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Abstract

Estrogen synthesis evolved in chordates to control reproduction. The terminal enzyme in the cascade
directly responsible for estrogen synthesis is aromatase cytochrome P450 (P450arom) encoded by
the CYP19 gene. Mammals typically have a single CYP19 gene but pigs, peccaries and other
Suiformes have two or more resulting from duplication in a common ancestor. Duplication of CYP
genes in the steroid synthetic cascade has occurred for only one other enzyme, also terminal, 11p-
hydroxylase P450 (P450c11). P450arom and P450c11 share common substrates and even
physiological functions as possible remnants from a common P450 progenitor, perhaps an ancestral
P450arom, which is supported by phylogenetic analysis. Conserved tissue-specific expression
patterns of P450arom paralogs in placenta and gonads of pigs and peccaries suggest how functional
adaptation may have proceeded divergently and influenced adopted reproductive strategies including
ovulation rate and litter size. Data suggest that the porcine placental paralog evolved catalytically to
protect female conceptuses from testosterone produced by male siblings; the gonadal paralog to
synthesize a novel, nonaromatizable testosterone metabolite (1OH-testosterone) that may increase
ovulation rate. This would represent a coevolution facilitating litter bearing as pigs diverged from
peccaries. Evidence of convergence between the peccary CYP19 genes and lower tissue expression
may therefore represent initiation of loss of the functional paralogs. Studies on the Suiforme
aromatases provide insights into the evolution of the steroidogenic cascade and metabolic pathways
in general, how it translates into physiological adaptations (altered reproductive strategies for
instance), and how duplicated genes become stabilized or disappear from genomes.

Aromatase cytochrome P450 (P450arom) is the terminal enzyme in the metabolic pathway that
leads to the synthesis of estrogens (Fig. 1). As far as is known, it is expressed in the gonads
(and brain or nervous system) of all vertebrates, even the protochordate amphioxus (Callard
et al., ’84;Mizuta and Kubokawa, 2007), regulating estrogen production and reproductive
function (Conley and Hinshelwood, 2001;Lange et al., 2002). The absolute dependence of
fertility on estrogen synthesis from androgens by P450arom has no doubt contributed to
conservation of the peptide sequence and the catalytic function of the enzyme. However,
P450arom is just one of many proteins involved in the synthesis and metabolism of sex steroids,
corticoids and a variety of other sterols, and how it evolved from or along with these other
steroid hydroxylating P450s is unknown (Nebert et al., ’89). Eukaryotic P450s evolved from
soluble, prokaryotic enzymes (Werck-Reichhart and Feyereisen, 2000) to become anchored in
the endoplasmic reticulum, diversifying subsequently to mitochondrial forms (Omura, 2006).
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Aromatase, and other key P450s including 17a-hydroxylase/17,20-lyase (P450c17; androgen
synthesis) and 21-hydroxylase (P450c21; corticoid synthesis) are anchored in the outer
microsomal membrane where they couple with a redox partner, cytochrome P450 oxido-
reductase (CPR; Hanukoglu, *92;Miller, 2005). Others including cholesterol side chain
cleavage (P450scc; pregnane synthesis) and 11p-hydroxylase (P450c11; corticoid synthesis)
are embedded in the inner mitochondrial membrane, therefore requiring and utilizing a
completely different system of redox partner proteins (Miller, 2005;0mura, 2006). Again, how
or why the P450s involved in sterol synthesis and transformation diverged and expanded to
utilize mitochondrial, as well as microsomal, subcellular compartmentalization is unknown.
Hypotheses on the potential origins of these proteins and the evolutionary forces that may have
influenced the assembly of P450-based metabolic cascades are likely to be refined as sequences
from more species are cloned, and their functional characteristics are explored and better
defined.

It is well known that gene duplication has helped to shape the evolution of genomes (Hughes,
’94,99) and the biochemical and physiological processes they control. The discovery that
genes encoding some of the steroid hydroxylating P450s have duplicated relatively recently
provides an unusual opportunity to gain insight into the process leading to the evolution of
those P450s forming the biochemical backbone of the steroidogenic pathway. Two examples
of gene duplication events leading to the expression of true paralogues of P450 enzymes
involved in steroid synthesis (one microsomal and one mitochondrial) have been discovered
in vertebrates. The one most recently discovered involves the CYP19 gene encoding P450arom
(Callard and Tchoudakova, *97;Choi et al., *97b;Conley et al., ’97;Graddy et al., 2000;Conley
and Hinshelwood, 2001;Gaucher et al., 2004), which duplicated in fish long ago and more
recently among species of at least one mammalian suborder, the Suiformes. In fish
(Tchoudakova and Callard, "98;Tchoudakova et al., 2001) and suiforms (Corbin et al., "95,
2007;Hinshelwood et al., "95; Conley et al., ’96,797), the duplicated CYP19 genes exhibit
strong tissue specific expression, which may well have facilitated gene survival with functional
adaptation (Hughes, 2005), a theme that will be explored in greater detail below. Full-length
sequences for aromatases cloned from over a dozen other mammals representing seven orders
including the artiodactyla suggest the existence of a single functional CYP19 gene in these
species. The second known example of gene duplication among the steroid hydroxylase genes
is that of CYP11B, which appears to have duplicated independently in humans and several
rodent species. In species with a single CYP11B gene, the P450c11 enzyme catalyzes the
synthesis of corticosterone, by 113-hydroxylation of 11-deoxycorticosterone. This same
enzyme also catalyzes the synthesis of aldosterone (in much lower yield) by subsequent 18-
hydroxylation and 18-oxidation of corticosterone. This presumably represents the enzymatic
function of the ancestral enzyme (Bulow and Bernhardt, 2002). The duplication of CYP11B
in rats, mice, guinea pigs, hamsters and humans (Mornet et al., ’89;Lehoux et al., 94;Bulow
and Bernhardt, 2002;Okamoto et al., 2005), as well as some fish (Jiang et al., ’96;Kusakabe et
al., 2002), has allowed for some measure of functional adaptation. The resultant enzyme
paralogs exhibit properties that favor corticosterone (P450c11, 11B-hydroxylase) or
aldosterone (P450aldo, aldosynthase) production. These enzymes exhibit expression that is
specific to the outer glomerulosa and fasciculata zones of the mammalian adrenal cortex that
promotes differential regulation (Rainey, 99), and therefore gene survival, despite their lack
of sequence divergence in some cases (the human paralogs are 93% identical). Perhaps it is
not coincidental that both enzyme systems catalyze the formation of terminal products of the
sex steroid (P450arom, estrogen; P450c11, 11keto-testosterone) and mineralo-corticoid
(P450c11 or P450aldo, aldosterone) pathways (Fig. 1). The acquisition of adaptive functions
of more proximal enzymes may be limited by the strict requirements of intermediates required
for terminal product formation. If true, this implies that gene duplication and the expansion of
metabolic function from established pathways is more likely to involve the terminal and
therefore more ancient of the component enzymes.
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How the enzymatic cascade leading to steroid synthesis became established in vertebrates is
unknown, but phylogenetic analyses may provide insights into the process, which may be
equally relevant to the evolution of other integrated metabolic pathways. The expanding
database of sequences of the genes encoding all the steroid hydroxylases in numerous species
provides ever increasing power for studies of this kind. The results of past analyses suggest
that CYP19 is an ancient gene (Aoyama et al., ’96; Nelson, 2003), but that it is not easily
resolved from the mitochondrial clan (Fig. 2). This suggests a close evolutionary relationship,
remnants of which may still exist from functional analyses of the P450arom and mitochondrial
enzymes such as P450c11. For instance, P450c11 metabolizes both androstenedione (Rainey
et al., ’94) and testosterone (Kusakabe et al., 2002) as substrates utilized in common with
P450arom. Importantly, like P450arom (Kautsky and Hagerman, ’80), P450c11 is an active
19-hydroxylase (Veronneau et al., 96) and is the only other enzyme shown to be capable of
aromatizing an androgen (190H-androstenedione) to estrogen (estrone; Suharaetal., ’88). The
steric proximity of the C-19 and C-11 positions on the steroid nucleus further suggests that
substrate orientation is also conserved (Fig. 3). As 190H-androstenedione is potently
hypertensive in mammals (Sekihara, *82), amplifying aldosterone action (Sekihara et al.,
’93) and 11keto-testosterone is a major sex steroid in fish (Borg, ’94; Lokman et al., 2002),
the physiological role of P450arom and P450c11 also overlap potentially. In addition to sharing
common substrates, enzyme inhibitors that are generally considered specific show surprisingly
similar binding characteristics. The form of P450arom expressed in the porcine gonads is
sensitive to inhibition by etomidate (Corbin et al., ’95; Conley et al., ’96, 2002), a compound
well known to exhibit specificity for P450c11 (Engelhardt and Weber, *94), though it is not
capable of metabolizing either 11-deoxycortisol or 11-deoxycorticosterone (unpublished data).
Conversely, the imidazole fadrozole is a very selective inhibitor of P450arom (Njar and Brodie,
’99) but has notable inhibitory potency toward P450c11 and the synthesis of aldosterone and
cortisol (Lamberts et al., 89, Table 1). However, other fundamental properties of these
enzymes help resolve the ancestry of the CYP19 and CYP11 genes. As mineralocorticoids
appeared with the first terrestrial migration (Colombo et al., 2006), it is unlikely that CYP11
would have predated CYP19 and the regulation of reproductive function by estrogen in
vertebrate evolution (Lange et al., 2002). The most likely ancestral characteristic with respect
to subcellular localization further supports this notion. Lanosterol demethylase (encoded by
CYP51) is the only P450 enzyme for which homologues have been found in all biological
kingdoms (Yoshida et al., 2000), and it is a microsomal enzyme in eukaryotes (Mitropoulos
etal., ’76). This enzyme is essential in the synthesis of cholesterol, a function important in the
evolution of eukaryotic membranes (Bloch, ’79; Yeagle, ’85; Arora et al., 2004). The fact that
lanosterol demethylase is a microsomal P450, suggests that microsomal localization was an
ancestral condition for eukaryotic P450s, and that mitochondrial forms evolved later, hence
CYP11 (and other mitochondrial P450s) from CYP19. Perhaps on a subcellular level, the strict
microsomal expression of the ancestral P450arom, and mitochondrial distribution of P450c11
and related CYPs was as critical as tissue-specificity in promoting survival of these gene clades
after ancestral duplication. Compartmentalization in different organelles is likely to have
facilitated their functional adaptation and divergence. Collectively, available evidence suggests
that the steroidogenic pathway evolved in a retrograde fashion from CYP19, from the terminal
enzyme in the sex steroid synthetic cascade. Retrograde evolution of other metabolic pathways
has been hypothesized (Lazcano and Miller, 99; Roy, *99; Rison and Thornton, 2002; Schmidt
etal., 2003). Iftrue, then the retrograde “assembly” of enzymes comprising the steroid synthetic
pathway also coevolved with their cognate nuclear receptors from an ancestral protein
resembling an estrogen receptor (Thornton, 2001; Thornton et al., 2003; Bridgham et al.,
2006). Metabolic redundancy or catalytic promiscuity, such as that demonstrated for P450scc
(Guryev etal., 2003; Slominski et al., 2005a,b, 2006), would facilitate assembly of a metabolic
cascade from preexisting elements. Few alternative substrates for P450arom enzymes have
been investigated to date but might provide evidence supporting such a hypothesis.

J Exp Zool A Ecol Genet Physiol. Author manuscript; available in PMC 2009 June 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

CONLEY etal.

Page 4

As for CYP11B, duplication of CYP19 genes encoding P450arom(s) provides an opportunity
for functional diversification and/or specialization (Lynch and Force, 2000; Lynch and Katju,
2004). Although this has occurred in numerous species, data on functional properties and
possible physiological adaptation are sparse among the fish P450arom enzymes (Tong et al.,
2001). However, the functional properties of paralogs of P450arom have been better studied
in pigs (Corbinetal., ’95,’99, 2001, 2003, 2004; Conley et al., ’96, 2002). The porcine genome
contains three separate and complete copies of CYP19 (Graddy et al., 2000) spanning
approximately one megabase of the porcine genome (Conley etal., ’97). The sites of expression
of each gene are distinct, giving rise to gonadal (expression in both ovaries: Corbin et al.,
’95; testes: Conley et al., 96), placental (Corbin et al., *95) and embryonic (Choi et al., "96)
P450arom enzymes. Analysis indicates that the embryonic (blastocyst) form arose from the
most recent duplication of the placental CYP19 and has evolved most rapidly since (Gaucher
et al., 2004). Few analyses of the function of this particular paralogue have been conducted,
though it is highly expressed in the trophoblast (Conley et al., ’92, *94), which very actively
synthesizes estrogens (Geisert et al., ’90). Interestingly, it appears that the gonadal paralog of
porcine P450arom is expressed in the hypothalamus, based on sequence analysis and sensitivity
of enzyme activity to inhibition by etomidate (Conley et al., 2005), a distinct biochemical
characteristic of this protein (Conley et al., 2002). Therefore, unlike fishes, duplication of
porcine CYP19 did not give rise to brain- and gonad-specific paralogs of P450arom, but
paralogs that are expressed (tissue-specifically) in the gonads and placenta, and subsequently
the preimplantation trophoblast, and the same paralog previously referred to as the gonadal
P450arom is also expressed in the brain. Catalytic adaptations of these paralogs are therefore
likely to pertain to functions specific to the establishment and success of mammalian
pregnancy.

Studies on the catalytic characteristics of the paralogs of porcine P450arom have provided
clues as to the biochemical adaptations and physiological consequences that have influenced
the evolutionary divergence of these enzymes. Specifically, extensive kinetic and functional
comparisons have been conducted on the porcine gonadal and placental paralogs of P450arom
(Corbin et al., "95,799,2001;Conley et al., 2004), along with the human and bovine enzymes
(Corbin et al., 2003). These studies have shown that substantial catalytic differences exist at
least between the gonadal and placental paralogs, and the results are consistent with the
likelihood of functional adaptation. Early experiments examining substrate affinities indicated
that the placental paralog has a higher affinity than the gonadal enzyme (Corbin et al., ’99).
This would support efficient androgen metabolism at lower substrate concentrations by
trophoblast than would be supported by the gonadal enzyme. A careful analysis of substrate
turnover further emphasizes their functional divergence; the porcine gonadal P450arom
catalyzes the aromatization of androstenedione at one third the rate of the placental enzyme,
and the catalytic efficiency is one fifth (Corbin et al., 2003). Collectively, we hypothesize that
the greater catalytic efficiency of androgen metabolism by the placental P450arom would
provide female fetuses with protection from the masculinizing influence of their male siblings
inutero (Corbinetal., ’99). There are well-recognized positional effects of male fetal androgens
on female fetal development and postnatal reproductive behavior (vom Saal, ’81;Ryan and
Vandenbergh, 2002). Similarly, a deficiency of human placental P450arom results in profound
virilization of female infants at birth (Grumbach and Auchus, ’99). Thus, the catalytic evolution
of this enzyme and its expression in the placenta might well represent an adaptation facilitating
normal reproductive development and fertility of female offspring in pigs having evolved
multiple ovulation and litter bearing ability.

The possible adaptation of the porcine placental P450arom does not preclude, and on the basis
of the likelihood of gene survival may even dictate, a parallel adaptation emerging by evolution
of the gonadal form. In fact, given the absolute dependence of normal reproductive

developmentand function on estrogen (Federman, *94), it seems counterintuitive that a gonadal
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paralog might not efficiently catalyze estrogen formation in comparison with the porcine
placental, bovine or human P450arom enzymes (Corbin et al., 2003). The much higher levels
of protein expression found in porcine ovarian follicular tissues than in placenta (Fig. 4), must
at least partially mitigate any potential deficiencies in estrogen synthesis. However,
investigation of the metabolic products of purified recombinant enzyme reconstituted in vitro
suggested that catalytic characteristics of the gonadal paralog differed from those of the
placental enzyme and of any other known P450arom in fact (Corbin et al., 2004). Specifically,
the porcine gonadal P450arom metabolized testosterone but oxidized it in a way that resulted
hydroxylations at two separate sites on the A ring. Oxidation was directed toward the C10
methyl group forming 190H-testosterone, 190xo-testosterone and subsequently estradiol, as
with other vertebrate aromatases. However, oxidation was also directed at C1 position (Fig. 3)
and resulted in accumulation of 10H-testosterone as an additional metabolite. This product
accumulated because it could not be metabolized further by either the porcine gonadal or the
placental paralogs or the bovine or human P450arom enzymes. In other words, 10H-
testosterone appears to be a nonaromatizable androgen. Results of these studies (Corbin et al.,
2004) also indicated that 10H-testosterone activated the androgen receptor in a prostate cell
line. No 1-hydroxylation was observed when androstenedione was metabolized to estrone by
the porcine gonadal P450arom or with testosterone or androstenedione metabolism by the
placental paralog (Corbin et al., 2004). Therefore, the unique catalytic property was paralog
and substrate specific. Ovarian follicular granulosa cells and testicular microsomes were also
shown to catalyze 10H-testosterone synthesis that was inhibited by a specific P450arom
inhibitor providing evidence that this unusual steroid is likely synthesized in vivo. Therefore,
we hypothesized that these unusual, possibly unique, biochemical attributes of the gonadal
paralog of porcine P450arom compensated for the inefficiency of estrogen synthesis and
promoted the survival of the gene and protein in its present form (Corbin et al., 2004).

At the present time, the physiological significance and potential gain of function represented
by the unique catalytic capacity of the porcine gonadal P450arom to synthesize 10H-
testosterone as well as estradiol is only speculation. However, some evidence supports the
suggestion that functional evolution of the gonadal form may well have been reproductively
advantageous and perhaps even synergistic with the catalytic evolution of the placental
enzyme. Studies in pigs have shown that administration of testosterone markedly increases
ovulation rate in gilts (Cardenas and Pope, ’94). More importantly, dihydrostestosterone, a
nonaromatizable androgen has the same effects (Cardenas et al., 2002), suggesting that it is
mediated not through conversion to estradiol in the follicle but through activation of androgen
receptors, known to be expressed in porcine granulosa cells (Garrett and Guthrie, *96). We
propose that 10H-testosterone synthesized in granulosa cells of porcine preovulatory follicles
is an endogenously synthesized nonaromatizable androgen that promotes increased ovulation
rates in pigs (Corbin et al., 2004). Moreover, we hypothesize that the development of this
unique catalytic activity was an important element in the evolution of litter bearing as a
reproductive strategy of pigs. Increasing the capacity of placental tissues to metabolize
testosterone to estradiol would facilitate this strategy by minimizing potentially harmful effects
of male androgens on female reproductive development (Corbin et al., ’99). Thus, we propose
that the appearance of testosterone 1-hydroxylase activity by the gonadal paralog of porcine
P450arom, coincidentally and together with increased testosterone metabolic efficiency by the
placental paralog, promoted the success of litters as a reproductive strategy in the evolution of

pigs.

In contrast to the placental and gonadal paraologs of porcine aromatase, very little functional
data exist on the third porcine blastocyst paralog, though it is believed to be critical for the
establishment of pregnancy (Bazer and Thatcher, *77). Estradiol stimulates ovarian (luteal)
progesterone production (Conley and Ford, *89), decreases uterine prostaglandin release
(Frank et al., ’77; Conley et al., ’89) and plays an important role in the spacing of embryos
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within the lumen of the uterine horns before attachment (Pope et al., ’86). Perhaps embryo
spacing, facilitated by the expression of the blastocyst form of aromatase, promotes maximum
litter size by reducing embryo mortality (Pope, *99). Aromatase expression peaks around the
time of blastocyst elongation (Geisertetal., 82) onday 11 or 12 of pregnancy, based on western
immunoblot (Conley et al., ’92), immunohistochemistry (Conley et al., *94), transcript (Ko et
al., ’94; Choi et al., *97a), enzyme activity (van der et al., ’89) and estrogen levels in utero and
in uterine venous blood (Ford et al., ’82). Despite substantial physiological evidence of estrogen
synthesis by blastocysts, the sole attempt at characterization of catalytic function of the
blastocyst paralog provided very little evidence of aromatization of testosterone to estradiol
(Kao et al., 2000). However, these studies were conducted using transiently transfected CHO
cells. Data utilizing purified recombinant enzyme to determine valid kinetic parameters and
turnover rates were not reported nor were experiments performed using blastocysts as a source
of the wildtype enzyme. No evidence has been presented that blastocysts express either the
placental or the gonadal CYP19 genes, at least none was reported from the cloning or
expression studies. The blastocyst form is believed to have arisen from the placental form and
to have undergone extremely rapid evolution since (Gaucher et al., 2004), but more careful
biochemical studies are required to define any functional adaptations that might have resulted.
Hence, the question remains, was it “necessary” or advantageous to reduplicate CYP19 to
achieve expression in preimplantation trophoblast? Blastocyst expression of either preexisting
CYP19 gene might have been achieved by development of a tissue-specific untranslated first
exon, a strategy utilized by the placental trophoblast of other mammals (Hinshelwood et al.,
’95). Differential expression of the single CYP19 gene of other species (Simpson et al., ’94,
’97; Conley and Hinshelwood, 2001; Vanselow et al., 2001) is controlled by multiple, tissue-
specific, untranslated first exons and is a strategy equally evident in pigs despite CYP19 gene
duplication. Specifically, a different promoter controls expression of the gonadal paralog in
the ovary than the one used in testis and adrenal expression for instance (Conley et al., ’96,
’97). As the gonadal gene was likely the ancestral form, alternative, tissue-specific promoters
may have predated duplication of the ancestral porcine CYP gene, which is consistent with the
occurrence of multiple promoters in all mammals in which CYP19 gene expression has been
examined at this level. The fact that this strategy was not utilized to promote expression in
porcine blastocysts is an additional reason to speculate that this enzyme paralog may well be
adapted catalytically in some way also.

The development of litter bearing as a reproductive strategy in pigs assumes that their ancestral
reproduction favored lower ovulations rates, but is this likely, and what of the CYP19 gene(s)
in related and ancestral suiforms? An examination of reproductive patterns among close
relatives supports the view that one or two ovulations were more likely in the ancestral suiform
(Fig. 5). Peccaries are distant relatives of the pig, within the Suiforme suborder of artiodactyla
(Ducrocq, "95). There are three extant species of peccary that have been studied, the collared
(Pecari tayassu), the white-lipped (Tayassu pecari) and the Chacoan (Catagonus wagnerii)
(Sowls, "97). All give birth to only two young on average which, at least in the case of the
collared peccary, occupy different uterine horns (unpublished observations). Other artiodactyls
including cattle, most breeds of sheep and hippopotami, also ovulate one or two follicles
(Hayssen et al., "93). Only one functional CYP19 gene exists in the bovine and ovine genomes
(Vanselow et al., 2001), as in the human (Means et al., ’89;Bulun et al., 2004) and in the equine
and canine genomes (data not shown). However, Gaucher et al. (2004) provided evidence for
two CYP19 genes in white-lipped peccaries and babirusa, suggesting that duplication predated
divergence of these species from domestic pigs. To further address issues relating to the
ancestry of the CYP19 duplication, and of the conservation or divergence of function since,
similar studies were initiated in other related species. Specifically, genomic DNA was obtained
from collared peccaries and compared with pigs, white-lipped peccaries as well hippopotamus
by Southern analysis. The presence of multiple bands hybridizing to a porcine P450arom probe
in lanes containing collared and white-lipped peccary genomic DNA was consistent with
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duplication of CYP19 as previously reported (Gaucher et al., 2004). Subsequent analyses
provided evidence of two CYP19 genes in the genome of collared peccaries, and confirmed
the probable duplication in white-lipped peccaries. A single amplicon was also isolated from
hippopotamus genomic DNA. Amplicons (spanning exons IV and V and an intervening intron)
representing both CYP19 genes in the collared peccary and the single gene in hippopotamus
were cloned, and sequenced to confirm their identity and to provide sequence information for
phylogenetic analysis (Corbin et al., 2007). This analysis provided evidence supporting the
hypothesis that the CYP19 gene duplicated in the ancestor of pigs, peccaries and babirusa but
after divergence of the hippopotomus.

The existence of two genes encoding CYP19 in both collared and white-lipped peccaries helps
establish the phylogeny of CYP19 duplication in the Suiformes (Fig. 5), but what of the
evolution of function in these species? The phylogenetic analysis of genomic clones provided
statistical support for a clustering of the pig gonadal P450arom with one of the peccary
amplicons. The sequence obtained for the other peccary CYP19 gene could not be resolved,
in part because of apparent gene conversion event with the gonadal paralog (Corbin et al.,
2007). Therefore, studies were initiated to investigate the functional conservation of peccary
P450arom enzymes using tissues from the collared species. Gonads were collected from mature
males and placentas from females at different stages of pregnancy (Corbin et al., 2007).
Transcript was isolated and partial sequences encoding peccary P450arom paralogs were
obtained from amplicons using the same exon IV and exon V primers as for the genomic
analysis. These data demonstrated that the form of the peccary gene shown to cluster with the
porcine gonadal CYP19 was expressed in the testis of the collared peccary. Even though not
resolved by phylogenetic analysis, the other peccary CYP19 gene was expressed in peccary
placenta. Thus, both genes appear to have conserved their gonad and placenta-specific
expression (Corbin et al., 2007). The data on relative levels of expression were preliminary but
indicated that expression levels in peccary tissues were low. This was suggested for the
placental paralog of the collared peccary, based on the low efficiency of amplification with
peccary specific primers. The same was true of the testis expression, which was 100-fold higher
in the testis of the domestic boar than in peccary based on analysis of enzyme activity and
western immunoblot data (Corbin et al., 2007). Thus, it appears that collared peccaries at least
have a gonadal and placental CYP19 gene and that the tissue-specific expression of these genes
has been conserved as this species diverged from pigs. A preliminary examination of peccary
testicular enzyme also failed to find evidence of the production of 10H-testosterone. Our data
suggest that the functional properties of CYP19 genes have evolved differently in pigs and
peccaries with respect to levels of expression and perhaps catalytic characteristics that may
serve their differing reproductive strategies.

Despite conservation of tissue-specific expression patterns of the gonadal and placental CYP19
genes in the collared peccary, the levels of expression appear to be substantially lower than
those in pigs. Although levels of gene expression do not necessarily reflect functional
relevance, they do provide another facet of adaptive evolution (Liao and Zhang, 2006a,b).
Recent studies in our laboratory demonstrate in pigs that mature testis size and sperm
production capacity are influenced by P450arom expression in neonatal life (At-Taras et al.,
2006). In as much as an increase in levels of expression may signal physiological adaptation,
loss of expression may also suggest a loss of functional significance. The apparently low level
of expression in the peccary placenta may simply reflect the ancestral state, but the observed
gene conversion may also represent the early stage of loss of the CYP19 gene duplication in
this species. The identification of a CYP19 pseudogene expressed in the bovine placenta
(Furbass and Vanselow, *95) may be the evidence supporting this possibility. Certainly, there
are many examples of gene conversion among CYP genes (Werck-Reichhart and Feyereisen,
2000;Goldstone and Stegeman, 2006), and conversion is a mechanism whereby gene
redundancy can be eliminated from the genome (Hughes and Friedman, 2005). Therefore, it
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is possible that the duplication of suiform CYP19 genes not only provides insight into the
evolution and fixation of characters but their disappearance as well. There are relatively few
biological systems where gene duplication and loss has been examined in relation to
biochemical and presumed physiological fitness (Zhang et al., 2002;Piatigorsky, 2003), fewer
yet involving reproductive traits. Other members of the Suiforme suborder must be examined
to properly explore the potential value of studies on CYP19 for further understanding the forces
influencing genome evolution.

In conclusion, studies of suiform CYP19 genes and the P450arom enzyme paralogs encoded
by them offer considerable promise of advancing understanding of the evolution of steroid
hydroxylases. CYP19 may well have been the progenitor of the steroid hydroxylases that
constitute the backbone of the steroidogenic cascade, from which the clade of mitochondrial
enzymes first diverged. Evidence of close evolutionary ties may exist between CYP19 and the
mitochondrial P450s, P450c11 in particular provides support for this view. Both are terminal
enzymes in the sex steroid and corticoid synthetic pathways, respectively, and both have
experienced gene duplication in certain species with the survival of functionally adapted
paralogs. Unlike most P450s, both P450arom and P450c11 are capable of catalyzing up to three
concerted oxygenation reactions. In addition, they share common substrates and exhibit
comparable sensitivities to imidazoles that are thought to be otherwise specific, suggesting
structural similarities in the active site. It appears likely also that the combination of
phylogenetic, biochemical and physiological studies of the porcine CYP19 gene cluster will
provide valuable information on the evolution of reproductive strategies, such as litter bearing,
and possibly of reproductive or social behavior, based on the expression of P450arom in the
brain. Therefore, some of the fundamental processes shaping metabolic pathways, reproductive
and ecological fitness and genome evolution, may all be enlightened by investigations into the
suiform aromatase system.
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Fig. 1.

Schematic representation of the steroidogenic cascade involving the steroid hydroxylating
cytochromes P450 (P450) that catalyze cleavage and/or hydroxylation of sequential substrates
from cholesterol through pregnenolone, androstane and estrane (synthesis). The enzymes
catalyzing each step are shown; cholesterol side chain cleavage (P450scc) cleaves the 6 carbon
side chain (C6) from the 27 carbon skeleton (C27) releasing pregnenolone (C21). Subsequent
metabolism by 17a-hydroxylase/17,20-lyase (P450c17) produces 17-hydroxypregnanes (C21)
that are intermediates in the production of either corticoids or sex steroids. Metabolism of 17-
hydroxypregnanes by 21-hydroxylase (P450c21) and 11B-hydroxylase (P450c11) directs the
pathway toward corticoid production. Alternatively, cleavage of the 17-hydroxypregnanes in
a second oxidation catalyzed by P450c17 directs the pathway to androgen (C19) synthesis and
then, after three oxidations culminating in cleavage of a methyl, to estrogens (C18). Note that
P450c11 and P450arom represent the terminal enzymes in the steroid synthetic cascade.
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Fig. 2.

Phylogenetic tree based on amino acid sequence of vertebrate P450s (represented here by the
names of their respective CYP genes) involved in sterol synthesis and metabolism analyzed
using the JTT distance (Jones et al., *92). Sequences in the analysis included the enzymes
17a-hydroxylase/17,20-lyase (CYP17), 21-hydroxylase (CYP21), aromatase (CYP19), 24-
hydroxylase (CYP24), 11p-hydroxylase (CYP11B1), aldosynthase (CYP11B2) and
cholesterol side chain cleavage (CYP11A1). One thousand bootstrap pseudo-samples were
used.
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Fig. 3.

The structure of the substrate androstenedione, showing proximity of the C-19 methyl and C-11
carbon residues that are sites of oxidation by aromatase (P450arom) and 11B-hydroxylase
(P450c11) cytochromes P450 as shown. Testosterone is utilized also by both enzymes for the
formation of estradiol by P450arom in all vertebrates and 11keto-testosterone by P450c11 in
certain teleosts. The site of 1-hydroxylation (C4) of testosterone by the porcine gonadal
P450arom is also shown.
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Fig. 4.

Aromatase enzyme activity and immuno-detectable levels of enzyme protein in porcine tissues.
Aromatase activity (pmol/h/mg microsomal protein) is shown for placenta, adrenal gland,
testis, and for preovulatory follicular granulosa and theca cell microsomal proteins. Equal
amounts (20 pg/lane) from the same protein samples were subjected to western immunoblot
analysis as shown below. Note that placental microsomes exhibit twice the enzyme activity of
the ovarian (granulosa and theca) tissues but, by comparison, clearly expresses much lower
levels of enzyme per microgram of crude protein. This suggests that the enzyme paralog
expressed in the placenta has a significantly higher turnover rate, as was shown subsequently
to be the case in kinetic studies with purified recombinant protein (Corbin et al., 2003). The
differential inhibition of aromatase activity by etomidate in gonadal (follicular and testicular)
versus placental tissues (Corbin et al., "95; Conley et al., *96) further suggests that expression
of the gonadal and placental paralogs is very tissue-specific.
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1
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Diagram showing presumed divergence of species and reproductive strategies (ovulation rate/
litter size) among members of the Suiforme suborder together with the Hippopotamidae and
Ruminatia. Ovulation rates (<2 or >4 follicles/oocytes) and the number of genes encoding for
aromatase cytochrome P450 (CYP19) are also shown for all species of the Tayassuidae and
Suidae families where known. To date, full-length sequences for aromatases cloned from over
a dozen other mammals representing seven orders including the artiodactyla suggest the

existence of a single functional CYP19 gene in these species.
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TABLE 1
Estimated 50% inhibitory concentrations (IC50: nM) for human 11p-hydroxylase and porcine gonadal aromatase
(P450arom) cytochromes P450 for the compounds etomidate and fadrozole, presumed specific for P450c11 and
P450arom, respectively. Data were taken from the sources indicated

Human P450c11 Porcine gonadal P450arom
etomidate 1-10 100
fadrozole 10-30 2
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