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Introduction

As a morphological and biochemical novelty, the evolution
of C, photosynthesis has received much attention in recent
years, including its relevance to global climate change (Ehler-
inger et al. 1991; Cerling et al. 1993, 1997) and changes in
the atmospheric CO, concentration (Ehleringer and Monson
1993; Ehleringer et al. 1997; Cowling 2001; Sage 2001). Pat-
terns in C, evolution are generally inferred with the assumption
that past reductions in the atmospheric CO, concentration
have suppressed photosynthesis and stimulated photorespi-
ration to such an extent that the C, CO,-concentrating mech-
anism was selectively favored (Sage 1999). According to this
assumption, favorable plant carbon balance is the principal
driver of diversification within C, taxa. Several more specific
aspects of C, evolution have been explained by the carbon
balance perspective, including the high frequency with which

' Fax 303-492-8699; e-mail russell.monson@colorado.edu.
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GENE DUPLICATION, NEOFUNCTIONALIZATION, AND
THE EVOLUTION OF C, PHOTOSYNTHESIS

Russell K. Monson'

Department of Environmental, Population, and Organismic Biology, University of Colorado, Boulder, Colorado 80309, U.S.A.

The evolution of C, photosynthesis provides one of the most interesting examples of evolutionary novelty
in plants. As an adaptation that enhances plant carbon gain in warm climates with high light and relatively
low atmospheric CO, concentration, the complex interactions between C, anatomy and biochemistry appear
to have evolved over thirty times independently within the angiosperms. Past theories have explained the
multiple appearances of C, photosynthesis solely on the basis of global decreases in atmospheric CO, con-
centration during the past SO million years. The premise of such theories is that the C, pathway provides
selective advantages in terms of plant carbon gain in an atmosphere of low CO, concentration. These “carbon
balance” theories, however, are limited in their ability to explain why or how C, photosynthesis evolved so
many times independently and why certain patterns in the taxonomic distribution of C, photosynthesis exist;
e.g., the absence of C, photosynthesis in canopy-forming forest tree species and the paucity of C, species
within eudicots compared to monocots. In this review, I present the case that one of the most often overlooked
aspects of C, evolution is the potential for genetic limitation, specifically that associated with gene duplication
and subsequent modification, which is crucial to the evolution of C, biochemistry. I describe the research to
date that provides insight into the origins of C, genes, and I derive the conclusion that the evolution of C,
photosynthesis is largely a story of gene duplication while plants are still in the ancestral, C; state. Once a
reservoir of key, duplicated, and preserved C, genes is present, a small amount of subsequent modification
within gene promoter regions is all that is necessary to transform certain C; patterns of gene expression to
C, patterns. Quantitative theory predicts that the most likely factors to be associated with the accumulation
of a reservoir of duplicated C, genes are large population size, short generation time, and frequent recruitment
of sexually produced individuals. When combined with the selective pressures of reduced atmospheric CO,
concentration, consideration of population and life history factors, and the genetic constraints that they impose,
could help explain certain patterns of C, distribution.

Keywords: monocots, eudicots, nonfunctionalization, adaptive, PEP carboxylase, pyruvate orthophosphate
dikinase, NADP-malic enzyme, carbonic anhydrase, Rubisco.

C, photosynthesis has evolved, its restricted diversification
within eudicots, and its absence from forest tree species (Mon-
son 1989: Ehleringer et al. 1997; Monson 1999). Broader per-
spectives have not been generally considered in explaining
these patterns.

With the recent publication of gene sequences for the ge-
nomes of several organisms, it is has become possible to gain
new insight into the origins of novel genes and their role in
the evolution of developmental, morphological, and biochem-
ical traits. One of the principal mechanisms known to influence
the evolution of novel genes is gene duplication followed by
advantageous mutations in one of the duplicates to provide a
novel role (referred to as neofunctionalization). The rate of
gene duplication and, more importantly, the frequency of neo-
functionalization following duplication represent potential
limitations to the rate at which novel traits appear in popu-
lations (Lynch and Conery 2000). In this article, I explore the
potential for these factors to affect the frequency and pattern
of C, evolution. I make the argument that, when combined
with perspectives on plant carbon balance and historical
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changes in the earth’s atmospheric CO, concentration, con-
sideration of genetic constraints might provide the basis for a
broader understanding of C, evolutionary patterns.

Historical Patterns in the Evolution of C, Photosynthesis

C, photosynthesis is found in only 3% of the ca. 250,000
vascular plant species (Sage et al. 1999). Despite its restricted
taxonomic distribution, C, photosynthesis contributes to 30%
of global primary productivity (Gillon and Yakir 2001), re-
flecting the widespread distribution of C,-dominated grass-
lands at tropical and subtropical latitudes. Ca. 75% of all C,
species are in the monocots, despite the fact that monocot
species only represent 25% of the angiosperms; the two mono-
cot families with C, species are the Poaceae and Cyperaceae.
The diversity of C, species is much lower within the eudicots,
with only two of the 15 C, eudicot families containing more
than 10 C, species (Sage et al. 1999). The eudicot family that
contains the most C, species, the Amaranthaceae, is very large
{ca. 170 genera and 2400 species) and contains 50% of all
eudicot C, species. Most C, species are herbaceous; there are
some woody C, shrub species and some C, species that are
arborescent. However, there are no known C, species repre-
sented among canopy-forming forest tree species (Sage 2001).

In terms of geological time, the appearance of C, photosyn-
thesis is a relatively recent phenomenon. The earliest, definitive
evidence of C,-specific Kranz anatomy in fossil leaves is from
specimens that date to 12.5 Ma (Nambudiri et al. 1978; Tid-
well and Nambudiri 1989). Estimation of C, age from phy-
logenetic analyses utilizing molecular clock techniques indicate
that in the grasses C, first appeared 20-30 Ma, in the late
Oligocene or early Miocene (Kellogg 1999). Analysis of carbon
stable isotopes from pedogenic soil paleosols indicate global
expansion of C, grasslands 7-5 Ma (Cerling 1999). In several
analyses, Ehleringer and coworkers have argued that the wide-
spread appearance of C, photosynthesis is correlated with
global reductions in the atmospheric CO, concentration from
greater than SO0 ppmv during the Miocene and continuing
into the Pleistocene to less than 300 ppmv during the Pleis-
tocene (Ehleringer et al. 1991, 1997; Ehleringer and Monson
1993; also Kuypers et al. 1999).

The cause of C, expansion during periods of reduced atmo-
spheric CO, concentration is presumed to be the C, advantage
of reduced photorespiration rates and concomitantly higher
photosynthetic quantum yield {moles of CO, assimilated per
moles of photons absorbed) at low CO, concentrations and
high temperatures (Ehleringer and Bjorkman 1977; Ehleringer
1978; Ehleringer and Pearcy 1983). Similar arguments in-
volving differences in the photosynthetic quantum yield be-
tween C, monocots and C, eudicots were used to explain the
lower levels of taxonomic diversity observed among C, eudi-
cots {Ehleringer et al. 1997). According to a theory presented
in the latter article, at high temperatures and in areas with
summer monsoon activity, the photosynthetic quantum yield
of C, monocots would have exceeded that of C, monocots at
higher CO, concentrations, such as those characteristic of the
late Miocene (7 Ma). However, the photosynthetic quantum
yvield of C, eudicots would not have exceeded that of C; eu-
dicots until CO, concentrations reached much lower values,
such as those characteristic of glacial periods during the Pleis-

tocene (50-18 ka). With less time available for the C, eudicot
advantage, it is assumed that C, eudicots have had fewer op-
portunities for taxonomic diversification. {In contrast to this
argument, however, a recent molecular analysis of the Amar-
anthaceae provides evidence that C, photosynthesis in this fam-
ily has existed since at least the late Miocene [ca. 10 Ma], with
the potential for C, diversification since that time [H. Freitag,
personal communication].)

Monson (1989, 1999) used similar quantum yield argu-
ments to provide a possible reason for the absence of C, pho-
tosynthesis in forest trees. Several woody species have been
identified with C, photosynthesis (particularly in the Amar-
anthaceae and Chamaesyce [=Fuphorbia] [Pearcy and
Troughton 1975; Winter 1981}), although dominant forest tree
species are virtually all C; plants. In studies of C,-C, inter-
mediate species, it was clear that “adaptive troughs,” repre-
sented by biochemical inefficiencies and low photosynthetic
quantum yields, are possible along the evolutionary path from
C, to C, photosynthesis (Monson et al. 1986; Monson 1989).
These adaptive troughs could impose a barrier to the evolution
of fully expressed C, photosynthesis in species native to
shaded, forested environments.

One criticism that can be applied to these past theories is
that they are founded on the assumption that the adaptive
advantages that are obvious in the final evolutionary product
were the same advantages that caused the initial appearance
of the trait. In C, photosynthesis, there are reasons to suspect
that this may not be the case. Using C;-C, intermediate species
as models to understand the sequential process of C, evolution,
Monson (1989, 1999), Rawsthorne (1992), and Monson and
Rawsthorne (2000) have proposed schemes in which the CO,-
concentrating function of the C, pathway and its advantages
in terms of improved quantum yield do not appear until late
in the evolutionary sequence. It is possible that a different type
of CO,-concentrating mechanism, one that depends on the
decarboxylation of glycine rather than malate or aspartate,
was present during the initial stages of C, evolution. The
glycine-decarboxylation mechanism may indeed provide a
slight photosynthetic advantage through a CO,-concentrating
mechanism (von Caemmerer 1989; Schuster and Monson
1990); however, its effectiveness is considerably reduced com-
pared with fully expressed C, species, and it is significantly
less effective in enhancing the quantum yield for CO, assim-
ilation (Monson et al. 1986). Thus, there is reason to question
the significance of differences in the quantum yield between
fully expressed C, and C, plants as the initial force driving the
evolution of C, photosynthesis. Given these reservations to the
current interpretation of C, evolution, I argue that there are
other possible causes and constraints that merit evaluation. In
this article, I introduce gene duplication and neofunctional-
ization, which have had an important role in C, evolution but
have not been considered in past discussions of C, diversifi-
cation.

Gene Duplication as an Evolutionary
Force and Limitation

One of the most frequently discussed issues in evolutionary
biology concerns the genetic origins of morphological and bio-
chemical novelties (Lynch and Conery 2000; Schubert et al.
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2000; Shubin and Marshall 2000; Bruce et al. 2001; Van de
peer et al. 20015 Averof 2002; Mazet and Shimeld 2002).
where do the genes come from that produce novel traits in
organisms, and why do selection and genetic drift not silence
novel genes in a population before gene frequencies reach a
stable value? Much of this discussion has focused on gene
duplication as the most likely source for novel traits. Gene
duplication refers to the production of two duplicate loci on
the same chromosome, where previously there had been only
one through unequal crossing over, tandem duplication of
linked genes, or other illegitimate chromosomal rearrange-
ments. In plants, duplicate genes appear to be mostly unlinked,
although this is based on observations with only two species
to date (McGrath et al. 1993; Thomas et al. 1993). Gene
duplication was originally discussed in the work of Muller
(1936), but its full importance in the evolutionary process was
not realized until Ohno’s seminal book over 30 yr later (Ohno
1970). Since the theoretical work of Ohno, and subsequently
several others (Nei and Roychoudhury 1973; Kimura and King
1979; Ohta 1987, 1988, 2000), empirical evidence for the
evolutionary importance of gene duplication has been observed
in the prevalence of multigene families, which are ubiquitous
among species (Huynen and van Nimwegen 1998; Friedman
and Hughes 2001; Harrison and Gerstein 2002).

Past theoretical models that balance the rate of deleterious
mutation against the spread of duplicated alleles in a randomly
mating population have predicted that it is much more rare
for a duplicated gene to reach a stable frequency in a popu-
larion than to be silenced through mutation (made into a non-
functional “pseudogene”) (Haldane 1933; Ohno 1970; Ohta
2000). In order to promote the evolution of a novel trait, the
duplicated gene must reach high enough frequencies to diverge
and take on a new function, neofunctionalization, before being
silenced. Without neofunctionalization, silencing by genetic
drift is inevitable (Nei and Roychoudhury 1973; Kimura and
King 1979; Maruyama and Takahata 1981; Watterson 1983;
Ohta 1988). Some insight into the extent of gene loss after
duplication can be gained by examining ancient polyploids in
which the entire genome has been duplicated. In one study, it
was concluded that 92% of the duplicated genes in yeast poly-
ploids were lost within 100 Ma after genome duplication
{Seoighe and Wolfe 1998).

Rates of gene duplication and nonfunctionalization have
been recently estimated in an analysis of whole-genome se-
quence data from three eukaryotes (Saccharomyces cerevisiae,
Drosophila melanogaster, and Caenorbabditis elegans) (Lynch
and Conery 2000). The rate of duplication ranges across a
factor of 10 depending on species and gene {from 0.2 to 2
duplications per gene per 100 million years). This rate of du-
plication is within the same range as the rate of point mutation,
indicating that as an evolutionary force and source of genetic
novelty, gene duplication may be as important as mutation.
The half lives of duplicated genes in the species that have been
examined range from 3 to 7 million years, and it is estimated
that 90% of the duplicates are silenced within 50 million years
after duplication (Lynch and Conery 2000). Finally, the rate
of nonsynonymous mutation {i.e., mutations that affect the
amino acid sequence of translated proteins) decreases over time
relative to the rate of synonymous mutation (i.e., mutations
without effect on amino acid sequence); this indicates that

selection to retain specific gene sequences is relaxed immedi-
ately after a duplication event but increases over time. In this
regard, it has been hypothesized that one of the advantages
conferred by gene duplication is an immediate relaxation in
selection pressure on the gene duplicate, which increases its
potential to evolve through random drift (Ohno 1970).

Theoretical estimates of the frequency with which gene du-
plicates are retained through neofunctionalization tend to be
greater than those derived from empirical data (Hughes and
Hughes 1993). It was generally assumed that mutations in a
duplicated gene resulted in only one of two possibili-
ties—nonfunctionalization (to form a pseudogene) or neo-
functionalization (to form a novel gene). It is now clear that
there is an additional possibility, subfunctionalization, which,
if prevalent, could enhance the retention frequency of gene
duplicates (fig. 1). In subfunctionalization, it is recognized that
many genes control more than one function (i.e., subfunctions),
either through differentiation of cis-regulatory elements that
control tissue-specific patterns of expression or differentiation
within the coded region producing alternative functional do-
mains of a protein. If gene duplication results in the production
of duplicate subfunctionalized genes, subsequent modification
through mutation may result in the reciprocal loss of subfunc-
tions; thus, the two genes may diverge to independently par-
tition control over gene expression. In such a scenario, the two
genes would not only share control over expression patterns,
but they would also share in the selective advantages they
contribute to the organism (Arntz and Delph 2001). This
places a selective premium on both genes simultaneously, thus
resisting the tendency for the duplicated gene to be lost through
nonfunctionalization. Divergence of subfunctionalized genes
does not exclude future neofunctionalization, and in fact sub-
functionalization may increase the chances of neofunctional-
ization since duplicated genes are retained longer and this pro-
vides more time for potentially advantageous mutations to
accumulate. It has proven difficult to identify examples of sub-
functionalization, although a strong case has been made with
regard to developmental genes in zebra fish (DeMartino et al.
2000; Bruce et al. 2001). It is possible that many sub-
functionalizations are masked by subsequent neofunctionali-
zation {Mazet and Shimeld 2002).

The Evidence for Gene Duplication and
Neofunctionalization in C, Evolution

The evolution of C, photosynthesis involves numerous bio-
chemical and anatomical changes, most likely involving hun-
dreds to thousands of key mutational events, in up to several
tens of genes. A molecular survey study utilizing cDNAs as
probes for transcript abundance in the mesophyll and bundle-
sheath cells of the C, monocot, sorghum, identified 25 different
mesophyll-specific gene sequences and eight different bundle-
sheath-specific gene sequences (Wyrich et al. 1998). Compared
to the ancestral C, state, each of these sequences would have
had to evolve unique regulatory properties to provide differ-
ential expression between the cell types. This analysis probably
underestimates the true number of gene changes required to
evolve C, photosynthesis, since a significant number of devel-
opmental genes must also have emerged to produce the unique
anatomical and ultrastructural features of C, plants. Given
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Fig. T A schematic showing the possible paths for nonfunction-
alization, subfunctionalization, or neofunctionalization following gene
duplication. The statistical probabilities for each event can be defined
with P, and P, representing the probabilities of nonfunctionali-
zation for the newly arisen gene and original gene, respectively; P,
representing the probability of subfunctionalization; P, and P,
cepresenting the probabilities of neofunctionalization for the newly
arisen gene or original gene, respectively. In the upper part of the figure,

non,

a duplicate gene pair is shown entering a series of probabilities in
which one member of the duplicated gene is nonfunctionalized (P, .
P,...) by deleterious mutations (shown by gray) or subfunctionalized
(P,,) by deleterious mutations in complementary parts of both gene
copies. In the lower part of the figure, a duplicate gene pair is shown
entering a series of probabilities in which one member of a duplicated
gene is nonfunctionalized (P, Puw.) by deleterious murtations or
neofunctionalized (P, ., P..o) by beneficial mutations in one member
of a duplicated gene. The outcome of each event in terms of preser-
vation of the newly arisen gene, expansion of the genome, or a genetic
map change is represented on the right, with an “X” indicating a
positive outcome. Redrawn from Lynch et al. 2001.

such a large diversity of molecular evolutionary events that
must have occurred, and given that C, photosynthesis has
evolved over thirty times independently (Kellogg 1999), the C,
evolutionary story represents an unprecedented example of
gene duplication with subsequent diversification through neo-
functionalization. When it is further recognized that many of
these evolutionary events likely occurred within the relatively
short time span of 5-7 million years (the time of principal C,
expansion; Cerling 1999), it is clear that an analysis of C,-
specific genes and gene families will provide substantial insight
into the genetic basis for a unique, relatively rapid type of

metabolic and anatomical evolution. In the next few sections,
I provide a review of some of the most important features of
C,-specific genes, and I attempt to interpret these features
within the context of the processes involving gene duplication
and neofunctionalization. Additional reviews of the evolu-
tionary aspects of C, genes are by Ku et al. (1996) and Monson
(1999).

PEP Carboxylase

The enzyme phosphoenolpyruvate (PEP) carboxylase (PEPc)
catalyzes the irreversible 8-carboxylation of PEP to form ox-
aloacetic acid (OAA) and, in the process, releases inorganic
phosphate (Pi). PEPc genes are found in eubacteria, cyano-
bacteria, green algae, and vascular plants, but to date, they
have not been isolated from fungi and animals. It is likely that
the principal and most ancient role of PEPc is as an anaplerotic
enzyme, catalyzing the production of OAA for use as a res-
piratory substrate, although a recent theory has been for-
warded to indicate a primary role for PEPc in balancing re-
ductant levels between chloroplasts and the cytosol (Scheibe
1990; Backhausen et al. 1994). In plants, PEPc exists as mul-
tigene families, with different isoforms taking on specific roles,
including the regulation of ion balance in root cortical cells
and stomatal guard cells, the production of amino-group ac-
ceptor molecules in symbiotic nitrogen fixation, and the initial
fixation of inorganic C (as HCO,") in C, photosynthesis and
Crassulacean acid metabolism (O’Leary 1982; Kluge 1983;
Chollet et al. 1996; Gehring et al. 1998). In C, plants, ancestral
C, isoforms of PEPc coexist with the more advanced C, iso-
forms (Backhausen et al. 1994).

In many ways, PEPc epitomizes the evolutionary diversifi-
cation that is possible through gene duplication and subse-
quent neofunctionalization; multigene families are present,
with enzyme isoforms specialized to not only represent the
original anaplerotic function but also several novel functions.
Insight into the pattern of gene duplication and neofunction-
alization can be gained by studying phylogenetic affinities
among the different PEPc isoforms (fig. 2). Most of the di-
vergence between the C; and C, roles for PEPc has occurred

Escherichia colf

Sorghum vulgare (C4 enzyme} - monocot
Zea mays (C4 enzyme) - monocot
Sorghum vulgare (C3 enzyme) - monocot
Zea mays (C3 enzyme) - monocot
Nicotiana tabacum (C3 enzyme) - dicot
Sofanum tuberosum (C3 enzyme} - dicot
Flaveria trinervia (C4 enzyme) - dicot

Flaveria pringlei (C3 enzyme) - dicot

Fig. 2 Phylogenetic representation of various PEP carboxylase iso-
forms that have been characterized by amino acid sequence analysis.
It appears that the C, PEPc genes in the monocots Zea mays and
Sorghum vulgare share a common C; ancestor gene, and the evolution
of C, PEPc has occurred independently in monocots and eudicots.
Redrawn and synthesized from past studies, including Toh et al. (1994)
and Gehring et al. (1998).
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Evolutionary scheme showing the duplication, subfunctionalization, and neofunctionalization for the pyruvate, Pi dikinase (PPdk)

genes in the C, monocot, Zea mays. Note that the duplication and a significant portion of the neofunctionalization occurs while still in the C,

state. Adapted from Sheen (1991).

after major taxonomic splits, as evidenced by greater intra-
generic similarity than intergeneric similarity, In the C, mono-
cots that have been examined (maize and sorghum), there is
a single C, PEPc gene (Kawamura et al. 1992), whereas in the
C, eudicot genus Flaveria, a small group of C,; PEPc genes has
appeared (Poetsch et al. 1991). It is not currently clear whether
the Flaveria C, PEPc subgroup is monophyletic or polyphyletic
with regard to C; ancestor genes.

The existence of a multigene C, PEPc subgroup in Flaveria,
combined with the likelihood that eudicot C, species are rel-
atively recent in their evolutionary origin, indicates that gene
duplication and neofunctionalization has occurred relatively
quickly in this group, at least compared with the oft-quoted
scale of millions of years for the time between duplication and
pseudogene formation in a variety of organisms (Lynch and
Conery 2000). Rapid neofunctionalization in Flaveria is likely
from the focused effect of a few key mutations in regulatory
elements of the genes rather than numerous mutations in the
coding region. There are only five C,-specific differences in the
amino acid sequence of the PEP¢’s of E trinervia (C,) and E
pringlei (C,) (Hermans and Westhoff 1992). In contrast, mu-
tations in the promoter region appear to have caused numerous
changes in C, PEPc gene expression, including differential ex-
pression between bundle-sheath and mesophyll cells, higher
levels of expression in mesophyll cells, and light inducibility

during leaf development (Gilmartin et al. 1990; Hermans and
Westhoff 1992).

Pyruvate, Orthophosphate Dikinase

Pyruvate Pi dikinase (PPdk) catalyzes the production of PEP
from pyruvate and ATP. The ancestral role of the enzyme ap-
pears to be in the anaplerotic production of PEP for amino
acid biosynthesis (Aoyagi and Bassham 1984). In C, species,
PPdk takes on an additional, unique C, role in producing the
large amounts of PEP required by PEPc in mesophyll cells. The
enzyme exists as cytosolic and chloroplast forms in both C,
and C, species (Glackin and Grula 1990; Matsuoka 1995).
Three different PPdk enzymes can be found in the C, monocot,
maize, two of which are cytosolic and carry out the ancestral
role, and one of which is chloroplastic and carries out the
unique C, role (Sheen 1991). In the C, eudicot, E trinervia,
two PPdk enzymes are found, the chloroplastic C, enzyme and
a single cytosolic C; enzyme (Roesche et al. 1995; Roesche
and Westhoff 1993).

In both C, and C, plants, including monocots and eudicots,
the chloroplastic gene and at least one of the cytosolic genes
utilize the same coding region but have overlapped promoters
(fig. 3). In maize, the chloroplastic promoter overlaps one of
the cytosolic promoters, but one of the cytosolic genes exists
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as a nonoverlapped single gene. These unique arrangements
are best explained by the restricted duplication of promoter
elements and perhaps a short segment of the coding region
(which subsequently mutated into the transit peptide sequence)
rather than the entire gene {fig. 3). Subsequent neofunction-
alization would have occurred through mutations in the du-
plicated promoter, leading to chloroplast-specific expression.
Given that the overlapped form of the promoters occurs in
both C, and C, species, and monocots and eudicots alike, the
initial duplication and subsequent neofunctionalization must
have occurred in the C; state, well before the appearance of
C, photosynthesis. Subsequent evolution of the C, chloro-
plastic PPdk would have occurred through changes in the chlo-
roplastic promoter, without prior duplication, leading to dif-
ferential upregulation in the C, mesophyll cell chloroplast.

As in C, PEPc, neofunctionalization to provide a specific C,
role for PPdk is capable of occurring with a relatively few
number of mutational events; neofunctionalization may appear
more rapid than appears justified because the initial steps fol-
lowing promoter duplication occurred while still in the C;
state. Subsequent C, evolution required changes only in the
differential regulation of expression between mesophyll and
bundle-sheath cells and upregulation of expression in meso-
phyll cells. In maize, the region of the C, chloroplast promoter
involved in the upregulation of expression in mesophyll cells
is only 19 nucleotides long (Matsuoka and Numazawa 1991),
indicating that few mutations are required to evolve a C,-
specific pattern of expression.

Evolutionary patterns in PPdk genes may provide novel in-
sight into the origins of a subfunctionalized gene. The over-
lapped state of the chloroplastic and cytosolic promoters in
the PPdk gene is a clear example of subfunctionalization; i.e.,
a single gene is controlling expression of a protein in two
functional roles. It is likely that the subfunctionalized form of
th_e gene appeared after duplication and neofunctionalization
of a nonoverlapped cytosolic PPdk gene, which still exists in
maize {fig. 3). The combined advantages of chloroplastic and
cytosolic expression of PPdk from the new, overlapped gene
may have allowed the ancestral, nonoverlapped gene to be
silenced in some genera (i.e., in Flaveria where the nonover-
lapped gene is absent). In evolving the novel C,-specific func-
tion for the chloroplastic PPdk, the existence of the subfunc-
tionalized gene appears to have been a key factor since it
allowed upregulation of the chloroplastic function, while re-
taining normal levels of expression for the cytosolic function.

NADP-Malic Enzyme

The oxidative breakdown of malate to form CO, and py-
ruvate, and to provide NADPH reductant, is catalyzed by
NADP-malic enzyme (NADPme). In its ancestral non-C,,
“housekeeping” role, NADPme fulfills a variety of functions
(Drincovich et al. 2001), including the provision of carbon
skeletons for ammonia assimilation {(Chopra et al. 2002) and
reductant for wound-induced production of lignin and flavo-
noids (Casati et al. 1999; Maurino et al. 2001). In its derived
C, role, NADPme is isolated in bundle-sheath cell chloroplasts
where it catalyzes the decarboxylation of malate, thus feed-
ing CO, to the reductive pentose phosphate pathway. In tak-
ing on this C,-specific role, modifications had to occur to the

NADPme gene to provide for differential expression in a spe-
cific cell type and upregularion of gene expression to provide
relatively high enzyme activities.

Within C,, C,, and C,-C, intermediate Flaveria species, three
isoforms of NADPme have been identified, one of which is
eytosolic and two of which are chloroplastic (Drincovich et
al. 1998: Lai et al. 2002). Gradients in expression can be found
with respect to photosynthetic pathway type, with C; species
predominantly expressing the cytosolic (72-kD) form, C;-C,
intermediate species predominantly expressing both of the
chloroplastic (64-kD and 62-kD) forms, and C, species pre-
dominantly expressing only one of the chloroplastic (62-kD)
forms (Drincovich et al. 1998). The fact that genes for both
chloroplastic forms are found in C; species, and that the gene
sequences for the transit peptides of the C; and C, chloroplastic
enzymes are nearly identical, supports the hypothesis that du-
plication of the ancestral gene for the cytosolic 72-kD isoform
was followed by neofunctionalization to a novel gene for one
of the chloroplastic forms and still another duplication and
modification to form the other chloroplastic form, all in the
C, state. The evolution of C, photosynthesis, then, required
modification of one or both of the chloroplastic forms to pro-
vide the C,-specific pattern of expression. The fact that both
chloroplastic forms are upregulated in C;-C, intermediate spe-
cies, but only one form (the 62-kD form) is upregulated in C,
species, indicates that an initial evolutionary step occurred
through the enhanced expression of both available chloro-
plastic genes, followed by eventual domination in the expres-
sion of one gene over the other (Lai et al. 2002).

The modification in gene sequence required for neofunc-
tionalization of the two chloroplastic forms for C,-specific
roles is mostly restricted to regulatory, untranscribed regions
at both the 3 and 5 extremes. The cytosolic and chloroplastic
NADPme genes are 75% identical in the transcribed region
but only 29%-36% identical in the 3’ untranscribed region;
even the two chloroplastic forms exhibit low identity (39%)
in the 3 untranscribed region (Lai et al. 2002). Observations
with chimeric constructs of the 3" and §' ends of the chloro-
plastic genes support the hypothesis that elements in the 5
untranscribed region control cell-specific expression patterns
and elements in the 3' untranscribed region act as expression
enhancers to upregulate NADPme activity (Marshall et al.
1997; Taylor et al. 1997). Clearly, the evolution of unique
NADPme expression patterns in C, taxa was facilitated by the
fact that most of the gene duplication and neofunctionalization
occurred in C, ancestors, with more restricted modification
occurring in regulatory elements to provide unique C,
capabilities.

Carbonic Anhydrase

Carbonic anhydrase (CA) is crucial to facilitating rapid equi-
librium between the CO, and HCO;"~ forms of inorganic car-
bon and thus for relaxing the potential for diffusional limi-
tations in the supply of CO, as a substrate for Rubisco or
HCO," as a substrate for PEPc. In C; chloroplasts, where
Rubisco catalyzes the primary assimilation of atmospheric
CO,, CA is present at high activities. In C, mesophyll cells,
the expression of CA activity is downregulated in chloroplasts
since Rubisco is absent but upregulated in the cytosol, where
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pEPc catalyzes the assimilation of HCO,™. There are two sep-
arate genes for CA, one that contains the code for a functional
cransit peptide and produces the chloroplastic form and one
that lacks a functional transit peptide and produces the cy-
rosolic form. Both genes are present in C;, C,-C, intermediate,
and C, species of Flaveria (Ludwig and Burnell 1995). The
length of cDNAs from the two genes in Flaveria species is
similar, leading to the hypothesis that the chloroplastic gene
is ancestral and the cytosolic gene appeared following dupli-
cation and neofunctionalization in which mutations rendered
the transit peptide sequence ineffectual (fig. 4). These events
presumably occurred while still in the C; state. During C,
evolution, further neofunctionalization without further dupli-
cation took place through mutation in the regulatory regions
of both genes. This resulted in the downregulation of expres-
sion for the chloroplast gene and the upregulation of expres-
sion for the cytosolic gene.

NADP Malate Dehydrogenase

NADP malate dehydrogenase (NADPmdh) uses reducing
power from NADPH in the chloroplasts of C; and C, meso-
phyll cells to convert oxaloacetate (OAA) to malate. In C,
mesophyll cells, this process helps maintain the reductant bal-
ance between chloroplasts and the cytosol, and it may act as

upregulation of expression
in mesophyll cells

TATA  gene for cytosolic isoform

a “safety valve” to use excess NADPH during periods when
the photosynthetic light reactions and reductive pentose phos-
phate pathway are out of balance (Scheibe 1990; Backhausen
et al. 1994). In C, mesophyll cells, NADPmdh has taken on
the role of converting the OAA produced by PEPc, following
the initial fixation of atmospheric CO, to malate, just prior to
the transport of malate to bundle-sheath cells where it is de-
carboxylated. In this C, role, the activity of NADPmdh is up-
regulated in mesophyll cell chloroplasts and downregulated
in bundle-sheath cell chloroplasts. Two different genes for
NADPmdh have been isolated from the C, monocots, sorghum
and maize, one of which is expressed at low levels and likely
represents the gene controlling the C,-specific role and one
which is expressed at higher levels and presumably represents
the C,-specific role (Luchetta et al. 1991). Thus, it is likely
that gene duplication followed by neofunctionalization oc-
curred to produce the C,-specific gene. It is not clear if both
of these genes are present in the C; ancestors to maize and
sorghum, so it cannot be determined at this time whether neo-
functionalization resulted in the production of a C; gene or
occurred specifically during the evolution of C, photosynthesis.
In the C, eudicot, Flaveria trinervia, a single gene has been
isolated for NADPmdh (McGonigle and Nelson 1995}, raising
the possibility of neofunctionalization without prior duplica-
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Fig. 4 Evolutionary scheme showing the duplication and neofunctionalization of carbonic anhydrase (CA) genes in Flaveria sp. Following
duplication, neofunctionalization occurs while still in the C, state through silencing mutations in the transit peptide sequence of one duplicate,
ultimately leading to the cytosolic isoform. Neofunctionalization for the C, role occurs through mutations in the promoter region and the
evolution of differential expression patterns. Adapted from Ludwig and Burnell {1995).
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tion or neofunctionalization with prior duplication followed
by silencing of one member of the duplicates. In either example,
it might be that the upregulation of NADPmdh for its C, role
produced enough activity in C, mesophyll chloroplasts to ac-
commodate its original C, role as well, eliminating the need
for two loci.

Ribulose 1,5-Bisphosphate Carboxylase/
Oxygenase (Rubisco)

Rubisco catalyzes the assimilation of CO, in the mesophyll
cells of C, plants and the bundle-sheath cells of C, plants.
Rubisco is a multimeric enzyme composed of large, chloro-
plast-encoded and small, nuclear-encoded subunits. In C,
leaves, expression of Rubisco is downregulated in mesophyll
cells and upregulared in bundle-sheath cells. Downregulation
of Rubisco large subunits in C, mesophyll cells may result from
posttranscriptional processes (Schiffner and Sheen 1991; Boin-
ski et al. 1993). Differential expression of small subunits results
from transcriptional control of the nuclear gene involving in-
teractions between a 3’ suppressor sequence and a §' promoter
sequence (Viret et al. 1994), although posttranscriptional con-
trol may also be involved in differential expression of the small
subunit {Schiffner and Sheen 1991). The cis-acting elements
that control suppression or nonsuppression of the Rubisco
small subunit gene appear to be influenced by a mesophyll cell-
specific, regulatory protein (i.e., some type of trans-acting el-
ement) (Nomura et al. 2000). Small subunit expression results
from a multigene family in some species (Gutteridge and Ga-
tenby 1995). It is currently not known whether small subunit,
multigene families are common in C, species. If C, ancestor
species possessed small subunit, multigene families, then the
evolutionary involvement of a trans-acting protein may make
sense, since it would allow for effective, simultaneous down-
regulation of multiple gene copies. In any case, the current
state of knowledge does not permit conclusions concerning
whether gene duplication and subsequent neofunctionalization
had an important role in the evolution of the differential ex-
pression of Rubisco in C; species.

Gene Duplication and Neofunctionalization as
Constraints to C, Evolutionary Patterns

Gene Duplication and Neofunctionalization for C; Roles

It is clear that gene duplication preceded the evolution of
many of the novel biochemical steps involved in C, phorosyn-
thesis. Many of the duplicated genes destined for C, roles,
however, were shaped by neofunctionalization and selection
to produce novel C; roles, prior to being co-opted for C, pho-
tosynthesis. This conclusion is supported by several genes that
eventually take on C, roles that are found in both C; and C,
congeners (e.g., chloroplastic PPdk, NADPme, mesophyll CA).
In most cases, it appears that further duplication was not re-
quired when novel C, genes were finally co-opted for C, roles.
For example, chloroplastic PPdk and NADPme appear to have
been upregulated for C, photosynthesis through direct modi-
fication of promoter regions in C, genes, without additional
duplication. Apparently, the C,-dependent upregulation of ac-
tivity resulted in sufficient activity to handle both the new C,
role and the more primitive C, role.

The original duplication and neofunctionalization of genes
for divergent C, roles, and retention for later neofunctionali-
zation into C, roles, are probably key processes that have al-
lowed C, photosynthesis to appear so quickly in response to
reduced atmospheric CO, concentration and to have evolved
so many times independently. The requirement to build up a
reservoir of duplicated and neofunctionalized C; genes, in sup-
port of C, evolution, might also explain why C, photosynthesis
appeared only 20-30 Ma, despite decreases in atmospheric
CO, concentration which started at least 100 Ma. The time
lag between the initial decreases in CO, concentration and the
appearance of C, photosynthesis may be partly related to ge-
netic limitations.

There would appear to be two possible paths by which a
complex metabolic pathway such as C, photosynthesis could
have been constructed through the evolutionary process. In the
first, progenitor C, genes would have been duplicated and neo-
functionalized in sequence, with one neofunctionalization trig-
gering selective pressures to drive subsequent neofuncrionali-
zation. In the second, genetic recruitment may have occurred
from a reservoir of previously duplicated and neofunctional-
ized genes that had no connections in the ancestral C; state,
in other words, a reservoir of genes that had been neofunc-
tionalized for independent functions. In either case, a clear
prerequisite would have been a preexisting population of sev-
eral coexisting, but different, duplicated genes. The existence
of such a prerequisite places a potential genetic constraint on
the evolution of C, photosynthesis; those groups capable of
fostering the emergence of C, photosynthesis would have to
be capable of accumulating a reservoir of duplicated, progen-
itor C, genes. One issue worth further exploration concerns
the population and life history characteristics that might be
required to establish a reservoir of duplicated genes capable
of being co-opted for C, function.

Population and Life History Consicderations

Ultimately, the rate by which duplicated genes appear in a
population will depend on the sexual recruitment rate. Thus,
life history traits related to reproduction and survival rates will
have an important effect on the frequency at which novel traits
can evolve through gene duplication. One life history trait
related to the rate of sexual recruitment, and likely to affect
the rate of gene duplication and subsequent neofunctionali-
zation, is generation time. Processes such as gene duplication
are likely to scale with generation time rather than chrono-
logical time (Nei 1973). Thus, populations of annuals or short-
lived perennials would be expected to foster more frequent
appearance of duplicate genes than populations of long-lived
perennials. At this time, it is not clear whether mutation rates
after duplication, which affect neofunctionalization, are most
dependent on generation time (i.c., tied to the meiotic process)
or chronological time (i.e., independent of the meiotic process).
However, the frequency with which new alleles produced
through nondeleterious mutations are exposed to selection
should be directly dependent on generation time; thus, a pop-
ulation of annual plants will cause new mutations and mu-
tation combinations to emerge and face selection each year,
whereas long-lived perennial plants can hide mutations for
long periods of time. From such reasoning, it is clear that
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Spccies with short gf:neration times may foster the more fre-
quent appearance of gene duplicates and tighter coupling of
neofunctionalized alleles to selection. This combination of
traits may have favored the evolution of pathways that depend
so heavily on gene duplication, such as C, photosynthesis, in
plants with short generation times. Having come to this con-
clusion, it should be noted that nonfunctionalization through
the accumulation of deleterious mutations probably also scales
with generation time (Nei 1975). Thus, while short-lived plants
may have higher frequencies of gene duplication, they probably
also have higher rates of nonfunctionalization of those dupli-
cated genes. The exact manner in which the competing pro-
cesses of neofunctionalization and nonfunctionalization are re-
solved with respect to generation time is not clear at this time.

Large populations are expected to increase the probability
of neofunctionalization by (1) providing a larger reservoir of
preexisting heterozygous alleles at the original locus, which
provides an immediate, positive selective advantage to the
newly arisen gene duplicate, and (2) providing more time for
neofunctionalization, since silencing mutations must work on
a larger set of duplicated alleles to cause their ultimate ex-
tinction from the population. Past modeling efforts have re-
vealed that the mean number of generations required for non-
functionalization of a duplicate gene is dependent on
population size (fig. 5), supporting the hypothesis that more
time will be available for neofunctionalization in large pop-
ulations. Other factors that are likely to affect rates of neo-
functionalization are (1) the intrinsic properties of the dupli-
cated gene, including any selective advantages it brings with
it, (2) the rate by which new mutations appear in the gene,
and (3) the probability by which those mutations cause a ben-
eficial change in the gene’s function (i.e., impart some positive
selective value to the gene), as opposed to causing a neutral
or detrimental change.

From this initial analysis, it would appear that taxa with
relatively large populations, frequent rates of sexual recruit-
ment, and short generation times would have an advantage in
terms of accumulating a reservoir of duplicated and neofunc-
tionalized genes. All three of these expectations can be used
to propose that C, photosynthesis should most frequently ap-
pear in ruderal, probably herbaceous, species with short gen-
eration times and within widespread species that include large
numbers of interbreeding individuals.

Two of the most widely discussed enigmas of C, evolution
concern its infrequent appearance in eudicots, compared with
monocots, and its lack of representation in trees from closed
forest-canopy ecosystems. Past explanations for these phenom-
ena have relied on a foundation of plant carbon balance (Eh-
leringer et al. 1997; Monson 1999); both, however, might be
explained by the absence of adequate conditions to promote
the retention of duplicated genes. At this time, a comprehensive
set of comparative data on the population and life history traits
of C, and C, species is not available; however, anecdotal ev-
idence does exist, most of which supports the theory. The ab-
sence of C, photosynthesis from forest trees is consistent with
general aspects of the theory in that forest trees tend to be
long lived and, therefore, there are fewer opportunities for
recruitment and the exposure of mutations to new selection
regimes. Herbaceous species, especially those exhibiting the
ruderal growth habit, would generally exhibit more frequent
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lowing gene duplication as a function of population size. The line was
generated using the diffusion-theory model of Watterson (1983), as
presented by Lynch and Force (2000).
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recruitment and shorter generation times. These aspects of tree
versus herb comparisons are often reflected in the K- versus r-
selection theories that have been proposed as organizing prin-
ciples in understanding the evolution of plant life history traits;
forest trees are often offered as the exemplar of K-selected
species, whereas ruderal herbs are often offered as the typical
r-selected species. Among the herbs, there is general support
that the grasses, which harbor the largest diversity of C, spe-
cies, occur in relatively large populations compared with most
eudicot groups; the grasses tend to occur in widespread
graminoid-dominated ecosystems, and they reproduce quite
successfully with wind pollination, a trait that must be accom-
panied by large population size and relatively high plant den-
sity. The generally smaller population sizes of eudicot species
may expose them to significant influences by random genetic
drift, and this may have limited the capacity for eudicots to
develop the reservoirs of duplicated genes required for the
evolution of C, photosynthesis; i.e., eudicot species with small
population sizes may have experienced “bottlenecks” with re-
gard to the accumulation of duplicated genes and the evolution
of C, photosynthesis. In this regard, it is interesting that the
eudicot family with the largest diversity of C, species, the
Amaranthaceae, is geographically widespread with large num-
bers of ruderal (r-selected) genera.

One trait in perennial grasses that does not appear to sup-
port the theory is their clonal growth habit and persistence for
decades or centuries with minimal apparent sexual reproduc-
tion. Opportunities for the introduction of genetic diversifi-
cation should be rather limited in this situation. In many re-
gards, the frequent appearance of C, photosynthesis in
long-lived perennial grasses and its absence in long-lived forest
tree species is enigmatic and could be used to argue against
any role for longevity in the evolution of C, photosynthesis.
Past studies, however, have revealed levels of genetic diversity
within the grasses that are as high as those in aclonal eudicot
species (Ellstrand and Roose 1987). It may be that opportu-
nities for sexual reproduction are more frequent than expected
in the grasses. Additionally, the rapid expansion of global
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grasslands during the Miocene (Pascual and Jaureguizar 1990;
Retallack 1992; Kennet 1995) may have provided unique op-
portunities for sexual recruitment and gene duplication during
the exact period when atmospheric CO, concentration de-
creased below the 500 ppmyv threshold, which appears to be
so crucial for grass carbon balance (Ehleringer et al. 1997).
The combination of rapid population expansion, frequent ep-
isodes of sexual recruitment, and low atmospheric CO, con-
centration may underlie the frequent appearance of C, pho-
tosynthesis in perennial grasses, and the absence of this
combination may explain the absence of C, photosynthesis in
forest trees.

Conclusions

Most past theories attempting to explain the distribution of
C, photosynthesis focus on interactions between CO, assim-
ilation and environmental gradients in temperature and pre-
cipitation. Such theories are founded on the assumption that
the primary factor controlling C, distribution is the capacity
to maintain a favorable carbon balance in the face of various
environmental constraints. In this article, I present the view
that one perspective that has been ignored in the development
of C, evolutionary theory is the possible constraint by genetic
processes that must have underlain the appearance of novel
C, genes. It is clear that gene duplication and subsequent neo-
functionalization are critical processes to the appearance of C;
photosynthesis. Species that are characterized by certain pop-
ulation attributes, such as large population size, short gener-
ation time, and frequent recruitment of sexually produced in-
dividuals, are expected to exhibit the most frequent appearance
of duplicated genes, and thus they have the highest probability
of producing neofunctionalized traits. When this perspective
is included in the analysis of C, diversity and taxonomic dis-

tribution, it may begin to explain certain patterns that have
eluded past theories, such as why C, photosynthesis is less
frequent in eudicot taxa and why C, photosynthesis is absent
from forest trees.

It is important to note that the theory presented here is not
meant to replace the assumption that the dominant factor driv-
ing the evolution of C, photosynthesis over the past 20-30
million years has been the pressure to maintain favorable car-
bon balance in an atmosphere of progressively lower CO, con-
centrations. The current theory is, instead, meant to comple-
ment past theories by pointing out that genetic constraints may
have come into play in determining which species can respond
to the reduced CO, concentration by evolving the novel an-
atomical and biochemical aspects of C, photosynthesis.
Clearly, the adaptive physiological features of C, photosyn-
thesis as a syndrome must be put forward as the dominant
evolutionary drivers; the genetic constraints proposed here
might merely be the filters that determine whether the genetic
materials were available to permit biochemical adaptation to
a progressively changing atmosphere.
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