genes in plant genomes which pos-
sess bias (Salinas et al. 1988) would be explained
under our model through the cumulative effect of er-
ror-prone repair synthesis in linked genes across iso-
chore-length stretches of DNA, rather than through Dar-
winian selection. Of course, the GC-error-prone repair
synthesis postulated here, though indirectly evidenced
for plants in Fig. 4, is a hypothetical model which re-
mains to be demonstrated by direct biochemical means.

In summary, we have generated some new nuclear
sequences from gymnosperms and have collected and
analyzed a number of gymnosperm and nonspermato-
phyte nuclear sequences in order to better understand
processes influencing genome evolution in plants. We
have presented a simple but speculative model of land-
plant genome evolution which considers GC bias and
CpG frequency as independent phenomena and which
can account for observed GC bias, CpG suppression,
and isochore structure in plant genomes. Our model is
compatible with the finding that the majority of ex-
pressed plant genes are located in GC-rich isochores
(Montero et al. 1990; Matassi et al. 1991), but could al-
s0 account for the fact that GC content tends to be high-
er in the vicinity ( ~1 kb) of expressed genes than in
more distal flanking sequences (Martinez et al. 1989;
Gardiner-Garden and Frommer 1992). If early an-
giosperms contained a GC-rich class of genes as extant
monocots and gymnosperms do, bias may have been re-
tained in some dicotyledonous genomes and, if found,
could help to identify dicot lineages which branched off
early in angiosperm evolution.
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