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Abstract: A hallmark of eutherian pregnancy is its dependency on elevated progesterone levels for
its entire length. This fact substantially affected the evolution of pregnancy and even the life history
of eutherians. Progesterone synthesis by the ovarian corpus luteum, however, long predates all
origins of vertebrate viviparity, which requires reconsidering the role of the corpus luteum and
progesterone before and beyond placental mammals. Pregnancy originated repeatedly by co-opting
the ancestral luteal phase of the ovarian cycle. Therefore, it represents a physiological equivalent
and “serial homolog” of the nonpregnant luteal phase. Because of this relationship, we argue that
understanding the origin and evolution of pregnancy can substantially benefit from examining the
evolution and regulation of the corpus luteum during nonpregnancy. In the first part of this paper,
we investigate what is known about the evolution of the corpus luteum and its changing regulation
and function across vertebrates, covering both pregnant and nonpregnant cycles wherever possible.
Studying pregnancy in the context of the nonpregnant cycle reveals the key evolutionary innovation
that facilitated the characteristically long eutherian pregnancies: the regulatory decoupling of the
pregnant and nonpregnant cycle, that is, the evolution of maternal recognition of pregnancy. Only
after the two cycles became separately modifiable, could gestation length increase without
deleteriously extending the time to the next fertile phase. In this review, we argue that, assuming
selection for body size increase, the origin of MRP led to a punctuated increase of gestation length,
which could imply that we overestimate pregnancy length in the eutherian ancestor when using
conventional phylogenetic inference methods. Mechanistically, decoupling between cycles means
that the progesterone-dominated phase in pregnancy is extended beyond that of nonpregnancy. In
eutherians, this is achieved by extending the lifespan of progesterone-producing corpus luteum,
providing additional corpora lutea, extraovarian sources of progesterone, or a combination of these.
Alternatively, it can also be accomplished by shortening the nonpregnant cycle. The differences in
underlying mechanisms for decoupling among the major eutherian lineages suggest that they
originated independently, which leads us to conclude that eutherian gestation consists of parts that
are not homologous across eutherians. Consequently, eutherian gestation length is not a homologous
trait that can be productively compared across species directly. Finally, we find no evidence an
increase in gestational length due to maternal-fetal conflict. Rather, as long appreciated, body size
explains a major portion of the variation in gestation length in eutherians. This suggests that the
increase in eutherian gestation length was driven by the need to accommodate an increasing body
size, a well-documented trend (Cope’s rule), once independent evolution of pregnant and non-
pregnant cycles became possible.
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1. Introduction

The corpus luteum (CL) is a transient gland resulting from the transformation of the
postovulatory ovarian follicle that is vital in vertebrate reproduction. It constitutes the primary source
of progesterone, a hormone essential to sustain eutherian pregnancy. The CL’s lifespan determines
the length of the luteal phase of the ovarian cycle, characterized as a progesterone-dominated phase
following an estrogen-dominated follicular phase. The loss of the CL’s secretory activity due to
regression at the end of each cycle enables the initiation of a new cycle. Therefore, CL’s lifespan is a
major determining factor of the pace of vertebrate life history. Placental mammals exhibit high
interspecific variation in mechanisms of CL lifespan regulation, namely the mechanisms that prolong
its lifespan during pregnancy, ensuring a stable progesterone supply, or those that shorten it during
the non-pregnant cycle.

Most well-known regulators of CL lifespan are extra-ovarian, deriving from the maternal
pituitary, the uterus, or the fetal placenta. Mechanisms that extend CL lifespan by preventing
regression (“rescue”) after fertilization are known as mechanisms for maternal recognition of
pregnancy (MRP). Although these exogenous sources of CL regulation seem unique to Placental
mammals, the CL itself is shared among vertebrates. The origin of this gland in early chordates added
a phase to the pre-existing ovarian cycle, which at the root of vertebrates consisted of follicle
maturation, ovulation, and expelling the eggs from the body. Before the multiple origins of internal
fertilization in vertebrates (Figure 1), the CL might have initially enabled the short internal embryo
retention associated with internal fertilization. Upon the transition to viviparity, however, it acquired
a more distinct supportive role: in non-mammalian vertebrates, despite the independent origins of
viviparity, a clear trend points to the CL lifespan of viviparous species being longer than in the
oviparous species of each class.
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Figure 1. Summary of the early events in vertebrate HPO axis evolution. Note that the CL predates
any of the origins of viviparity. Internal fertilization originated several times independently and was
followed in these taxa by the origin of viviparity. Only in Amniotes did viviparity evolve several
times on the basis of shared internal fertilization. The asterisks denote that internal fertilization and
viviparity originated in these clades, but do imply that all species of the clade share it. CYP11A,
CYP17, HSD3B: enzymes in the steroidogenic pathway; GNRH, GNRHR: gonadotropin releasing
hormone and ist receptor; HPO: hypothalamic-pituitary-ovarian, GPH: gonadotropin-releasing
hormone; ER, SR: estrogen and steroid receptor; LH: luteinizing hormone; FSH: folicle stimulating
hormone.

In this review, we identify the key physiological innovations in CL regulation and elaborate on
the context and the role that these innovations may have played in the evolution of eutherian
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pregnancy. To achieve this, we synthesize the literature on CL regulation in a broad vertebrate
phylogenetic context, starting with a section on the origin of the CL as an endocrine gland in early
vertebrates, followed by review of available knowledge about CL’s regulation in nonmammalian and
mammalian vertebrates. We pay special attention to the distinct roles of CL in independent origins
of vertebrate viviparity. Eutherians are the only taxon in which full gestation is invariably dependent
on progesterone, and this requirement has had enormous consequences for the evolution of
mammalian traits. Eutherian pregnancy occurs in the time-limited luteal phase of the ovarian cycle,
imposing a physiological constraint on gestation length. Decoupling the lengths of the homologous
pregnant and non-pregnant cycles (so-called maternal recognition of pregnancy; MRP) thus played
a key role in the evolution of gestational length. As we will show, the mechanisms underlying MRP
are diverse, suggesting independent origins in major mammalian lineages. This eutherian key
innovation furthermore enabled prolonged gestation, likely driven by selection on increased body
size, response to which was enabled by MRP.

In short, we show that mammalian gestation is best understood if considered in the context of
the female cycle and its evolution, rather than as an independently evolving trait.

Early Research Into the Endocrine Function of the Corpus Luteum

The beginnings of corpus luteum research can be traced to Regnier de Graaf (1641-73), who first
provided a detailed description and illustrations of the structures present in the ovaries of pregnant
rabbits (Asdell 1928). In 1681, Marcello Malpighi named the structure corpus luteum (yellow body,
hereafter CL). Gustav Born (1851-1900) first explicitly theorized about its possible function in
pregnancy (Simmer 1971), but it wasn’'t until the early twentieth century when Ludwig Fraenkel
demonstrated that rabbits could not maintain pregnancy after removal of all corpora lutea (Fraenkel
1903). Not much later, Leo Loeb showed for the first time that the CL enables implantation by
inducing changes in the endometrial tissue (Loeb 1907), and soon after it was demonstrated that luteal
extracts could rescue early pregnancy in rabbits after ovariectomy (Allen and Corner 1930). Apart
from preparing the endometrium for implantation, it was also discovered that the CL functions to
inhibit ovulation. Loeb’s interpretation that removing the corpus luteum hastened ovulation in
guinea pigs (Loeb 1911) confirmed another long-standing intuition: the gland possessed an anti-
ovulatory effect, an action first speculated by John Beard (1858-1924) and Auguste Prenant (1861-
1927) (Simmer 1971). Following this idea, Ludwig Haberlandt first demonstrated the suppression of
ovulation in mating rabbits after the injection of ovarian extracts (Haberlandt 1922). At the beginning
of the 20th century, the research devoted to this gland diversified; with related, if sometimes opposite
motivations: from exploring its role in pregnancy, through emphasizing its role on sexual plasticity
(Steinach and Kun 1931), to postulating its use in hormonal sterilization and later, contraception
(Simmer 1970).

In 1934, several independent groups successfully isolated the gland’s active substance,
progesterone (Allen and Windersteiner 1934; Butenandt and Westphal 1934, Hartmann and Wettstein
1934), which received its name from a combination of “progestin” and “luteosterone” (Allen et al.
1935). Early comparative research on the endocrine role of the CL briefly challenged the view of CL-
progesterone as the mammal-wide pregnancy maintenance hormone. Researchers working on
species where the placenta produces progesterone later in gestation, what we know today as the
“luteal-placental shift”, soon discovered that ovarian progesterone was not equally necessary for
pregnancy in all mammalian species, and, among these, the lack of definitive evidence in humans
weighed strongly (Reynolds 1939). Csapo and Pulkkinen (1978) reestablished the widespread
requirement for progesterone by showing that the corpus luteum was indispensable for early human
pregnancy. While they acknowledged species-specific differences in endocrine regulation, such as
the presence and timings of a luteal-placental shift, they confirmed the indispensability of the CL in
implantation and of progesterone for gestation (Csapo and Pulkkinen 1978).

Various other organs were shown to regulate corpus luteum lifespan and function.
Hypophysectomy experiments revealed the supportive function of the anterior pituitary during
pregnancy (Pencharz and Long 1931), and further research identified the trophoblast as an important
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endocrine player supporting CL in a number of species (Rowson and Moor 1967). Hysterectomies, in
contrast, revealed that the uterus is primarily luteolytic, rather than luteotrophic: a signal from the
uterus triggers luteal regression in many species (e.g., hysterectomy in nonpregnant guinea pig
allows the persistence of the functional CL for up to three months: Loeb 1923, 1927, Rowlands and
Short 1959). This interplay between luteolytic and luteotrophic factors was soon recognized to be a
decisive factor determining the length of eutherian pregnancy. It was in this context that Short (1969)
first defined maternal recognition of pregnancy as those ways in which the embryo first signals its
presence to the uterus, which result in a CL of pregnancy protected from luteolytic signals (Short
1969).

2. Evolutionary Origin of the CL and Its Endocrine Function

The corpus luteum is embedded within a larger reproductive organ system known as the
hypothalamic-pituitary-ovarian axis (HPO axis). The corpus luteum evolved early in the evolution
of vertebrates (Figure 1). Corpora lutea are absent in tunicates and cephalochordates (ciona and
amphioxus) but present in hagfish ovaries (jawless vertebrates, Agnatha), where they are also likely
functional (Gorbman 1983, Powell et al., 2006). Evidence indicates that a CL does not form in the
lamprey ovary (Dodd, 1986), which may be attributed to the fact that lampreys die soon after
spawning. To understand whether steroidogenic functions originated with the CL itself, we will
summarize the evolution of the vertebrate female reproductive system and the context in which the
CL was first integrated.

2.1. The Evolution of the HPO Axis

Hypothalamic gonadotropin-releasing hormones (GnRH) are the hormones by which eutherian
hypothalamus regulates the pituitary release of follicular stimulating hormone (FSH) and luteal
hormone (LH). GnRH-like peptides have been detected immunochemically or in genome sequence
in a broad range of species, including bivalves and cnidarians (Guilgur et al. 2006). The neurosecreted
GnRH family of peptides is thus shared among chordates, and several of its receptors are found in
ascidians and amphioxus (Kah et al. 2007, Adams et al. 2003, Chambery et al. 2009, Tello and
Sherwood 2009, Roch et al. 2014). The specific amphioxus GnRH, ortholog of mammalian
hypothalamic GnRH-I, is expressed broadly across the nervous system, albeit with 10-fold higher
concentration in the anterior part of the body, peaking before the gonadal maturation (Chambery et
al. 2009) and influencing gonadal development and function (Fang 1989). GnRH injection in ascidians
(Ciona intestinalis) induces spawning (Terakado 2001, Adams et al. 2003, Sherwood et al. 2006), and
the incubation of rat pituitary with amphioxus GnRH induces a luteinizing hormone (LH) release
comparable to that following the incubation with mammalian GnRH, suggesting wide conservation
of reproductive functionality (Chambery et al. 2009).

Early chordates lack the pituitary gland, but the Hatschek’s pit in amphioxus is considered the
homolog of the vertebrate anterior pituitary (Gorbman 1983, Gorbman and Tamarin 1985, Wang et
al. 2018; but see G. Schlosser 2021, pp. 177-180). The Hatschek’s pit is an oral cavity organ composed
of ciliated cells exposed to external stimuli, with likely sensory function (Schlosser 2021). This organ
secretes a single heterodimeric glycoprotein hormone (thyrostimulin) and a cytokine that may be
related to prolactin (Li et al. 2014). A reproductive role of Hatschek’s pit is supported by the fact that
its damage prevents gonadal development and ovulation in Brachiostoma belcheri (Fang et al. 2001). A
homolog of the pituitary gland in ascidians remains controversial, but an organ called the neural
gland complex has been proposed (Ruppert 1990, Kano 2010).

The amphioxus ovarian follicular cells show morphological signs of steroidogenesis (round
mitochondria, large lipid droplets, large golgi complex, ER etc., Welsch and Fang 1997), and genomic
alignment and functional studies confirm the presence of the major steroidogenic enzymes (CYP19A4,
CYP11A, CYP17, HSD3B) (Kubokawa et al. 2010, Markov et al., 2017, Mizuta and Kubokawa 2007,
Callard et al. 2011; Zhang et al., 1984). However, the production of sex steroids does not necessitate
signaling via their cognate receptors. We will address their possible early functions below.
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The most phylogenetically distant, fully functional vertebrate HPO axis likely occurs in
hagfishes (Agnatha), which already have a two-lobed pituitary. Immunoreactive GnRH has been
identified in the Atlantic hagfish Myxine glutinosa, where it is associated with the seasonal
reproductive state (Kavanaugh et al. 2005, Powell et al. 2004). Hypophysectomies in the inshore
hagfish (Eptatretus burgeri) affect gonadal development, confirming pituitary regulation of ovarian
function (Patzner 1977). Agnathans have only one pituitary glycoprotein hormone, GPH
(homologous to the ancestral thyrostimulin: Uchida et al. 2013). This heterodimeric hormone has
diversified by duplications of the alpha and beta subunits in the stem lineage of Gnathostomes.
Thereby the ancestral GPH, which in cephalochordates and agnathans was already involved in
gonadal development and spawning, gave rise to the family of heterodimeric pituitary gonadotroph
GPH (including TSH, LH, and FSH; Kawauchi and Sower 2006).

Sex steroids by which the ovary signals also diversified early in vertebrates (Markov et al. 2009).
The order in which ovarian steroids’ signaling functions originated is determined by the evolutionary
expansion of sex steroid receptors (Baker 2003). The ancestral estrogen receptor (ER) resulted from a
gene duplication of the ancestral steroid receptor (SR) in basal chordates, as both are present in
amphioxus (Figure 1). Ovarian estradiol is reported to signal back to the hypothalamus-pituitary
level, which implies that estrogen signaling is in place in agnathans (Nozaki 2013). The ancestral
progesterone receptor (PR), on the other hand, arose through a 3-ketosteroid receptor gene
duplication prior to the divergence of agnathans (Baker 2019), which would mark the earliest possible
origin of progesterone signaling function. Finally, early gnathostome genome duplication resulted in
subfunctionalization of the ancestral ER into ERa and ERb, shared between Chondrichthyes and
mammals (Baker 2019).

Taken together, comparative evidence suggests that the predecessors of all segments of the HPO
axis (GnRH, a pituitary-like and steroidogenic signals) were present and had reproductive functions
in stem chordates, considerably predating the origin of the corpus luteum. However, these
reproductive functions were likely less entrenched and specific. Broad expression of GnRH across
tissues in Amphioxus (Tsai and Zhang 2008, Schlosser 2021) suggests that GnRH in early chordates
might have served a more general regulatory function than female reproduction and later became
reproduction-specific. Photoperiod-sensing, including the synchronization of spawning with
environmental light conditions, could be one such function. Indeed, spawning in Ciona is regulated
by photoperiod and can be induced by GnRH (Sherwood et al. 2006), suggesting that the latter
mediates the reproductive effects of seasonal and light changes (as is the case in many mammals).

Upon the origin of the HPO axis, the integration of a further chemosensory input from a
pituitary-like Hatschek’s pit with a photosensor controlling GnRH expression would have resulted
in the coupling of spawning to increasingly specific conditions, leading to the reproductive
specialization of vertebrate HPO axis. The reproduction-specificity of this signaling axis became
further entrenched following gnathostome-specific genome duplication, which resulted in pituitary
glycoprotein hormones and steroid hormone receptor diversification. Moreover, this diversification
happened concurrently in Gnathostomes with the appearance of the Miillerian ducts and their
reproductive tract derivatives, which eventually became integrated as targets of the HPO signals.
This ensuing entrenched complexity of a network of interdependent processes, may have, in turn,
prevented subsequent substantial evolutionary change of that network, resulting in a structurally
conserved gnathostome HPO axis.

2.2. The Origin of Luteal Phase

The development of the corpus luteum initiates the luteal phase; the phase of the ovarian cycle
after the release of ova during which the postovulatory follicle produces progesterone. The origin of
the luteal phase involves a switch from the estrogen production of the maturing follicle to
progesterone production of the corpus luteum.

As shown above, the ability to synthesize ovarian sex steroids and the origin of some steroid
receptors predated the origin of the corpus luteum in stem gnathostomes (Figure 1). Browning (1973)
proposed that ovarian steroid synthesis may have evolved to metabolize and remove the surplus
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cholesterol of the yolk (Browning 1973). According to this hypothesis, the ovarian steroids themselves
would be a byproduct, initially lacking an endocrine role. Indeed, the enzymes involved in
steroidogenesis most likely evolved from xenobiotic catabolic pathways (Markov et al. 2009).
Furthermore, the steroid derivatives of cholesterol are increasingly more hydrophilic and thus easier
to transport passively and dispose of, which further supports Browning’s scenario. Given the
evolution of the appropriate receptors transducing the signal to the nucleus, this hydrophilic nature
might have enabled the co-option of steroids into the role of long-distance signaling molecules. The
most ancient metabolic byproduct of this pathway likely was estrogen (Browning 1973), possibly
because of its greater stability than the 3-keto steroids. Progesterone is an intermediate of estrogen
biosynthesis; therefore, its synthesis came “for free” with the presence of estrogen, before its co-
option into a signaling role and before the interaction with its receptor evolved (Thornton 2001, 2003).

In the hagfish (Agnatha), estrogen has a signaling function, enhancing hepatic vitellogenesis and
signaling to the pituitary (Nozaki 2013). Vitellogenesis is the process of yolk formation in the
maturing ooctyte, hence entailing the accumulation of lipid yolk. Cholesterol catabolism leading to
estrogen would be counterproductive in this context, given its acquired pro-vitellogenic role. In this
situation, reducing the conversion of cholesterol into estrogen would lead instead to the
accumulating progesterone-related molecules in the post-ovulatory follicle or CL. It is thus
conceivable that postovulatory progesterone accumulation might have evolved even prior to
progesterone’s PR-mediated functions, and could have constituted an alternative cholesterol
metabolite. In the same vein, decreased conversion into estrogen would have provided a way to delay
vitellogenesis and impose cycle control. Stem vertebrates already possess a form of PR of uncertain
functional role, so it is not clear to us whether progesterone already had signaling functions in this
group. The above scenario could explain cooptions of both sex steroids in the reproductive system,
prior to the evolution of their signaling roles.

In summary, the corpus luteum originated in the stem lineage of vertebrates, after the precursor
of the HPO axis had already been established. The origin of CL predates the diversification of the
pituitary gonadotrop hormone family, the origin of the Miillerian duct and likely predates the origin
of progesterone’s signaling functions, based on our reading of the structure and evolution of steroid
metabolism. Consequently the CL originated in the context of external fertilization and external
embryo development, and therefore certainly not driven by the roles it plays in extant mammals. If
the CL’s ability to accumulate progesterone derived from the need to replace estrogen in yolk lipid
disposal (Browning 1973), CL’s ancestral lifespan was presumably positively correlated with the
amount of yolk in the follicle, and thereby intrinsic to the ovary rather than regulated by the extra-
ovarian mechanisms. These amounts probably increased in early vertebrates with yolk-rich eggs and
the origin of the liver. Regulation of progesterone conversion into estrogen could have provided a
way to regulate the length of CL lifespan and the dynamics of the cycle as a whole by generating the
estrogen-progesterone switch.

It is an open question how precisely progesterone was co-opted into its reproductive and
specifically its signaling roles. However, the origin of the progestogenic CL generated a context in
which these new functions could evolve, eventually leading to new reproductive modes. With the
origin of Miillerian ducts as an oviductal structure in gnathostomes (Figure 1), the temporal
coordination of the ovarian cycle with the activity of the reproductive duct likely was of considerable
advantage. Further functional differentiation of the CL signaling thus likely occurred in coevolution
with an increasing regionalization of the Miillerian duct, allowing the latter to specifically respond
to ovarian steroid dynamics by the generation of secretions and controlled muscular contractions.
This initial coordination between the ovary and the reproductive tract became ever more complex
with the evolution of internal fertilization, when the simple expelling of eggs was replaced by
prolonged internal embryonic development and the production of histotroph, albumen and eggshell.
To understand the origin of the highly derived mammalian CL functions, in the next section, we first
review non-mammalian lineages.
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3. CL Endocrine Function and Its Regulation in Non-mammalian Vertebrates

The comparative morphology of the non-mammalian corpus luteum is well described, and
steroidogenesis is confirmed. Nevertheless, the mechanisms of non-mammalian CL formation and
maintenance and their functional significance remain poorly understood. Vertebrates display a high
diversity of reproductive modes, including multiple origins of internal fertilization, ovoviviparity
(egg retention), and viviparity. In this section, we summarize what is known about the role of the CL
and progesterone in non-mammalian vertebrate reproductive modes. Despite the interesting
diversity of teleost reproduction, we avoid this group, as it has undergone additional genome
duplications and extensive modifications of the female reproductive tract anatomy, complicating
comparison with the sarcopterygian/tetrapod lineage.

Relative to the ancestrally symmetrical situation between males and females, consisting of
expulsion of gametes, the asymmetry between sexes of investment in post-gametogenic reproductive
processes between sexes increased in vertebrates. Internal fertilization independently arose in
amniotes, elasmobranchs, some subgroups of teleosts, and amphibians. Increased female
internalization of the reproductive events (internal fertilization and at least a degree of internal
development) not only intensified the maternal investment in reproduction in the clades in which it
evolved, but also augmented the cost of an unfertilized cycle. In species with spontaneous ovulation,
the association between ovulation and fertilization is not guaranteed. Unfertilized cycles not only
imply the loss of eggs and delay in reproduction but also the loss of investment in physiological
preparation for fertilization and/or pregnancy. This is less prominent in species with induced
ovulation but can occur if the ovulatory trigger is not the mating itself, but e.g., photoperiod.

Consequently, the species with potential for an unfertilized (or sterile) cycle show two distinct
contexts: the CL of the fertile cycle (passing or incubating a fertilized egg and a fetus) and that of the
sterile cycle (unfertilized egg or nonpregnant luteal phase). Although the sterile cycle may not often
occur in the wild (Conaway 1971), its length nevertheless indicates a periodicity of the corpus luteum
lifespan that may constrain or drive the evolution of gestation length and breeding seasonality.

Internal fertilization is necessary for the origin of viviparity. Remarkably, viviparity arose
independently in at least some species of every major clade capable of internal fertilization, except
for birds (Blackburn 2015): teleosts, chondrichthyes, amphibians, reptiles, and therian mammals, but
only in the latter it involves stabilized long-term implantation and is present in the whole clade. The
length of CL lifespan is affected by reproductive mode. Most instances of the evolution of viviparity
involve a longer CL lifespan. Yet, we will show that, contrary to eutherian mammals, the necessity
for the corpus luteum does not encompass the entire pregnancy in most nonmammalian vertebrates.

In the most basally branching gnathostomes, chondrichthyans, the GnRH and two anterior
pituitary gonadotropins regulate follicular development and the ovarian estradiol levels in
viviparous and oviparous species, confirming a functional HPO axis (Awruch 2013). Many studies
note the variable steroid hormone dynamics and its association with the temporal separation of the
follicular and luteal phases. Estrogen always increases during folliculogenesis and is vitellogenic. When
estrogen levels remain elevated after ovulation, folliculogenesis continues, and new mature
preovulatory follicles are ready soon after oviposition. If, in contrast, folliculogenesis is suppressed after
ovulation, estrogen peaks shortly before ovulation and decreases thereafter. The first scenario
characterizes many oviparous and non seasonal breeders (e.g., the Little skate, Leucoraja erinacea, Koob
and Callard 1999; or the Draughtboard shark, C. laticeps, Awruch et al. 2008). The second scenario
applies to the case of viviparous species such as the aplacental Atlantic stingray (Dasyatis subina; Tricas
et al. 2000). This suggests that in viviparous species, by counteracting vitellogenesis or by direct
suppression of folliculogenesis, ovarian progesterone effects the introduction of a new phase of the
ovarian cycle, a distinct non-folliculogenic luteal phase. It has also been shown that hepatic
vitellogenesis is less sensitive to estrogen during chondrichthyan pregnancy (Callard et al. 1990).

Luteal progesterone in elasmobranchs is restricted to the reproductive season and low or absent
when they do not cycle (Lutton 2011). In oviparous species, progesterone is reported to peak even
shortly before ovulation (e.g., in the Little skate, L. erinacea; Koob and Callard 1999), decreases before
egg encapsulation, and is low during egg passage and oviposition. It thus could have a role during
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the periovulatory phase (Koob et al. 1986). In viviparous elasmobranchs, the decrease of progesterone
levels is postponed, and progesterone remains high for at least the first part of pregnancy and in some
species up until parturition (e.g., the Round stingray, U. halleri; Mull et al. 2010). Luteal progesterone
thus appears to be associated with egg retention and pregnancy in elasmobranchs, possibly
complementing lecithotrophic provisioning by enhancing uterine histotroph secretion or inhibiting
myometrial contractions. We found no report on CL lifespan in infertile cycles and no indication of
embryonic or placental control of CL lifespan in this group (but see Hamlett 1999, Callard and Koob
1993). The data from the viviparous dogfish shark M.canis suggest that while the pituitary is
necessary for folliculogenesis, it is not required for CL formation or maintenance (Dodd 1983),
implying that the lifespan of elasmobranch CL may be inherently determined, potentially by the
amount of cholesterol remaining in the CL, possibly proportional with the amount of yolk.

The CL has also been described in oviparous and viviparous amphibians. While most anurans
have external fertilization, most salamanders and all caecilians fertilize internally, and many of them
evolved viviparity (Wake 1980, Wake and Dickie 1998). One anuran exception is the toads of the
genus Nectophrynoides. The Nimba toad (N. occidentalis) ovulates yolk-poor eggs, and the internally
fertilized embryos are nourished by extensive secretions of the female reproductive tract during a
long pregnancy, resulting in the birth of metamorphosed young (Xavier 1978, reviewed in
Sandberger-Loua et al. 2017). This species is an example of an independently evolved prolonged
luteal phase involving the same upstream factors but different downstream mechanisms and
consequences. The Nimba toad has distinct estrogen-rich follicular and progesterone-dominated
luteal phases, accompanied by extensive remodeling of the gestational part of the reproductive tract.
The progesterone-secreting CLs persist for the entire gestation length. Remarkably, this species
manifests pseudopregnancy without mating, maintaining extensive remodeling of the reproductive
tract. Xavier (1978) demonstrated that progesterone is necessary for early pregnancy but is not crucial
for maintaining gestation thereafter. The effect of initially high levels of progesterone is to slow
embryonic development in early pregnancy, which occurs during a dry season with toads burrowed
and inactive. After emerging from the ground, decreasing progesterone levels accelerates
development, and progesterone becomes dispensable. In addition to growth regulation, progesterone
is crucial for reproductive tract remodeling, particularly in primiparous females. The female tract
supports the CL in early pregnancy, as hysterectomy before emergence from the ground leads to
luteolysis. There is ovary-pituitary feedback, as ovarian signaling affects the cell composition of the
pituitary during vitellogenesis and early gestation.

Viviparity originated multiple times in salamanders, yet it is rare and variable in extent, from
birthing aquatic larvae to fully metamorphosed young. It mainly entails less yolk than ovoviviparous
populations, even within the same species (Buckley et al. 2007), and additional provisioning by
maternal secretions. Steroidogenic corpora lutea are present in salamanders; however, the plasma
progesterone, as estrogen, stays relatively low, whereas testosterone levels increase after ovulation.
High progesterone is limited to the ovary during pregnancy but is low in plasma. Progesterone has
been associated with vitellogenesis and epithelial and vascular remodeling of the reproductive tract
to accommodate pregnancy but is not required to maintain pregnancy.

The amphibian clade with most species with internal fertilization is Gymnophiona (caecilians),
which also evolved aplacental viviparity. In well-studied viviparous caecilians, ovulation is triggered
by endogenous and exogenous cues (e.g., Typhlonectes compressicauda, Brun et al. 2020). The
progesterone-producing CL of fertilized females is maintained throughout pregnancy, degenerating
only at parturition. The physiological relevance of progesterone in gestation is unknown but it could
enhance secretions after hatching. The fetuses hatch from the egg membrane after the abundant yolk
has been absorbed, and it has been reported that fetal teeth are used to ingest endometrial secretions
(Wake 1977a, 1977b). Wake (1977a) described the distinct remodeling of the reproductive tract in
viviparous caecilians during pregnancy, with increased epithelial proliferation and the forming of
gland-like secretory pockets. It is unknown whether this remodeling is induced by fetal presence and
thus limited to pregnancy or maternally induced, in which case it would be present in unfertilized
females.
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Overall, the corpus luteum of oviparous amphibians disintegrates soon after ovulation but is
maintained longer in the fertilized ovoviviparous and viviparous amphibians (with the exemptions
of salamanders), in some viviparous species up to complete gestation. A shared role of progesterone
is in remodeling the reproductive tract for the internal part of development in ovoviviparity and
viviparity. In addition, progesterone has acquired species-specific roles, such as slowing the
embryonal development of Nimba toad or enhancing endometrial secretions and epithelial
hyperplasia in caecilians. Together, this suggests that the evolution of ovoviviparity and viviparity
in amphibians is associated with a prolonged persistence of postovulatory corpus luteum. Whether
this CL prolongation is due to maternal (as in Nimba toad) or fetal signals remains an open question.

All amniotes practice internal fertilization and, thus, at least a minimal degree of internal embryo
support, even in egg-laying species. Reptile CL lifespan across species correlates with the time the
embryo is retained in the female tract, and CL is the main source of progesterone in most reptilian
species (Bragdon 1952, Highfill and Mead 1975). In oviparous species, progesterone levels decrease
soon after ovulation, but the CL is maintained until egg-laying. In fact, the surgical removal of the
corpora lutea causes premature oviposition in all oviparous lizard species examined (Guillette 1987,
Jones and Baxter 1991), implying that some other product of the CL rather than progesterone is
required for the length of egg retention.

The corpus luteum of viviparous lizards persists for a variable portion of gestational time
(Cieslak 1954, Weekes 1934), and progesterone may remain elevated during this time; however, the
degradation of the CL is observable well before parturition, even in those species in which CL is
histologically recognizable until after (Weeks 1934, Bennett and Jones 2002). Ovariectomies do not
cause a shortening of internal development in viviparous or ovoviviparous lizards or snakes
(Amoroso and Finn 1962), except if performed early in pregnancy in some species, in which case it
can impact either pregnancy length or parturition (Clausen 1940, Fraenkel et al. 1940, Yaron 1972,
Guillette 1987). Intriguingly, squamate reptiles (but not turtles and crocodiles) use a single pituitary
gonadotropin in ovarian regulation (Licht 1983). While the orthologs of mammalian FSH and LH -
specific 3-chains have been found in the genome, it is unclear whether they produce one or two
different proteins (Bluhm et al. 2004). Hypophysectomy followed by injection of heterologous
mammalian FSH or LH hormones did not affect Thamnophis sirtalis and Lacerta vivipara (reviewed in
Norris and Jones 2012, p.263). Bragdon (1951) found that hypophysectomy in Natrix sipedon and T.
sirtalis did not interrupt pregnancy at any stage (but see Clausen 1940), including the first week after
ovulation. In contrast, ovariectomies did not interfere with gestation only from the second trimester
on (Bragdon 1951), implying that in these species, the ovary (likely the CL) is crucial for the first
trimester of pregnancy. In contrast, pituitary hormones are not required to maintain CL or any other
pregnancy support. Hence, whereas squamate folliculogenesis is under pituitary control, luteal
development and maintenance is not (Yaron 1972).

Finally, the avian post-ovulatory follicle regresses and is phagocytosed rapidly after ovulation,
and their granulosa and theca cells do not undergo proliferation, luteinization or hypertrophy. Based
on this, to name avian post-ovulatory follicle corpus luteum appears a misnomer (Davis 1942, Payne
1966). However, the postovulatory follicle still appears to have a function in determining the interval
between ovulations: it was shown that removing the post-ovulatory follicle delays egg-laying,
although the possible mechanism behind it is unclear (Rothchild and Fraps 1944).

In summary, across most nonmammalian vertebrates studied, the CL lifespan in the fertile cycle
of (ovo)viviparous species is longer than that of the closely related oviparous species (Gemmell 1995).
Scarce information on non the presence or length of sterile cycles, however, does not allow a general
conclusion on whether this length implies a mechanism for the maternal recognition of pregnancy.
One of the first functions of progesterone likely entailed inhibiting vitellogenesis in the liver and
preparing the reproductive tract for egg formation or internal development. Different degrees of
vitellogenesis inhibition were observed during pregnancy in viviparous elasmobranchs (Teshima
and Mizue 1972, Hisaw and Abramowitz 1973, Tsang and Callard 1987) and are also encountered in
amphibians and reptiles (Callard et al. 1985). Inhibition of vitellogenesis prevents the subsequent
ovarian follicular growth and ovulation during a fertile cycle, thus spacing the follicular phases and
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individuating the luteal phase - aspects of the cycle widely shared among nonmammals and
mammals. In addition, progesterone obtained functions in the early luteal remodeling of the
reproductive tract, such as preparing the reproductive tract or enhancing eggshell production or
nutritive secretions. While the role in the reproductive tract is generally widely present, its exact
realization, i.e.,, which aspects of internal development are enhanced, appears species-specific. We
suggest that these additional functions explain the variation observed in progesterone dependence
after performing ovariectomies at different gestation times in non-mammalian species. In striking
contrast to placental mammals, in most viviparous nonmammalian vertebrates, progesterone is not
essential for an entire gestation, and its withdrawal, particularly in the later stages, is not a ubiquitous
trigger of parturition.

The preexistence of the CL relative to internal fertilization and internal development, and the
fact that only the formation, but not the lifespan of CL, is regulated by ovary-external maternal signals
in at least early branching vertebrate lineages, suggests that the lifespan of CL is ancestrally inherent
to the ovary (see below), and only subsequently became responsive to signals from the endometrium
and trophoblast, as already suggested by Rothchild (1981). The process of evolution of the role of the
pituitary in maintaining the steroidogenic postovulatory CL, or extending its lifespan beyond the luteal
length of the sterile cycle in nonmammalian vertebrates, is not yet understood.

4. CL Endocrine Function and Its Regulation in Mammals

Therian pregnancy originated independently of nonmammalian occurrences. Whereas ancestral
marsupials have superficial and short pregnancies, the ancestral eutherian pregnancy is
characterized by implantation and a highly invasive placentation. In eutherian mammals, the full
length of pregnancy depends on elevated progesterone levels, which in most species are secreted by
the CL. Thus, only in this group do we find a consistent role of progesterone in pregnancy
maintenance, which may be related to the unique presence of invasive embryo implantation, or also
the lack of yolk (Rothchild 2003).

In this section, we will consider this novel maternal-fetal relationship as a potential driving
factor for the further evolution of CL regulation. In mammals, the endocrine function, lifespan, and
other properties of the CL often differ between CL during pregnancy (pCL) and those during a
nonpregnant cycle (npCL). This could have resulted from a selective pressure to decouple the two
instances, so that the modification of the pregnant luteal phase does not at the same time apply to the
nonpregnant luteal phase. The sterile CL lifespan may not impose a cost for those species in which
internal development is shorter than the interval between ovulations, as in these cases the CL does
not interfere with the subsequent cycle (i.e., in rare, induced or seasonal ovulation). In these cases,
the npCL lifespan would be neutral with respect to fitness. However, in species where the ovulations
re-occurs in shorter intervals, mechanisms to shorten the CL lifespan in sterile cycle, or prolong it
only when fertilized, would be predicted to increase reproductive output and thus fitness. CL
regulatory mechanisms are revealed when comparing the CL of pregnancy (pCL) to that of the
nonpregnancy (npCL). However, the latter is rarely reported, and, even if physiologically possible,
are probably only rarely realized in nature.

In most eutherians where known, the nonpregnant cycle’s luteal phase is shorter than the length
of intrauterine fetal development. In contrast, pregnancy is confined within the length of the npCL
lifespan in most marsupials; such as in gray-tailed opossum (Monodelphis domestica), where
pregnancy occurs within the length of sterile luteal phase. This supports the idea that the pCL and
npCL lifespans diverged early in the evolution of eutherian pregnancy. In some eutherian species
(e.g., the dog), the sterile and pregnant luteal phase are of equal length, but this is an exception and
not the rule, as will be discussed below. In such species, only a few changes are associated with the
pregnant cycle. In canids, for example, the latter includes a pregnancy-specific prolactin elevation
and delayed oocyte maturation (Papa and Mariusz 2020).

Eutherians manifest a wide range of regulatory mechanisms for either prolonging the
progesterone secretion by CL or inducing it from other (fetal or maternal) sources during the
pregnant cycle, or shortening the npCL by luteolytic factors, thus accelerating the transition into the
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next, potentially fertile cycle. Most of the known eutherian luteotrophic or luteolytic mechanisms are
ovary-extrinsic. Consistent evidence suggests that ancestral CL lifespan regulation was intrinsic to
the ovary. To understand how the intrinsic regulation of the CL may have become modified to
decouple pCL and npCL, we will next review the intrinsic regulation of this endocrine body.

4.1. Ovary-Intrinsic Regulation of CL Lifespan

In contrast to the oscillatory activity of other endocrine glands that are regulated by the negative
feedback from the pituitary (e.g., the thyroid), the CL lifespan has an intrinsic regulatory component
(Rothchild 1981). The primary endogenous mechanism of CL regulation consists of a balance between
steroidogenesis and reactive oxygen species (ROS) production, the latter resulting primarily from the
ovary’s local cellular respiration and mitochondrial steroidogenesis (Bose et al. 2002, Stocco 2000 and
2001, Chapman et al. 2005). The CL undergoes structural and functional regression when the balance
of these processes tilts towards ROS accumulation. ROS induce apoptotic cell death (Kato et al. 1997,
Behrman et al. 2001, Garrel et al. 2007) and interfere at several levels with progesterone synthesis,
either by impairing LH signaling, inhibiting the translocation of cholesterol to the mitochondria, or
interrupting the activity of the rate-limiting enzyme CYP11A1 (Behrman et al. 2001). Balancing this
destructive process, ROS production is inhibited by steroid hormones and luteal antioxidants, with
superoxide dismutases and small antioxidants constituting the primary defense (Hanukoglu 2006).
While progesterone directly counteracts ROS production, luteotrophins increase antioxidants,
therefore decreasing ROS activity. Given this endogenous lifespan control mechanism, luteotrophic
or luteolytic factors converge on modifying the production or activity of ROS and antioxidants (Al-
Gubory et al. 2005, Sugino 2006).

Rothschild’s suggestion that the CL lifespan is determined by the intrinsic balance of
progesterone and prostaglandin production complements the evolutionary reconstruction of
Browning (1973), according to which prostaglandins first served follicle’s fast post-ovulatory
regression, and the origin of progesterone signaling allowed a scenario in which this regression could
be delayed. Prostaglandins F2a and E2 exert autocrine, paracrine, and endocrine effects that depend
on the receptors they bind to (Narumiya et al. 1999; Narumiya and FitzGerald 2001). By binding to
FP and EP1 receptors, PGF2a activates the phospholipase C-protein kinase pathway, decreasing the
translation of steroidogenic enzymes and steroidogenic acute regulatory protein (StAR) (Sandhoff
and McLean 1996, Niswender et al. 2000). This common luteolytic factor, prostaglandin F2a,
facilitates ROS accumulation by decreasing the expression of ROS scavenger proteins (Foyouzi et al.
2005). Likewise, ROS enhances PGF2a’s abundance, leading to an accelerating process of luteolysis,
and the locally produced Oz, NO, and H20: activate the enzymes involved in the synthesis of
prostaglandins, further enhancing luteal production of PGF2« (Arosh et al. 2004). In contrast, PGE2
binding to EP2 and EP4 receptors, activates protein kinase A (PKA), inducing the transcription of
genes involved in steroidogenesis, angiogenesis, and cell survival (Ziecik et al. 2018). PKA is also
phosphorylated in response to external luteotrophic factors such as LH, indicating that endogenous
and exogenous factors have synergistic effects. The decrease in the PGE2:PGF2ax ratio restricts luteal
blood flow and inhibits steroidogenesis, as well as decreases StAR expression while increases
prostaglandin G/H synthase and the release of oxytocin by the CL (Milvae et al. 1996, 2000). The PGE2
to PGF2a ratio is thus essential to CL’s lifespan (Blitek and Ziecik 2005; Breuiller-Fouché et al. 2010).

Although it is clear that CL endocrine functionality results from a balance between luteotrophic
and luteolytic factors and that, for almost all mammalian species studied so far, ovary-intrinsic or
extrinsic PGF2a is the primary luteolysin, the exact mechanisms by which prostaglandin F2a initiates
luteal regression are not entirely known. This difficulty comes in part from the fact that PGF2a works
along other factors and seems to lose its luteolytic effect when acting upon isolated steroidogenic cells
(Hansel et al. 1991). One example of a mechanism of action of PGF2a is the activation of endothelin
1 (ET-1), which binds to receptors in the steroidogenic cells and decreases LH stimulation of
progesterone and blood supply to the CL (Milvae 2000). The importance of angiogenesis and the role
of the luteal microvasculature have been extensively revisited (Reynolds et al. 2000, Davis et al. 2003,
Tamanini and De Ambrogi 2004). While follicle luteinization requires the action of angiogenic factors
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that allow LDL cholesterol to reach the luteal cells and be converted into progesterone. Endothelial
cells, possibly via secretion of the luteotrophic prostaglandin PGI2, can enhance P4 secretion in the
luteal cells (Grish et al. 1995); endothelial factors also play a role in luteal maintenance, as well as
regression.

Besides the positive feedback between PGF2a and ROS production, immune cells and cytokines
are also involved in CL cell death. In turn, the expression of proinflammatory cytokines by the
immune cells recruited into the CL from the systemic circulation constitutes an early signal of CL
regression. The luteotrophic and luteolytic nature of immune factors depends on the luteal
environment, particularly on the absence of immunosuppressive factors such as progesterone
(Walusimbi and Pate 2013). Macrophages likely play a crucial role in the resolution of the luteolytic
process and avoidance of an inflammatory response (Pate and Keyes 2001), whereas T lymphocytes
enhance progesterone production in the CL of several species (Emi et al. 1991, Hughes et al. 1990 and
1991). On the other hand, progesterone inhibits lymphocyte proliferation and interferes with the
cytokine action on the luteal cells (reviewed by Siiteri and Stities 1982, Grossmanm 1984, Kelly 1994).
These protective effects weaken as progesterone concentration declines, which eventually
precipitates CL regression (extensively reviewed by Pate and Keyes 2001, Davis and Rueda 2002,
Cannon and Pate 2003, Bornstein et al. 2004).

Much of the research on luteolysis is conducted on mammals, and it is unclear whether these
mechanisms apply to non-mammals. ROS production in basic cellular biochemical processes, such as
steroidogenesis, respiration or hydroxylation is conserved across vertebrates. It is therefore likely that
the ROS and progesterone - mediated intrinsic CL lifespan control is shared across vertebrate CL. The
ancestral CL possibly expressed the key enzyme involved in prostaglandin biosynthesis, the
cyclooxygenase (in vertebrates isozymes COX-1 and COX-2), as the origins of these enzymes predate
vertebrates (Knight et al. 1999, Kolijak et al. 2001, Valmsen et al. 2001). Similarly, prostaglandin F has
been associated with spawning and hatching processes in marine invertebrates (Ruggeri and
Thoroughgood 1985), suggesting broad phylogenetic distribution.

Lastly, part of the intrinsic mechanisms for CL maintenance could derive from the mechanisms
underlying the resolution of inflammation after follicular injury of ovulation (Espey et al. 2004).
Inflammation precipitates angiogenesis, resulting in the infiltration of leukocytes into the
preovulatory follicle and the development of new vessels during CL formation. Although the
immune dynamics and cell composition over the ovarian cycle follow complicated patterns, it has
been suggested that the immune response shifts toward a type-2 response, dominated by T-helper 2
cells and involved in wound repair and tissue regeneration after infection or injury, in the luteal
phase (Bouman et al. 2001, Faas et al. 2000).

Regarding this last point and connecting with the next section, the evolution of eutherian non-
ovarian sources of CL regulation could have been connected to other significant innovations
characterizing eutherian reproductive biology, such as the decidual cell. The decidual cell and the
functional CL are transient structural entities necessary for successful embryo implantation that
result from a transformation of the stress response. The emergence of decidualization might have
promoted the new signals for prolonging the CL cycle, as the evolutionary origin of the decidual cell
was probably related to a stress reaction at the molecular and cellular levels (Erkenbrack et al. 2018,
Wagner et al. 2019). Many signals for MRP, like CG, PGE2, or PRL, have anti-apoptotic roles on both
the CL and stromal fibroblasts, and early embryonic signals work through similar mechanisms in the
luteal and decidual cells to prevent cell death and resolve the stress response. Furthermore, luteal
progesterone has protective anti-ROS effects on both the CL and the decidual cell. For instance,
progesterone increases superoxide dismutase activity in the endometrium, decreasing ROS and
prostaglandin F2a (Sugino et al. 1996, Sugino et al. 2000, Sugino 2006). Finally, many of the molecules
released by the blastocyst to ensure uterine receptivity, such as PGE2, play luteotrophic roles as well
(Psychoyos and Gravanis 1995).

In summary, the intrinsic regulation of CL lifespan thus results primarily from a balance
between steroidogenesis, ROS and prostaglandin production, and luteotrophic and luteolytic ovary-
extrinsic signals affect CL lifespan by modifying this balance. CL’s lifespan susceptibility to
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exogenous regulation by hormones of various origins, namely the maternal pituitary, the
endometrium, or the placenta, makes the CL a unique gland and regulatory hub that integrates input
from multiple sources (Stormshak et al. 1987). When this susceptibility first evolved, remains to be
elucidated.

4.2. Ovary-Extrinsic Regulation of CL Lifespan (Maternal Recognition of Pregnancy)

As previously mentioned, maternal recognition of pregnancy (MRP) is conventionally defined
as the mechanism that prolongs the luteal progesterone production in pregnancy (Short 1969) beyond
that of nonpregnancy, i.e.,, “rescues” the CL from luteolysis. MRP occurs soon after blastocyst
formation in eutherians, with the trophoblast inducing changes in CL as well as in the uterine
endometrium. Accordingly, most accounts consider MRP a unique eutherian trait (Flint et al. 1990).
Recently, authors have applied the MRP concept more broadly to designate any alteration in the
maternal physiology during pregnancy that distinguishes it from the nonpregnant condition. For
example, this broader notion, applicable in particular to marsupials, may encompass the difference
between the pregnant and non-pregnant uterus, also referred to as endometrial recognition of
pregnancy (Laird et al. 2017, Griffith et al. 2019).

A CL “rescue” function of placental signals does not seem to be present in marsupials. Although
blastocyst-mediated CL reactivation following hypophysectomy occurs in marsupial embryonic
diapause (Tyndale-Biscoe 1979), early research showed that the blastocyst does not extend CL
lifespan (Hinds and Tyndale-Biscoe 1982). Likewise, the differences in progesterone levels in
pregnant versus non-pregnant cycles are caused directly by a placental signal, as it has been shown
for the koala (Johnston et al. 2000) or in the quokka (Cake et al. 1980) and tammar (Hinds and
Tyndale-Biscoe 1982) early gestation. With exceptions, female marsupials have pregnant cycles shorter
than their oestrus cycle (Tyndale and Renfree 1974, Merchant 1979). This observation led to the hypothesis
that early progesterone falls at the end of the pregnant cycle could result from the luteolytic effect or a
luteolytic signal from the fetus (Hinds and Tyndale-Biscoe 1982b). In this regard, Hinds proposed a model
according to which the release of endometrial prostaglandin triggered by fetal glucocorticoids causes
pulses of pituitary prolactin (Hinds 1990). The latter would be responsible for shortening CL lifespan only
during pregnant cycle. Based on this evidence, Renfree (2000, 2010) considers that while endometrial
recognition of pregnancy is ancestral in marsupials (present in basal branching Monodelphis domestica),
maternal recognition of pregnancy, defined in this context as as any type of influence through systemic
signals of the fetal-placental unit on CL lifespan, is likely a derived trait in Macropodidae. While these
results suggest that the embryo of at least some marsupial species has the ability to signal its presence and
influence ovarian function, the signal, as opposed to the ones involved in eutherian MRP (reviewed in
Bazer 2015), reduces CL lifespan (Bradshaw and Bradshaw 2001).

If we follow Short’s classical definition of MRP as a mechanism that prolongs the luteal
progesterone production, we find that the phenomena is not ubiquitous even among eutherians, and
only if understood more broadly (as endometrial recognition) can it be considered a universal
eutherian feature. In fact, some eutherians do not prolong the CL function in pregnancy - these are
primarily species with long non-pregnant luteal phases to encompass pregnancy (e.g., dog), thus
lacking typical mechanisms for maternal recognition of pregnancy. These cases could resemble
viviparity in non-mammalian vertebrates or gestation in marsupials, and result from gestation
lengths short enough to be encompassed by the ancestral luteal phase in the lineage. Alternatively,
such long non-pregnant luteal phases might have evolved secondarily, if the extended pCL lifespan
resulted in a prolonged npCL too, particularly in cases in which selective pressures to shorten the
npCL may be missing, such as in seasonal reproduction or synchronized breeding in the group.

A distinction can be made between three patterns of npCL lifespan: long-lived, short-lived, and
ultra-short lived (Hennebold 2018; Figure 2, adapted). As said, species with long-lived CL show no
substantial differences between the pregnant and non-pregnant states, a situation also known as
physiological or covert pseudopregnancy. In the short-lived corpora lutea, the CL lifespan is prolonged
in response to conceptus, compared to the non-pregnant cycle. This type is found conspicuously in
most eutherian species and every superorder. On the other side of the spectrum are many rodents, in
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which the non-pregnant luteal phase is very short and likely secondarily reduced for fast
reproduction. In species with an ultra-short luteal phase, a fully functional npCL does not fully
develop, and a functional luteal phase can only be induced, mostly by mating. In case of sterile mating
a true pseudopregnancy develops, meaning a pregnancy-like luteal phase that can be induced but is
not a part of the regularly occurring cycle. Finally, in species with reflex ovulation, ovulation is also
induced by mating, and hence, the CL of pregnancy or nonpregnancy (if unfertilized), only develop
after mating. Induced ovulation does not show specificity for any order, as it is found in Lagomorpha,
Carnivora, Artiodactyla, Perissodactyla, and Eulipotyphla, and might be ancestral (Pavlicev and
Wagner 2016). Here, we review the types of ovarian cycles based on luteal CL lifespan across
eutherians, as well as important information on their physiology of reproduction.

a ] nonpregnant CL Long npCL (1)
Pr—— Pregnant CL No recognition of pregnancy

b " " Short npCL

N == MRP (+ potential external P4)
A tral CL lif
ni:es ral CL i espa-n R Long npCL (Il)
v ’ *C p— Correlated evolution of npCL

d M{— — Ultrashort CL (I)
———] only shortened npCL
i I*“ - Short or ultra-short CL (ll)

e N == —n MRP+ shortened npCL

Figure 2. Scheme with the plausible modifications of the lifespan of the corpus luteum of pregnancy
relativeto the nonpregnant CL.

4.3. Review of the Luteal Phase and MRP across Eutherians

Xenarthra

Although most xenarthran species prolong the lifespan of the CL in pregnancy, to our
knowledge, the mechanisms for maternal recognition of pregnancy in Cingulata and Pilosa are
unknown.

The xenarthtran order Cingulata include the nine-banded armadillo (Dasypus novemcinctus),
with an invasive, villous hemochorial placentation (Enders and Carter 2012), a delayed implantation
and, intriguingly, polyembryony (Hamlett 1933, 1935). The nine-banded female armadillo has a
single annual ovulation, and fertilization is followed by an embryonal diapause, delaying
implantation by 3 to 5 months (Talmage and Buchanan 1954). Progesterone levels during embryonic
diapause do not differ from those of non-pregnant animals (Labhsetwar and Enders 1968), but
removing both ovaries during the diapause period precipitates implantation via unknown
underlying mechanisms (Buchanan 1956). The pCL shows signs of regression in the latter part of
gestation, and progesterone is supplemented by the fetal adrenal gland, whereas the trophoblast is
only weakly steroidogenic (Nakakura et al. 1982). Authors have suggested that armadillo’s
reproductive features hint that the ancestral ovarian cycle entailed a long, intrinsically regulated
luteal phase, into which the invasive implantation and placentation in eutherians have evolved
(Hennebold 2018). However, studies on the ovarian cycle of different armadillo species have reported
short-lived, functional corpora lutea. For example, authors have indicated that the oestrus cycle of
the six-banded armadillo (Euphractus sexcinctus) is around 26 days (Campos et al. 2016) and about 25
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for the three-banded armadillo (Tolypeutes matacus). The dissociation of these traits could explain the
observed plasticity in type of ovulation (induced vs. spontaneous) and number of yearly cycles
(monoestrous vs. polyestrous) in response to environmental cues without implying a difference in
the presence/absence of MRP (Stephens et al. 2013).

Representatives of the other xenarthran order, Pilosa (anteaters and sloths), also show a cyclicity
and a short-lived, functional npCL. For example, Giant anteaters (Myrmecophaga tridactyla) are
polyestrous, nonseasonal breeders with villous hemochorial placentas and the gestation period of
around 6 months. Their regular ovarian cycles are around 53 days long, with the luteal phase of about
2-3 weeks and regular preovulatory estrogen peaks followed by increasing progesterone levels (Knott
et al. 2013, Patzl 1998). Similarly, the two-toed sloth Choloepus didactylus (suborder Folivora) has
regular nonseasonal cycles of around 30 days, with short-lived corpus luteum (luteal phase of 11-
16d) and pregnancy of 10 months (Troll 2013, Taube 2008). Shorter cycles of around 16 days have
been suggested for the Hoffmann’s two-toed Sloth (Choloepus hoffmanni; Calvo-Fernandez et al. 2024),
with the same gestation length. Gestation length of the sloth genus Bradypus with more emphasized
seasonality, the gestation length is around 6 months (Taube et al. 2008). Sloths also possess
labyrinthine endotheliochorial placentas (Carter and Moss 2012). Although most xenarthran species
must possess ways of prolonging the lifespan of the CL in pregnancy, to our knowledge, the
mechanisms for maternal recognition of pregnancy in Cingulata and Pilosa are unknown. Therefore,
the available evidence on early Eutherian CL regulation and whether there are xenarthran species
with long-lived CL is still inconclusive. On the other hand, the extragonadal supplementation of
progesterone through the co-option of different steroidogenic tissues in different species may be an
early trait of eutherians.

Afrotheria

Within Afrotheria, the species within the clade Paenungulata (Loxodonta africana, Elphas maximus,
Dugong dugon, Tricheus inuguis, or Procavia capensis) show similar reproductive traits. Elephants
(order Proboscidea) have particularly long infertile ovarian cycles as well as gestational lengths.
African elephants prolong their pregnant progesterone levels by accumulating up to 42 CL in the
ovary despite uniparity (Perry 1953; Smith et al. 1969), as they produce accessory CLs (acCLs) from
non-ovulated, luteinized follicles that develop during pregnancy (Laws 1970). The accessory corpora
lutea are essential for maintaining the long elephant pregnancies of around 22 months, during which
the ovary is the only source of progesterone (5a-reduced progesterone metabolites) (Lueders et al.
2012). In the absence of an embryo, the elephant CL begins to regress after six weeks, constituting a
conspicuously long luteal phase. A luteotropic placental lactogen is the main candidate for the
mechanism for maternal recognition of pregnancy in the African elephant (Yakamoto et al. 2011).
Interestingly, elephant CL'’s rescue only occurs once a viable blastocyst attaches to the endometrium,
instead of during the preimplantation phase, possibly to ensure the presence of a healthy embryo,
and is characterized as a last-minute mechanism for pregnancy recognition (Lueders et al. 2012).

Species of the closely related order Sirenia (dugong, manatee) show similar reproductive
patterns: accessory corpora lutea, uniparity, relatively long ovarian cycle (46-64 days in dugong;
Wakai et al. 2002)) long gestational length of 12-13 months, and endotheliochorial placentation
(Marsh 1984, Rodrigues et al. 2008, Carter et al. 2008). In contrast, the Rock hyrax (Procavia capensis,
order Hyracoidea) lacks accessory CL; instead, the number of CL matches the number of conceptuses,
and the CL forms only from ovulated follicles. Based on vaginal smear composition, their cycles are
estimated to be of around 14 days (Gombe 1983). Hyracoidea species show remarkably long
pregnancies (around seven months) for their small size and have hemochorial placentation (Kayanja
1973). It is unclear whether sources other than the CL provide progesterone for the full length of
pregnancy. However, early reports indicated the presence of chorionic gonadotropin hormone in the
hyrax placenta (Charanjit 1980).

Less is known about the oestrus cycle in the order Afrosoricida. Small African mammals of the
family Tenrecidae breed seasonally (Gould and Eisenberg 1966; Nicoll and Racey 1985) and have long
gestations (50-70 days). For example, small madagascar hedgehog Tenrec Echinops telfairi is
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seasonally polyestrous, with very short recurring oestrus cycles of six days (Godfrey and Oliver 1978)
and long gestations of 62-65 days (Eisenberg and Muckenhirn 1968). Details of potential
pseudopregnancy or the progesterone sources are unknown.

Lastly, the best-studied species of order Macroscelidea is the eastern rock elephant-shrew
(Elephantulus myurus), owing to its spontaneous decidualization, menstruation, and invasive
placentation (Carter 2018). The estrous cycle of the elephant shrews is about 12 days, with a short
functional luteal phase that is extended in the pregnant cycle to a gestation length of 24 - 75 days (51
in E. myurus) (Tripp 1972). Aardvark, belonging to Tubulidentidae, has a long gestation (7 months)
and seasonal reproduction (Van Aarde 1984). To our knowledge, the mechanisms for MRP or
placental steroidogenesis have not been studied in elephant shrews or other African insectivores.

No reported cases of luteal-placental shift in Afrotherian species were found. Overall, the most
common pattern in the Afrotherian orders is that of a short, functional npCL and a long gestation.

Laurasiatheria

Ruminants display a short-lived corpus luteum that is extended in pregnancy. In the well-
studied cattle and sheep, interferon tau (IFNT) has been identified as the primary signal for MRP.
This cytokine, produced by the trophectoderm (TE) cells during the peri-implantation period, rescues
the CL via multiple mechanisms (Roberts et al. 1992). The best-known mechanism is by silencing the
estrogen receptor alpha (ESR1), and thereby downregulating oxytocin receptors in the endometrial
epithelium and disrupting OXT-induced release of endometrial PGF2a (Bazer et al. 2008). Less
explored mechanisms by which IFNT extends CL lifespan include inhibiting lymphocyte
proliferation, modifying the PGE2:PGF2a ratio by prioritizing PGE2 biosynthesis, or altering
prostaglandin transport to the CL (Arosh et al.,, 2004, 2016). The bovine placenta contributes to
progesterone production towards late pregnancy (Shenavai et al., 2010). In sheep, the expression of
endogenous Jaagsiekte sheep retroviruses (EnJSRVs) in the endometrial luminal and glandular
epithelium is enhanced by luteal progesterone and stimulates trophoblast proliferation and
production of IFNT (Spencer et al. 2006, Spencer and Bazer 2002). The ewe presents a luteal-placental
shift at around 55 days of gestation (Casida and Warwick 1945). IFNT is also likely involved in the
primary MRP mechanism in other Artiodactyla species.

The pig ovarian cycle lasts 18-21 days, with the CL forming 4-5 days post ovulation, and peaking
in progesterone production at day 12-14 in nonpregnancy. Hysterectomies in the mid-luteal non-
pregnant phase result in a CL lifespan of 114 days or more (Anderson 1973), implicating uterine
production of a luteolytic factor. Bazer and Thatcher (1977) proposed that in the pig, the endocrine
secretion of endometrial PGF2« in the non-pregnant cycle is replaced by the exocrine, secreted in the
uterine lumen, in pregnancy (the endocrine-exocrine theory of MRP). The substance secreted by the pig
conceptus that causes this change from endometrial PGF2a endocrine secretion to exocrine secretion
is estradiol-17 3 (E2) (Bazer et al. 2008, 2013). The pig conceptus also increases the PGE2/PGF2x ratio
by increasing PGE2 levels and releases cytokines and interferon-y (IFNG) and IFN-0 (IFND) into the
uterine lumen at the time of implantation (Ka et al. 2018). However, these have no anti-luteolytic
effect but rather prime the endometrium for implantation. Finally, studies have reported increasing
levels of placental progesterone production throughout gestation (Knight 1994), suggesting, at least,
a partial luteal-placental shift.

The Camelidae family possesses several unique features for Artiodactyla, such as induced
ovulation followed by the development of a short-lived CL. In the induced nonpregnant cycle (i.e.,
pseudopregnancy), progesterone peaks ten days after ovulation, with endometrial luteolytic pulses
of PGF2a starting to peak a day later. If fertilized, MRP in the dromedary (with an ovarian cycle of
about 28 days; Musa 1979) occurs between days 8 and 12 after mating, and the CL is the only source
of progesterone throughout 15-month-gestation (Skidmore 2018). Although the exact mechanism of
MRP is not established, it is suggested to also involve blastocyst estrogen release and endometrial
estrogen receptors (Bianchi 2022).

Slightly longer ovarian cycles have been reported for Cetaceans. All the studied Cetaceans are
spontaneous ovulators with a short, functional npCL and MRP, the mechanism of which is unknown
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(Fukui 2007, Pomeroy 2011, Robeck and O’'Brien 2017). While the oestrus cycle in the atlantic
bottlenose dolphin (Tursiops truncatus) and pacific white-sided dolphin (Lagenorhynchus obliquiden) is
of around 27 days, respectively 31 days (Robeck et al. 2005; Robeck et al. 2009), with gestational
lengths around 12 months. Longer cycles of about 40 and 50 days have been described in the orca
(Robeck and O’Brien 2017) and beluga whale (Steinman et al. 2012), which also have longer gestations
(17, respectively 14 months). The steroidogenic capacity of the cetacean placenta has been shown in
single species, such as in the Minke Whale (Balaenoptera bonaerensis, Sasaki et al. 2013) or Killer Whale
(Orcinus orca, Robeck et al. 2018). To summarize, the Cetartiodactyla ovarian cycles outlined in here
entail a relatively short, functional npCL, with oestrus cycles ranging from 15 (e.g., lesser mouse deer
Tragulus javanicus, Kusuda et al. 2013) to around 50 days in some cetaceans.

Perissodactyls (horses, rhinoceros, tapirs) manifest seasonal spontaneous polyestrous
nonpregnant cycles of 21-22 days and a progesterone peak around 6-18 days post-estrus. The mare
conceptus releases an independently evolved chorionic gonadotropin, equine chorionic
gonadotropin (eCG) (Carter 2022) that binds to LH receptors. eCG appears only around day 35 in
pregnancy, prolonging the pregnancy by inducing additional ovulations and promoting the
formation of accessory corpora lutea (Murphy 2018), being a late mechanism of pregnancy
recognition, likely evolving in addition to an earlier mechanism. In the mare, the conceptus inhibits
the endometrial release of PGF2a by an unknown underlying mechanism (Klein and Troedsson
2011), for which several possibilities have been suggested (Lawson 2022, Smits 2020). By week 16, the
mare presents a luteal-placental shift (Conley 2016). The sumatran rhinoceros (Dicerorhinus
sumatrensis), on the other hand, is the only perissodactylan induced ovulator reported (Roth et al.
2001). Rhinos possess a short-lived functional CL, but exact length of the ovarian cycles can vary
widely across species, ranging from 21 days in Asian rhinos, 43 days in Indian rhinos or up to 70 days
in white rhinos (Roth and Brown 1999, Schwarzenberg et al. 1998, 2000). Lastly, a luteal-placental
shift after the third month of gestation has been reported for several rhinoceros species, with placental
progesterone until the end of 16-17-month pregnancy (Schwarzenberger and Hermes 2023).

The speciose order Chiroptera manifests broad variation in ovarian cycles: in particular in
temperate zones, many species are monoestrous (e.g., the Schlieffen’s bat, Van der Merwe and
Rautenbach 1987; Common bent-wing bat, Bernard et al. 1991), whereas polyestrous cycles are more
common among the tropical species (e.g., wild fulvous fruit bat, Zhang et al. 2007; Cave nectar bat,
Krutzsch 2005). Several families include species with spontaneous decidualization in nonpregnancy
and menstrual-like bleeding, among them the basal branching Pteropodidae (e.g., the short-tailed
fruit bat Carollia; Rassweiler and Bonilla 1992), Molossidae (Rassweiler 1991), and Phyllostomidae
(Hamlett 1934). These species have ovarian cycle lengths of around thirty days (Rasweiler and Bonilla
1992, Zhang et al. 2007). Chiropterans can modify their reproductive cycle through delayed ovulation,
implantation or embryonal development, and during the latter two the activity of CL is reported to
be reduced (Crichton et al. 1989), which complicates determining the length of pregnancy and
pregnant CL. Progesterone concentration peaks close to parturition in most species examined, such
as in the big brown bat (Eptesicus fuscus, Greville et al. 2022), or in the little brown bat (Myotis lucifugus,
Currie et. al. 1988). Placental progesterone synthesis is known in several species, such as in the Natal
clinging bat Micropterus schreibersii natalensis (Van Aarde et al. 1994) and in the little brown bat (Currie
et. al. 1988). Signs of structural luteolysis are reported to significantly precede parturition in many
bat species, which is in itself not surprising given placental progesterone synthesis. Intriguingly, in
some species, progesterone levels are reported to start decreasing in mid pregnancy (Burns and
Easley 1977), but this may be related to a developmental delay. Overall, Chiropterans manifest a short
npCL, which is prolonged in pregnancy, and additional progesterone supplied by the placenta.
Chiroptera also presents an extensive range of invasiveness, from endotheliochorial to invasive
hemochorial placentation (Gopalakrishna and Karim 1979).

Among Carnivora, the families of the suborder Caniformia differ substantially in the length of
npCL, yet all species studied present endotheliochorial placentas (Enders and Carter 2012). The
reproductive biology of the Mustelidae family is known for its widespread obligate embryonic
diapause. Ferret (Mustela putorius), for example, is seasonally polyestrous with copulation-induced
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ovulation leading to pregnancy or pseudopregnancy of 39-42 days (Deanesly 1967), and the luteal
progesterone levels that start to decline midpregnancy, much before structural luteolysis occurs. The
European mink (Mustela lutreola) is seasonally polyestrous (Amstislavsky et al. 2009 a,b) and has a
breeding season with oestrus lasting from 1 to 12 days and, when not mated, can re-enter new cycles
after 2 to 4 weeks. As is in other Carnivorans, there is no evidence of steroidogenesis in the mink or
ferret placentae (Douglas et al. 1998, Blatchley and Donovan 1976). Most species of the Ursuidea
family are seasonally polyestrous, induced ovulators (Spady et al. 2007, Boone 2004). Most bears have
embryonic diapause, with the CL and the embryo entering a dormant phase after fertilization,
enabling the female to enter a new cycle and mate repeatedly, potentially accumulating a litter with
different fathers. The litter implants simultaneously after the diapause is finished. The long CL has
been reported in seasonally spontaneously ovulating black bears (Tsubota et al. 1987) if no matings
occurred, similar to Canids. No placental progesterone synthesis has been found in bears (tested in
Japanese black bear, Sato et al. 2001), and MRP is unknown. Seasonal monoestrous cycles with a long
npCL are common also in seals (Pinnipedia superfamily; Boyd et al. 1991), with exemptions (e.g., the
polyestrous Hawaiian monk seal Monachus schauinslandi; Iwasa and Atkinson 1997). No placental
progesterone synthesis was found in the seal species examined (Ishinazaka et al. 2001). As ursids and
mustelids, most species of Pinnipedia have embryonic diapause (Renfree and Calaby 1981).

The family Canidae presents some unique characteristics, such as obligatory periods of ovarian
inactivity or anestrus (Nagashima and Songsasen 2021). Most species are spontaneous ovulators,
with some exceptions (e.g., the maned wolf, Chrysocyon brachyurus; Johnson et al. 2014). Canids have
a long monoestrous cycle, with a luteal phase of around two months, irrespective of pregnancy
(Concannon 2018). Although the uterus does not shorten or lengthen the sterile ovarian cycle, as
shown by hysterectomies, PGF2a does cause a prepartum luteolysis in pregnancy, frequently leading
to the pregnancy being somewhat shorter than the sterile luteal phase (Kowalewski 2014). In contrast,
in Felids, the pregnant and nonpregnant luteal phases diverge, displaying differences in progesterone
patterns. This suggests a role for the luteotrophic and luteolytic factors such as relaxin, prolactin, and
prostaglandin F2a (Banks et al. 1983, Tsutsui et al. 1993, Siemieniuch et al. 2010). Felids are mostly
induced ovulators but also include species such as lynx, reported to ovulate spontaneously under
natural conditions (Brown 2006; Painer et al. 2014). Many felids display polyestrous cycles (Wildt et
al. 1981). The domestic cat (Felis catus) has induced ovulation and can enter a new oestrus cycle after
2 to 3 weeks if nonpregnant. After a fertile mating, pregnancy lasts 58 - 65 days. Other felids have
slightly longer cycles and gestation periods, like the Bengal tiger (Panthera tigris) with over 100 days
gestation (Brown 2011). The Eurasian and Iberian Lynx are interesting exceptions, with a long
monoestrous cycle and a CL life span of up to two years or more, with elevated progesterone levels
(Painer et al. 2014; Goritz et al. 2009). Oestrus and pregnant cycles (44, respectively about 50 days)
are close in length also in the bobcat (Lynx rufus; Goritz et al. 2009). Studies have reported the presence
of steroidogenic enzymes and detectable levels of progesterone in the felid placentae for domestic cat
and Iberian lynx (Malassiné et al. 1979, Braun et al. 2012), but the details of the luteal-placental shift
are not well-known.

Finally, within the order Eulipotyphla, a very short estrous cycle (2-4 days) has been reported
for the seasonally polyestrous short-tailed shrew (Blarina brevicauda; Nowak 1999), with gestation
averages of about 21 days, and for the Hispaniolan solenodon (Solenodon paradoxus), with a 9-13 days
estrous cycle and gestation average of 50 days (Eisenberg and Gould 1966).

In summary, the nonpregnant luteal phase of Laurasiatherians encompasses all types of cycles,
including the ultra-short, short and long-lived npCL. In some of the species with short-lived npCL,
above all Cetardiodactyla and Perissodactyla, anti-luteolytic mechanisms for maternal recognition of
pregnancy have been identified, but in most orders they remain unknown.

Euarchontoglires

Euarchontoglires is the mammal clade including the relatives of Euarchonta, the primates and
their relatives, as well as Glires, rodents and lagomorphs. Reproduction of the rabbit (Oryctolagus
cuniculus) is best investigated of the lagomorphs. Rabbits undergo mating-induced ovulation with
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the subsequent formation of a CL of pregnancy (30 days) or pseudopregnancy (16-18 days; Bazer
2015). The CL persists as the primary source of progesterone throughout pregnancy. When and how
the function of the CL in pregnancy is rescued beyond the life span in pseudopregnancy is not known
(Browning and Wolf 1981, Marcinkiewicz et al. 1992, Gadsby et al. 1983), as no significant differences
between pregnant and pseudopregnant females until days after implantation have been found.
Estrogen has been suggested as the main luteotrophic factor (Keyes and Gadsby 1987).

Rodents are the largest mammalian group, with a highly diverse reproductive biology. In the
following, we follow the phylogeny of Swanson et al. (2019), staying at the suborder level. The
basally-branching suborder of Ctenohystrica (Guinea pig, chinchilla, viscacha, degu, porcupine, etc.)
is characterized by spontaneous ovulation, a functional nonpregnant CL, and a long gestation. For
example, the Guinea pig (Cavia porcellus) has a 16-day cycle, 12 of which are the luteal phase, and a
gestation length of 70 days. In the guinea pig, a release of a luteotropic substance three days after
ovulation induces the formation of functional CL, while the second release depends on embryo
implantation between days 4 and 6 of gestation, maintaining the CL until mid-gestation, when luteal-
placental shift occurs (Aldred et al. 1961). The maintenance of the CL beyond the luteal phase of the
nonpregnancy has been suggested to be related to the presence of a chorionic gonadotropin-like
hormone (Sherman et al. 2001, Carter 2022) or a prolactin-like hormone secreted by the
spongiotrophoblast (Alam et al. 2010); however, the exact mechanism of maternal recognition of
pregnancy remains unknown. Chinchilla has a long non-pregnant cycle of 30-40 days, and 105-115
days gestation, similar to plains viscacha (Lagostomus maximus), with a 45 days estrous cycle and a
154 days gestation (Weir 1971). In Degu (Octodon degus), the cycle is of 17-21 days, while gestation
lasts 90-95 days (Reynolds and Wright 1979). Naked mole rats (Heterocephalus glaber) have a gestation
length of 70 days.

Similar gestation lengths can be found in the sister-clade Sciuromorpha, for instance, in the
Castor Canadensis gestation lasts 100-130 days (refs). In other species, like the Arena Mountain Beaver
(Aplodontia rufa nigra) shorter gestation lengths (up to a month) have been reported, although they
probably constitute an underestimation (for a discussion see Zielinski and Mazurek 2016). Similar is
the case with the monoestrous Alpine marmot (Marmota marmota; 33-35 days) or Woodchuck
(Marmota monax; 34 days), and similar gestation lengths are reported for ground squirrels (28-34 days),
and somewhat longer in squirrels (up to 42 days). The length of the estrous cycle or luteal phase is
not reported in most members of Sciuromorpha. In the suborder Castorimorpha, the nonpregnant
cycle suggests short, functional npCL, and these species also primarily manifest a long pregnancy:
Beaver (Castor sp.), a seasonally polyestrous species with a cycle of ca. two weeks, and a pregnancy
of 100-110 days or the Kangaroo rat (Dipodomys sp.), with a cycle of 12-13d and a gestation length of
ca. 31days.

Notably, many of the species with long nonpregnant cycles breed seasonally in nature- possibly
indicating that their npCL is under less selection for rapid succession of estrous phases under natural
conditions- even if they may be physiologically able to breed continuously (e.g., in captivity).

Classical rodent model species belong to the superfamily Muroidea in the suborder Myomorpha:
rats, hamsters, deer mice, gerbils and mice. These species are characterized by a short (4-5d)
nonpregnant cycle with an ultra-short nonfunctional npCL, and lack chorionic gonadotrophins and
placental progesterone production. In the paradigmatic house mice (Mus musculus), the progesterone
from the postovulatory follicle is low, and the follicle soon degenerates. Mating is necessary in mice
for a functional CL with sufficient progesterone for implantation. Mating induces the release of
prolactin (PRL) from the anterior pituitary, the initial luteotrophic signal enhancing LH receptors and
inhibiting the activity of progesterone-catabolizing enzyme 2 0a-hydroxysteroid dehydrogenase
(Soares 2004). If mating is sterile, this results in a 12-14 days long pseudopregnancy. If mating is
fertile, lactogenic hormones from the conceptus and the uterine decidua maintain the luteal cells and
progesterone secretion after day 12, shifting the dependency of pregnancy to placental luteotrophins
(Choundary and Greenwald 1969). While its function in lactation is shared among eutherians,
prolactin (PRL) has a broad species-specific array of additional functions (Soares at el. 2007), and the
involvement in pregnancy of PRL gene family members have been reported in rodents, primates, and
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ruminants (Soares 2004), even if their exact role is not fully understood (Ben-Jonathan et al. 2008). In
most species, PRL production is restricted to the pituitary and the decidua; however, in mice,
trophoblasts also express PRL genes (Rawn and Cross 2008). Pituitary PRL plays a similar, if not
identical, role as the pregnant luteotrophic hormone in hamsters and rats. Cricetidae hamsters and
rats also have ultra-short npCL, with short estrous cycles of four days and gestation periods of 16 and
22 days, respectively. They have induced pulses of prolactin from the maternal anterior pituitary
gland and lactogenic hormones from the uterine decidua and placenta. While shared among (most
efficiently reproducing) model species, this type of cycle is not representative of all Myomorpha.
Indeed even within the Muridae family, several species show long nonpregnant cycles with
functional luteal phase, such as the Spinifex hopping mouse (Notomys alexis) with a 8 days cycle
(Breed 1975, Breed et al. 2011), or the African spiny mice (Acomys cahirinus), with 6 - 10 days, and a
menstruation of ca. three days at the end of the luteal phase (Peitz 1981, Bellofiore et al. 2018). A
functional npCL also exists among Critecidae, e.g., the Cotton rat (Sigmodon hispidus) has a 7-9 day
cycle (Faith et al. 1997). Interestingly, these species also have a longer gestation than the species with
ultra-short CL (38-41 days in N. alexis, 38-45 days in A. cahirinus, 27-28 days in S. hispidus). The
presence of a luteal-placental shift or mechanisms of MRP have not been reported for these species.

Primates are characterized by a short-lived functional npCL which is extended during
pregnancy. The syncytiotrophoblast of the blastocyst adhering to the maternal endometrium secretes
chorionic gonadotropin (CG) in New World monkeys, Old World monkeys, apes, and humans. The
gene for its -subunit arose by the duplication of the $-subunit gene of the luteinizing hormone
(present in all mammals) in the lineage of anthropoid primates (Maston and Ruvolo 2002). Its action
in humans is well understood: human CG (hCG) signaling constitutes a classical mechanism for
maternal recognition of pregnancy, with the gene transcribed at the eight-cell stage before
implantation. hCG takes over the direct luteotrophic effect of LH on the corpus luteum, signaling via
the same receptor (LHCGR), (Sugino et al. 2000). Besides hCG, additional factors could be involved
in promoting human CL’s steroidogenesis after implantation (Oon and Johnson 2000). Placental
progesterone production (i.e., luteo-placental shift) sets in at about seven weeks into human
pregnancy (Fazleabas et al. 2004).

Although with some specializations (which may or may not have a parallel in Old World
primate adaptations), such as more variation in litter size, New World monkeys exhibit typical
primate cycles. For instance, the Marmoset (Callitrhix jacchus) has cycles of around 28-30 days (but
lacks menstruation) and gestation lengths of around 144 days (Tardif et al. 2003). It was reported
early on that the duration of CL’s progesterone secretion is longer in the Marmoset than other
primates, indicating that the luteal-placental shift occurs at a later stage of pregnancy (Hodges et al.
1983). (Hodges et al. 1983). Interestingly, it has been proposed that a higher number of fetuses (twins
in nature) may extend the period of elevated chorionic gonadotropin, resulting in a delayed luteal-
placental shift (Ziegler et al. 2023).

Prosimian primates (lemurs and their relatives) do not produce chorionic gonadotropin. In
addition, strepsirrhine primates possess epitheliochorial placentas and non-invasive implantations
(Mossman 1987, Carter and Enders 2003). Prosimians have nonseasonal spontaneous ovarian cycles,
as well as long gestations, like other primates do (reviewed in Van Horn and Eaton 1979). For
instance, the mean ovarian cycle length of the ring-tailed lemur (Lemur catta) is around 39 days, with
gestations of about 136 days (Evans and Goy 1968). On the shorter end, the Philippines tarsier (Carlito
syrichta) has cycles of about 23 days and gestations of about six months (Catchpole and Fulton 1943).
Some prosimians, such as the brown greater galago (Galago crassicaudatus), have conditional
seasonality: this nocturnal primate is polyestrous in captive conditions while remaining monoestrous
in the wild (Von Horn and Eaton 1979). Their oestrus cycle length, however, is within the range for
primates (about 44 days) (Eaton 1973), with a gestation of 133 days, illustrating that short-lived npCL
can coincide with monoestrous reproductive modes. To our knowledge, nothing is known about the
prosimian luteo-placental shift, nor about the mechanisms for MRP that extend CL’s lifespan in
prosimians.
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In summary, most Euarchontoglires manifest a short-lived functional npCL. A subset of rodents,
including several animal models, have a likely derived ultra-short npCL with an induced luteal
phase. No cases of long-lived corpora lutea have been reported in this superorder. Prolactin and
chorionic gonadotropin are the most widespread signals for MRP in this superorder, but they are also
the only ones studied to date. The MRP signals that play a role in most rodents with a short functional
npCL, or in prosimians, are unknown.

4.4. Evolutionary Trends in Mammalian CL Lifespan and Life History Traits

The endocrine participation of the fetus, first through signals for MRP and then through steroid
synthesis, introduced a shift in the control of pregnancy support from the ovary to the blastocyst and
then to the placenta. These two mechanisms are two steps of a crucial event, namely the decoupling
of the pregnant and nonpregnant cycle, and constitute essential novelties in neuroendocrine control
that paved the way for the longer gestation lengths characteristic of eutherians. Still, understanding
the evolution of gestation and its decoupling from the homologous luteal phase requires considering
what may have driven the evolution of eutherian gestation length before and after the appearance of
these signaling events.

First, the phylogenetic co-distribution of reproductive traits shows that the maternal recognition
of pregnancy is widely distributed, regardless of the type of placentation or the presence of the luteo-
placental shift. This observation challenges the notion that the underlying driving force for the
evolution of MRP is the maternal-offspring conflict (McCoy and Haig 2020), which would be
particularly manifested in invasive placentation, in which fetal signaling to the mother is most direct.
In contrast, while the mechanisms of decoupling, such as endocrine activity of the blastocyst (MRP)
and the placenta (luteo-placental shift) are present in species with invasive placentation, they are
equally present in the lineages with noninvasive placentation, such as ungulates (Figure 3). Therefore,
the different types of fetal over maternal control are not correlated, as might be expected when
following the notion of maternal-fetal conflict. A short-lived, functional npCL is the most widely
distributed type of cycle among extant eutherians, co-occurring with all placentation types,
regardless of the presence of luteal-placental shift, pseudopregnancy and the type of ovulation
(Figure 3). The long-lived npCL in long monoestrous cycle, in contrast, is rare and coincides with an
endotheliochorial placentation in carnivores. Similarly lineage-specific is the ultra-short-lived npCL
and induced-luteal phases (Muridae, Cricetidae, Eulipotyphla, Afrosoricida and Macroscelidea),
which only seem to have evolved in species with hemochorial placentas with no gonadotropin or
progesterone expression. From the nestedness of the species with exceptionally long or ultra-short
npCL in clades with short-lived npCL, we suggest that the two former are derived cycles, whereas
the latter is the shared condition for most major groups, following the origin of MRP.
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Second, it has long been appreciated that mammalian evolution involves increases in body size
(Cope 1887, Alroy 1998) and that the gestation length scales allometrically with body size in species
giving birth to precocial as well as altricial young, albeit to a different extent (Martin and MacLarnon
1985). These relationships were also found in our dataset (Figure 4A). Moreover, we found that the
length of the nonpregnant cycle is also positively correlated with body size (Figure 4B). The latter
implies that the length of the nonpregnant cycle coevolved with the gestation length as their
correlation is maintained even when accounting for body size (by regression on log-log scale; Figure

Dicerorhinus_sumatrensis

22
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4C). We anticipate an even more pronounced correlation between the actual homologs, namely the
lifespans of corpora lutea of pregnancy and nonpregnancy, than is seen between the gestation length
and cycle length. We expect this because in many precocial species, gestation is prolonged by non-
ovarian sources of progesterone (or accessory corpora lutea), and because our data on nonpregnant
cycle refers to the whole cycle rather than just to the luteal phase. Assuming that a sufficient amount
of data on the pCL and npCL lifespans can be generated, testing this relationship in the future will
inform us whether an evolutionary constraint to gestation length increase due to a coupling between

pCL and npCL persists.
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Figure 4. Strong effect of body size on the length of nonpregnant and pregnant cycles in precocial and
altricial mammals. Relationship between body size and gestation length (A) and body size and estrous
cycle length (B) on a log scale across mammalian taxa (see data in supplementary material).
Relationshipbetween the residual pregnant and nonpregnant cycle lengths after regression on the
body weight (C). Note that the nonpregnant cycle scales equally strongly with body size in altricial
and precocial species. In contrast, gestation length scaling with body size is stronger in precocial
species than in altricial species, explaining much of the variation in the former and implying that body
size might drive the divergence between precocial and altricial species. After accounting for body
size, gestation length correlates well with the nonpregnant cycle length in both cases. All regressions
p<0.05.

To avoid the effects of the bias towards larger body size in extant species, we removed the effect
of body size (using regression on the log-log scale) before conducting the ancestral state
reconstruction of ovarian cycle and gestation length (Figure 5). Even so, the inference suggests that
the ancestral length of the nonpregnant cycle was substantially shorter than the ancestral gestational
length (26 days vs. 161 days, respectively, Figure 6), implying that a mechanism for decoupling and
thus maternal recognition of pregnancy existed in the eutherian ancestor. This seemingly contradicts
the empirical evidence of different MRP mechanisms in major lineages (Figure 7), which strongly
suggests that these have originated independently after the lineages separated. We can think of two
potential solutions to this conundrum, both pointing to problems in ancestral state inference when
the traits do not change continuously.


https://doi.org/10.20944/preprints202406.0575.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0575.v1

24
Chaloapus didactylus Choloepus didactylus
Choloepus hoffmanni Choloepus hoffmanni
Myrmecophaga tridactyla ‘yrmecophaga tridactyla
Tolypeutes matacus Tolypeute l¢
Euphract i Euph i
Elephantulus myurus Eleph lus My
Echi telfair Echinops telfairi
Elephas maximus Elephas maxim :
Loxodonta africana Loxedonta africana
Trichechus inungui: Trichechus inungui
Dugang dugon Dugong dugon
Procavia capensi: Procavia capensi:
Tupaia Tupaia montana
—= Cephalopachus bancanus wphalopachus bancanw:_—
Carlito syrichta Carlito syrichta
Macaca mulatta Macaca mulatta
Papio papio Papio papio
Homo sapiens Home sapiens
Gorilla gorilla Gorilla govilla
Callithrix jacchus Callithrix jacehus
Lemur catta Lewmur catfa
Otalemur crassicaud. tolernur crassicaudatus
Leris tardigradus Loris tardigradus
Perodicticus potto Perodicticus potto
Cavia porcellus Cavia porcellus
- Chinchilla lanigera Chinchilla lanigera L
Lagostamis maximus Lagostomus mximus%
Octodon degus Qetodon deg
Fukomys damarensis Fukemys damarensis
Haterocephalus glaber H phalus glaber
Acomys cahirinus Acomys cahirinus
Notomys alexis Notornys abiﬁ%E
Mus musculus Mus musculus
1 Ratius norvegicus Raftus norvegicus =
= (_ricetus cricetus Cricetus cricetys s—
L Spermophilus citellus Spermaphilus m.lm:__|_] -
;{il\dﬂm marmota Marmota marmota
Apledontta rufa Aplodontia rufa em—
Oryetolagus cuniculus clolagus cunicult
n P Carroillia pevspleiliata Carollia perspicillat: B
EEEEEE—— T T Sus scrofa
Tragulus javanicus Tragulus javanicus
WNaemorhedus griseus Naemorhedus griseus
Ovis arigs Qvis aries
. Capra nubiana Capra nublana L
Bos taurus Bos taurus
Tursiops truncatus Tursiops truncatus
b Pelphinapterus leucas Delphinapterus leucsas sl
Camelus bactri Camelus bactn,
— Ceratotherium simum Cevatotherium sr'mum_l
Di hinus sumatrensis vhil 1515
— 1L i orii Rhi P ] -
Equus Equus caballus
Mustela erminea Mustela erminea
Mustela lutreola Mustela ltreola
Panthera leo Panthera leo
Felis catus Felis catus
Lynx rufus Lynx rufus
| === Blarina brevicauda Blarina brevicauda 7
Solenodon parac fon parado:
Nota LS Eugenii Notamacropus eugenii
Potorous tridactylus Potorous tridactyius
1.314 CL_WTcaorr 2583 1.314 prg_WT.com 2593
— e —— —_—
length=60 length=80

Figure 5. Maximum likelihood ancestral state reconstruction of ovarian cycle and pregnancy lengths.
Plots were generated using the contMap() function in phytools (Revell 2024) and using the
phylogenetic tree oftimetree (Kumar et al. 2022). Values plotted are residuals after regression for body
mass (WTcorr). Pregnancy length and body mass data were sourced from AnAge database (de
Magalhaes et al. 2024). Ovarian cycles lengths were compiled from several sources (references in the
review of the luteal phase and MRP across eutherians).


https://doi.org/10.20944/preprints202406.0575.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted

26 days

Choleepus didactylus W
/—|| E Chaloapus hoffmanni
[1 Myrmecophaga tridactyla

II:E Tolypeutes matacus
Euphractus sexcinctus

Elephantulus myurus o
Echinops telfairi

CEiephas maximus m
Loxodonta africana '

:E Trichechus inunguis
Dugong dugon
e Procavia CAPENSIS
Tupaia montana

{: Cephalopachus bancanus
Carlto syrichta
Macaca mulatta
Fapio papio
Homo sapiens
Gorilla gorilla
Caliithrix jacchus
Lemur cafta
Otolemur crassicaudatus
Loris tardigradus
Perodicticus polto
Cavia porcelius
Chinchilla lamigera
Lagostomus maximes

Octedon degus
Fukemys i5
Heterocephalus glaber
Dipodomys phillipsii
Acomys cahininus
Natomys alexis
Mus musculus
Ratius norvegicus
— ricetus cricetus

Spermophilus citelius
EM&‘W marmata
Aplodontia rufa
Qryetelagus cuniculus
Carollia perspici
R

Sus serofa
e Tragulus javanicus

Nasmorhedus griseus
Ovis aries

Capra nublana

Bos taurus

I’E Tursiops truncatus
L

Lo

= |

N

N

nehus obligui
Creinus orca
Dealphinapterus leucas
Camelus bactrianus
 — Ceratotherium simum

lic inus sumatrensis

=== Rhincceros unicornis

Equus caballus

Mustela erminea
sl E Mustela lutrecla

Canig lupus
Panthera uncia
Fanthera leo
Felis catus

Lynx rufus

_,_.Bdan'm brewvicauda
=1 Salenad:

paradoxus
Notamacropus eugenii
Potorous tridactylus

3 cycle length
length=20.039

Bettongia gairmardi
I#Pemmefes nasuta

12

-
)

-

: 11 June 2024

Canhal

Choloepus didactylus
Cholospus haffmanni

d0i:10.20944/preprints202406.0575.v1

25

Telypeutes matacus

Euphractus sexcinctus
Elephantulus myur

Echinops telfairi

Elephas maximus:
Loxodonta africana
Trichechus inunguis :_
Dugong dugon

Procavia capensis

Myrmecophaga tridactyla '

|

Tupaia montana
b

Qvis aries
Capra nubiana
Bos taurus
Tursiops fruncatus
Lagenorhynchus obliquidens
Creinus orca
Delphinapterus leucas
1|

=
Carlito syrichta ;I

Macaca mulatta
Papio papio
Homa saplens
Govilla gorilla
Callithrix jacchus
Lemur catta

Laris tardigradus
Parodictious potte
Cawvia porcellus
Chinchilla lanigera
Lagostornus maximus
Octodon degus
Fukomys damarensis
Heterocephalus glaber
Dipodomys phillipsii

Acomys cahirinus
Notomys alexis
Mus musculus
Rattus norvegicus

Cricetus cricefus m—

Spermophilus citellus
Marmota marmotab—
Aplodontia rufa

161 days

¥

cunicul
Carollia perspiciliata
R leschenaunitii
Sus scrofa
Traguius javanicus
Nasmortedus griseuvs

Camelus
Cel A Sirmr
D hinus sumafr i

ot Uncor,

Equus caballus

Mustela erminea

Mustela lutreola

Canis lupus

FPanthera uncia

Fanthera leo

Felis catus

Lynx rufus

Blarina icatida

Solenodaon paradoxu.

Notamacropus eugenii
Potorous hidacanmSE I_l
Bettongia gaimardi

Perameles nasuta_l

12 gestation length 670
length=80.039

Figure 6. The estimation of the ovarian cycle and gestation length (in days) ancestral to eutherians
suggest an early decoupling of the cycles. Values were plotted using the same approach as in figure
5 but without regression to remove body mass. In blue the reconstructed cycle and gestation length

for the eutherian common ancestor.


https://doi.org/10.20944/preprints202406.0575.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024

d0i:10.20944/preprints202406.0575.v1

daojoud

snikyoepip SN

gquus_ca0es
— Xenarthra
Papio_papio

— Afrotheria
— Euarchontes
— Glires

hi cornis
Rhinoceros_un orni
mi s

Dicerorhinus_sumatrensis
Gorilla_gorilla

us
caiithrix 32t

— Laurasiatheria

Ceratotherium_simum

o
“AMelus_bactriangs

oo

SR n)’ﬁnﬁﬂ\b})k\o
geuatei®t ”

ejni enucpoldy

Cricetys
Spermophuus_mterlus
Marmota_marmota

CL Type

N/A
short-lived
Mo W We [
long-lived
. Maternal PRL PL IFNT
. ultra-short

L 5 |
Luteotrophic  Anti-luteolytic
Figure 7. No single control mechanism can be used to explain corpus luteum lifespan across
eutherians. Character state matrix for the CL type along with mechanisms for MRP plotted along the
phylogenetic tree of placental mammals. Although unknown for the vast majority of species, there is
no universal factor that rescues the CL. Signals can have local or systemics effects and be luteolytic or

anti-luteolytic. Note that MRP is absent in those species long enough to encompass pregnancy and

that in species with very short cycles it may be governed by maternal hypophysial prolactin (PRL).
CG: chorionic-gonadotropin; PL: placental lactogen; E2: estrogen; IFNT: interferon-tau.

One possibility is that the eutherian ancestor lacked regular, endogenous nonpregnant cycles. It
has been suggested that the ancestral type of ovulation is induced, whereas spontaneous ovulation
evolved repeatedly within eutherian lineages (Pavlicev and Wagner 2016). In this case, the
prolongation of the pregnant cycle would have been possible at no cost of the prolonged nonpregnant
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cycle, as the latter (i.e., pseudopregnancy) in most cases does not occur, and thus does not carry a
fitness cost. Assuming this situation, MRP would only become necessary once spontaneous ovulation
evolved in major lineages, consistent both with early prolongation of pregnancy, as well as with the
evidence for the independent origins of MRP.

Another possibility is that the ancestral pregnancy length has been systematically overestimated
in phylogenetic inference because the origin of MRP involves a discontinuous change in gestation
length and hence extrapolation from species with MRP is not permissible (Figure 8A,B). Several
phylogenetic reconstructions and the fossil data suggest that the ancestral eutherian was of the size
of a small rat, but there is less consensus on whether its neonates were altricial or precocial, although
recent evidence is tilting towards the latter (altricial: Werneburg et al. 2016, Ferner et al. 2017,
precocial: Funston et al. 2022, White et al. 2023). The independent extensions of gestation would
postdate the independent origins of MRP in major lineages if we assume altriciality in the eutherian
ancestor. Assuming precociality, on the other hand, entails that an extended gestation length would
have occurred already in stem eutherians, possibly in close succession with the origin of
implantation. This extension may not have amounted to much, as small body size would require
relatively short gestation length even for precocial young. If the pregnant and nonpregnant cycles
became decoupled only much later, this extension in the stem lineage of Eutheria would have
involved a prolongation of the nonpregnant luteal phase as well, due to correlated evolution (Figure
9). This scenario involves two stages: the first stage consists of an initial extension of gestation in
small-bodied ancestral eutherians that likely affected the length of the non-pregnant luteal phase.
The second stage, driven by an independent selection on body size in all major lineages (Cope 1887,
Alroy 1998, Baker et al. 2015), entails the further prolongation of gestation length. In this second stage,
the increases in body size intensified the selection for a decoupling between pregnant and non-
pregnant cycles. It is in this second stage when the diverse lineage-specific mechanisms for maternal
recognition of pregnancy evolved, as well as non-luteal sources of progesterone. Our proposed
scenario suggests that the increase in gestation length was not mainly driven by the maternal-fetal
conflict but rather by the increase in body size.
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Figure 8. A proposed explanation for the inference of relatively long gestational lengths in ancestral
eutherian due to the puctuated divergence of gestation from estrous cycle length. Extrapolationis
illustrated here relative to body size, as the latter appears to drive gestational length evolution. A:
The scaling observed in extant eutherians implies a difference in pregnant and nonpregnant cycle
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of MRP (red arrow). The gestation length of an ancestor lacking MRP would be shorter than in extant
species with a comparable size. All axes are on log scale. MRP: maternal recognition of pregnancy.
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Figure 9. A proposed model for the evolution of the lifespans of pregnant and nonpregnant corpus
luteum ineutherians. The model proposes an early co-extension of pregnant and nonpregnant cycle,
to be followed by their independent decoupling in major eutherian lineages, by the independent
origins of the maternal recognition of pregnancy mechanisms. No claims are made about the sequence
of MRP origins here but note that some regimes likely derive from others (for example, MRP3 may
arise from MRP1 or MRP2). MRP: maternal recognition of pregnancy, CL: corpus luteum.

To end with, our scenario implies that the extant derived cases of long-lived npCL (e.g., dog)
could have resulted from the extension of the nonpregnant cycle as a consequence of two possible
causes (Figure 9). One is a further extension of the pCL, if MRP is lost secondarily due to absence of
selection for short npCL. The second could be the advantage of long npCL for pack breeding. In both
cases a long-lived npCL could potentially represent an atavistic regulation. Similarly, ultra-short
cycles are likely due to a secondary shortening of the npCL, without changes to gestation length
(Figure 9). The length of mouse pseudopregnancy would thus reveal the secondarily concealed
ancestral luteal phase length. Both derived cases also reveal a persistent underlying correlation
between the pregnant and nonpregnant cycle.

5. Conclusions and Prospects

Our aim was to understand when and how the innovations of the CL regulation, critical for
female reproduction, originated in vertebrate evolution, what physiological role they may have
played, and what evolutionary consequences they had for female reproduction.

Despite variation in its formation, cell type composition, or the roles of luteal progesterone, the
corpus luteum is a homologous vertebrate endocrine structure (Gemmell 1995). Present already in
hagfishes, the CL evolved into the context of an existing HP(O) axis, the predecessor of which can be
recognized in amphioxus. Early vertebrate genome duplications set the stage for diversifying the
factors involved in HPO signaling, specifically pituitary gonadotrophs and steroid sex hormone
receptors. Therefore, the origin of the corpus luteum cannot be explained by its current role in
eutherian gestation; instead, it predates internal fertilization, and thus any form of ovoviviparity or
viviparity. The origin of the gland was associated with the ancestral role of progesterone, likely before
progesterone evolved a signaling role via the evolution of its nuclear receptor. We thus suggest that


https://doi.org/10.20944/preprints202406.0575.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 June 2024 d0i:10.20944/preprints202406.0575.v1

29

the most plausible early effect of progesterone was to postpone folliculogenesis and delay subsequent
ovulations.

We want to emphasize that the evolution of internal fertilization was the critical transition in the
evolution of vertebrate reproductive modes. With the exception of Amniotes, which share a single
origin of internal fertilization, all other instances of viviparity origination (elasmobranchs, teleosts,
amphibians) are nested in lineages with independently evolved internal fertilization. Consequently,
the origins of different instances of viviparity are rooted in different coordination regimes between
the ovary and the reproductive tract, and are cases of convergence or parallelism rather than
homology, implying that the role of progesterone in these processes likely evolved independently in
each group. For these reasons, the inference of mechanisms involved in viviparity across different
lineages should be done with much caution (Blackburn 2006). Internal fertilization was the setting in
which the new reproductive functions of progesterone first arose. While progesterone is necessary in
non-mammalian species for early developmental processes, it is not generally essential for
maintaining full-length internal development. The roles that progesterone acquired in non-
mammalian reproduction include the ones shared with eutherians, such as the coordination of the
ovary with the oviduct and/or the endometrium, but also species-specific ones, like delaying
embryonic development or complementing maternal provisioning. Overall, whether progesterone is
essential in certain stages of non-mammalian gestation depends on which of these additional, species-
specific roles are realized. The increasing regulation of the CL by non-ovarian sources, together with
the functional divergence of the post-ovulatory follicle, is a hallmark of eutherian reproduction. We
have found no conclusive evidence reported for the existence of such an exogenous regulation
extending the pCL lifespan outside placental mammals.

The key innovation in eutherian reproduction is the accommodation of invasive implantation.
All eutherians require progesterone from implantation to parturition, even if the serum levels and
temporal profiles of progesterone vary widely across species (e.g., from 10 ng/ml in Japanese
macaques (Shimizu 2008), >100 ng/ml in mice (Murr et al. 1974), to >200 ng/ml in human). Likely
fueled by this requirement, eutherians have evolved multiple but non-redundant ways of controlling
CL lifespan or maintaining high progesterone by other means, including blastocyst and decidual
signals, accessory corpora lutea, or placental steroidogenesis.

We have argued that a unique characteristic trait in eutherians is the ability to decouple the
pregnant and nonpregnant cycles by rescuing the CL only during pregnancy. However, even if
maternal recognition of pregnancy (in terms of CL length) is an exclusively eutherian characteristic,
it is not a homologous trait among major lineages (mechanisms for MRP differ across the eutherian
lineages), and is not universally present across Eutheria. For instance, eutherian species with a long
npCL or induced ovulation do not experience the cost of the long nonpregnant cycle. The ancestral
reconstruction of the eutherian gestation length likely points to the limits of the phylogenetic method
for inferring ancestral traits in isolation from their biological context. The method assumes a
continuous change of the trait, without substantial punctuated change or novelties. A crucial aspect
of our work has been to consider gestation length in the context of its ancestral coupling with the
nonpregnant cycle and its coevolution with the body size. This enables us to see that the evolution of
the extant gestational lengths involved novelties, namely overcoming the coupling of pregnancy to
the nonpregnant cycle (i.e., the origin of MRP), which in addition we argue occurred independently
in most major lineages. This decoupling could have led to an abrupt change in the pregnancy length,
with little effect on the nonpregnant cycle. In such a situation, the phylogenetic comparative method
will overestimate the ancestral pregnancy length. Another aspect of gestational length that makes it
a problematic trait to trace, is that it is a composite trait. While implantation is likely homologous, the
segments of pregnancy in different eutherian species are likely not, and are instead based on
independently evolved mechanisms (e.g., a luteal-placental shift in progesterone production at a
given gestational point).

An interesting corollary of the proposed model for the evolution of gestation length concerns
the evolution of adult mammalian body size. While selection for increased body size has likely driven
the extension of gestational length needed to develop a large neonate, the instances of decoupling of
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the pregnant from nonpregnant cycles were likely the key events enabling the body size increase we
see in all major lineages. As pregnancy length must increase with the body size, the lack of decoupling
of the nonpregnant luteal phase would mean that in case of a sterile cycle, the next pregnancy would
be substantially delayed, which would be deleterious in most polyestrous species as it lowers the
overall reproductive success. The co-distribution of reproductive traits across eutherians does not
support conflict narratives depicting a progression towards more fetal control over maternal
resources. MRP co-exists with secondarily non-invasive placentations, such as in ungulates, or with
the lack of a luteal-placental shift, such as in proboscidea species, where the accessory CL prolonging
pregnancy are in fact maternal structures. Rather than by mother-offspring conflict, the origin of MRP
and extended pregnancy is likely driven by evolution of an increased body size.

Finally, we would like to note that there are many aspects that remain unaddressed in our
scenario, in part due to the lack of data for many species in the wild, and in part due to the lack of
attention to the nonpregnant cycles, or to the lifespan of the CL in particular. In addition, gestational
length is certainly affected by further factors that we did not consider here, such as litter size. Another
important aspect that remains unaddressed in this review, but may reveal further, past or present,
constraints, are the roles that reproductive factors played in the development and function of the
male reproductive system. As male and female reproductive functions may often be coupled in the
evolutionary process (e.g., pituitary hormones also regulate the function of male gonads),
evolutionary explanations may require considering the biology of both sexes.
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