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Abbreviations 

dN  non-synonymous substitution rate 

dS  synonymous substitution rate 

ecd  extracellular domain 

EGFR  epidermal growth factor receptor 

GH  growth hormone 

GH-N  pituitary (normal) growth hormone 

GH-V  placental (variant) growth hormone 

GHR  GH receptor 

hPL human placental lactogen 

IGF-I  insulin-like growth factor I 

IGF1R  IGF-I receptor 

LH  luteinizing hormone 

NWM  New World monkey 

OWM  Old World monkey 

PL  placental lactogen 

PRLR  prolactin receptor 

VILP  viral insulin-like peptide 

RSV  respiratory syncytial virus 

TfR   transferrin receptor 
 



Summary 

 

The molecular evolution of pituitary growth hormone and prolactin in mammals 

shows two unusual features: episodes of markedly accelerated evolution and, in some 

species, complex families of related proteins expressed in placenta and resulting from 

multiple gene duplications. Explanations of these phenomena in terms of 

physiological adaptations seem unconvincing. Here I propose an alternative 

explanation, namely that these evolutionary features reflect the use of the hormones 

(and their receptors) as viral receptors. Episodes of rapid evolution can then be 

explained as due to “arms races” in which changes in the hormone lead to reduced 

interaction with the virus, and subsequent changes in the virus counteract this. 

Placental paralogues of the hormones could provide decoys that bind viruses, and 

protect  the foetus against infection. The hypothesis implies that the extensive changes 

introduced into growth hormone, prolactin and their receptors during the course of 

mammalian evolution reflect viral interactions, not endocrine adaptations. 



1. Introduction 

 

Entry of a virus into a target cell requires attachment to one or more receptors on the 

cell surface. A range of host molecules are utilized as such receptors, including 

sialylated glycans and integral membrane proteins, including receptors for growth 

factors and hormones [1-4]. Viral interaction with a host protein can potentially lead 

to a host-virus "arms race" in which recurring rounds of mutation in host and virus, 

functioning respectively to restrict and enhance interaction, lead to very rapid 

evolution of both receptor and virus [5-8]. Here I propose that episodes of rapid 

evolution that are seen in the molecular evolution of mammalian growth hormone 

(GH) and prolactin and their receptors are a consequence of such arms races, in which 

interaction between virus (or possibly other pathogen) and hormone often plays a 

central role. I also propose that the GH- and prolactin-like proteins, placental 

lactogens (PLs), that are expressed at high levels in the placenta of some mammals, 

including humans, act as viral decoys, providing foetal protection.  

 

GH and prolactin are related protein hormones produced in the pituitary gland, which 

regulate growth, lactation and metabolism via interactions with receptors in a wide 

range of tissues. They arose as a consequence of a gene duplication early in vertebrate 

evolution, followed by divergent evolution, and acquisition of specific, distinct 

functions, although they also show some overlap in biological actions [9,10]. They 

bind to structurally distinct but related type I cytokine receptors, which are integral 

membrane glycoproteins normally forming homodimers. Each monomer comprises an 

extracellular domain (ecd), largely consisting of two fibronectin III-like domains, a 

single helical transmembrane domain, and an intracellular domain that may be largely 



unstructured. The ligand binds to each subunit via two binding sites that are quite 

distinct on the hormone, but similar on the receptor subunits (Figure 1), leading to 

activation of protein tyrosine kinase JAK2, by a mechanism particularly well-defined 

in the case of GH [11-13]. 

 

In the following I consider the main observations underlying the hypothesis proposed 

here: the nature and basis of the episodic molecular evolution of GH and prolactin, the 

families of GH- and prolactin-related genes that are expressed in the placenta in some 

mammals, the nature of host-virus arms races seen for other genes, and the role of 

hormones and growth factors in infectivity and growth of many viruses. 

 

2. GH, prolactin and their receptors show an unusual pattern of molecular 

evolution 

2.1 Evolution of the hormones is markedly episodic 

 

The molecular evolution of GH and prolactin in mammals shows unusual features. In 

both a slow basal evolutionary rate (near stasis) is interrupted by occasional episodes 

of rapid change [9,14-19].  In several cases the end of the episode of rapid evolution 

apparently coincided with additional gene duplication(s), leading to clusters of closely 

related genes expressed mainly in the placenta [9, 17]. 

 

Figure 2a illustrates evolutionary trees for mature (lacking signal peptide) mammalian 

GH based on non-synonymous (dN) and synonymous substitutions (dS) (Box 1). For 

most of the dN tree (equivalent to a tree based on protein sequence [20]) the sequence 

is strongly conserved, reflecting a low basal rate of evolution, seen, for example, in 



pig, rabbit and all Carnivora. However, the rate of evolution increases markedly on 

several occasions. Thus, on the lineage to Simiiformes (monkeys and apes) there is a 

burst of change with incorporation of ~80 substitutions (increasing the evolutionary 

rate at least 10-20-fold), after divergence from prosimians. This rapid evolution ceased 

before the divergence of New World monkeys (NWM) and Old World monkeys 

(OWM)/apes [9,14,15]. A similar episode of rapid GH evolution occurred in 

cetartiodactyls, on the lineage leading to ruminants, and in bats, Xenarthra and some 

Afrotheria [18]. The episodic evolution is not seen in the dS tree, indicating that it 

reflects only those substitutions resulting in change in protein sequence. 

 

Figure 3a shows equivalent evolutionary trees for mammalian prolactin. The pattern 

is similar, but not identical, to that for GH. Here too there are bursts of rapid evolution 

in primates and cetartiodactyls, at about the same time periods as for GH [9,17]. 

Prolactin evolution in some bats is high with, in vespertilionid bats, an insertion of 

variable length not seen in any other vertebrate [21]. However, unlike GH, rapid 

evolution of prolactin is also seen on the lineages leading to elephants [22] and some 

rodents. 

 

Clearly GH and prolactin in mammals do not follow the general rule that the rate of 

evolution for any given protein is rather constant, though between proteins rates vary 

extensively [23]. 

 

2.2. The receptors also show episodic evolution 

 



Like the hormones, the receptors for GH and prolactin (GHR, PRLR) show episodic 

patterns of evolution, which are seen most clearly in the ecds [24] (Figures 2b and 

3b). Thus, for primates and cetartiodactyls both GHR and PRLR show accelerated 

evolution during the same evolutionary period as noted for GH and prolactin. On the 

other hand, for armadillo GHR there is no burst of rapid change corresponding to that 

seen for GH, and for elephant PRLR there is no rapid evolution equivalent to that 

seen for prolactin. Notably in these last two cases the substitutions seen in the 

hormone ligands are mostly located away from the receptor binding sites [18,22; see 

Section 2.4].  

 

2.3. What are the causes of the episodic evolution? 

 

The remarkable episodic evolution shown by GH and prolactin has two potential 

explanations. Accelerated evolution may reflect loss of function, leading to relaxation 

of  purifying selection and hence rapid change (see Box 1). Alternatively it may 

reflect positive selection (adaptive evolution) associated with changed function. 

However, there is no clear evidence for substantial changes in physiological function 

associated with the large sequence changes seen, for example, in human or bovine GH 

or prolactin.  The growth-promoting activity of human or bovine GH in the rat is 

similar to that of pig or rat GH, and there is no major change in other biological 

activities; the same is true for prolactin. Major loss of activity during the episodes of 

rapid evolution seen in primate and cetartiodactyl GHs and prolactins is also unlikely 

because the rate of evolution eventually falls back towards basal (Figures 1 and 2); 

relaxed purifying selection with incorporation of many 'random' substitutions, would 



be expected to give a much-changed protein, unlikely to then regain functionality and 

a structure subsequently strongly maintained by purifying selection.  

 

The case for adaptive evolution can be supported by a dN/dS ratio greater than 1.0 

(Box 1), and this is the case for many of the branches showing accelerated evolution 

(Figures 1 and 2). Likewise, a rate of change of coding sequence greater than that of 

adjacent introns, supports adaptive evolution in some cases [22]. But adaptive 

evolution implies changes in biological activity, and few such changes are associated 

with the episodes of rapid change. A significant change  has occurred in species 

specificity, associated with the human GH/GHR pair [25,26]; non-primate GHs are 

inactive in humans, even though, in the rat, human GH has similar activity to other 

GHs. This is of experimental and medical interest, but probably not of significance for 

GH physiology. Human GH also shows greater lactogenic activity than GHs of some 

mammals, but the physiological significance of this is unclear given that humans have 

a fully functioning lactogenic hormone (prolactin). A mechanism (function switching) 

by which relatively small functional changes in GH could give rise to substantial 

change in sequence has been proposed [27]; this might apply in some cases but seems 

unlikely to explain the many instances of accelerated evolution that have now been 

identified in GH and prolactin and their receptors. 

 

The alternative explanation proposed here is that the bursts of rapid evolution reflect 

attempts by the host to limit infection by a virus using GH, prolactin, GHR and/or 

PRLR as a receptor to gain entry to target cells. This too would involve positive 

selection. Changes in the host would lead to counter changes in the virus, leading to a 

host-virus arms race, with a sustained period of rapid evolution, but little change in 



function. The end of the accelerated evolution/arms race seen in primates and 

cetartiodactyls could reflect the development of an alternative defence mechanism by 

the host, using placentally-expressed genes derived from duplications of GH or 

prolactin genes, as discussed further below. 

 

2.4. How are substitutions distributed in the 3D structure? 

 

GH and prolactin have 3D conformations comprising a 4-helix bundle with up-up-

down-down topology and N- and C-terminal residues at the same (proximal) end of 

the bundle [28,29]. The distribution in the structure of substitutions introduced during 

the episodes of rapid change varies depending on lineage. Thus for the rapid change 

of both GH and prolactin on the lineage leading to Simiiformes the substitutions are 

widely distributed over the protein, including the receptor binding sites (Figure 4). 

Here many substitutions are also seen in the receptors (Figures 2 and 3). For the rapid 

evolution leading to armadillo GH, most changes are on the top surface of the protein 

[18] (Figure 4), away from the binding sites; on the other hand, for the lineage 

leading to elephant prolactin they are mostly at the proximal end of the molecule [22]. 

In these last two cases few changes are seen in the receptors. In vespertilionid bats, 

prolactin evolution is rapid and there is an insertion of 18-60 residues; this insertion, 

and most substitutions, are located at the distal end of the protein [21]. 

 

3. Duplications of GH and prolactin genes give rise to complex gene clusters 

 

3.1. Many such duplicate genes are expressed in the placenta 
 



A second remarkable feature of GH and prolactin evolution in mammals is the 

occurrence, on several lineages, of gene duplications giving rise to complex families 

of proteins expressed largely in the placenta. Thus, in primates, duplication of the GH 

gene gave rise to a cluster of genes encoding placental lactogens and other placental 

proteins: 5 such genes in human (including pituitary GH itself) [30], 4-9 in other apes 

and OWM [31-33], 8 in marmoset and over 20 in some other NWM [34] (Figure 5). 

Independent duplications appear to have given rise to the placentally expressed genes 

in NWM and OWM/apes [34-37]. A more-recent duplication of the GH gene is seen 

in sheep and goats [38,39]. 

 

Duplications of the prolactin gene occurred in cetartiodactyls and rodents, here giving 

rise to large and complex families of genes expressed largely in the placenta [40-43]. 

In the mouse genome, these occur as a cluster of about 26 prolactin-related genes. The 

gene duplications in rodents and cetartiodactyls occurred independently.  

 

Notably, all of these duplications, of GH and prolactin genes, occurred after episodes of 

rapid evolution of the hormones. In primates and cetartiodactyls they appear to have 

occurred at about the time that the accelerated evolution stopped [9]. Equivalent gene 

duplications do not appear to have occurred in other cases of accelerated GH and 

prolactin evolution referred to above (bats, Afrotheria including elephant, Xenarthra 

including armadillo). In some of these cases the rapid evolution may not have ceased, 

though lack of sequences from extant species limits analysis. There is no clear evidence 

for duplication of the corresponding receptor genes, GHR or PRLR, in any mammalian 

group. 

 



3.2. What are the functions of placental lactogens and consequences of loss? 

 

The physiological functions of the GH- and prolactin-like placental hormones are 

unclear. The human gene cluster is relatively simple and well-studied [30,44], 

comprising five genes (Figure 5), GH-N (GH1, expressed in the pituitary), PL-A and 

PL-B (CSH1, CSH2, encoding identical placental lactogens, hPL), GH-V (GH2, 

encoding placental GH, GH-V) and PL-L (CSHL1, probably a pseudogene). hPL has 

85% sequence identity with human GH, low growth-promoting activity but high 

activity in some lactogenic assays. It reaches very high plasma concentration (5-

7µg/ml) in the second half of pregnancy, at least 100-fold greater than mean GH level 

in non-pregnant human [44]. Two genes encoding the same protein contribute to this 

high concentration. GH-V has 93% sequence identity to GH-N; it has similar growth-

promoting activity to GH, but no lactogenic activity. It replaces GH-N during 

pregnancy, circulating at relatively low levels (~25ng/ml) [45].  

 

The role of hPL in human pregnancy is unclear. Its main biological activity is 

lactogenic, but it disappears from the circulation at parturition, as lactation is initiated. 

A role in mammary gland development during pregnancy is possible, but prolactin 

plays this role in other mammals, and is present in humans (plasma level 150-180 

ng/ml at term [46]). hPL may have other actions during pregnancy, including 

diabetogenic, but their physiological significance is not clear. The biggest question 

mark over the role of hPL comes from rare cases in which the hPL genes are deleted. 

 

About 10 cases have been reported in which hPL concentration during pregnancy was 

very low or undetected [46], including some cases with a deletion of much of the GH 



locus, including all genes except GH-N [47]. In several cases, including some where 

PL and GH-V genes were deleted, gestation was normal, and babies had normal birth 

weight, despite absence of circulating hPL. In others birth weight was rather low, 

while in one the baby showed severe growth retardation [48]. In the absence of GH-V 

and hPL, the normal suppression of GH-N during pregnancy was not seen. These 

observations suggest that hPL lacks an important physiological role in pregnancy, but 

are consistent with an antiviral function as decoy or blocker of the PRLR. Normal 

pregnancy would reflect the case in which absence of viral infection would not 

require the functions of PL, but severe growth retardation could result from absence 

of such functions if viral infection occurred. Low birth weight is known to be a 

consequence of some viral infections, including rubella and cytomegalovirus [49]. 

 

The clusters of prolactin-like genes in mouse and rat are more complex, including 

about 25 genes, with the gene for pituitary prolactin at the 5' end of the cluster [40-

42]. The other genes are expressed mainly in the placenta, mostly in foetal 

(trophoblast) tissue, sometimes in maternal (decidual) tissue. 3-5 of the genes encode 

proteins (placental lactogens) that bind to PRLR . These are found in plasma at very 

high levels [50] and could act as viral decoys. The other genes are expressed at lower 

levels, mostly do not bind to PRLR, and may play a role in defence against 

environmental stresses during pregnancy [40]. Ruminants also have a complex cluster 

of prolactin-like genes (at least 12 genes in cattle), including genes for prolactin, 

placental lactogen, and many prolactin-related proteins, mostly lacking lactogenic 

activity [43]. All but prolactin are expressed primarily in the placenta. Non-ruminant 

cetartiodactyls lack such a gene cluster, having no paralogues of the prolactin gene. 

 



4. A host-virus arm race can lead to rapid evolutionary change 

 

A host-virus arms race can occur when a viral protein utilises a host protein in the 

course of infection or replication [5-8,51,52]. Substitutions occur in the gene 

encoding the host protein, decreasing the interaction, and subsequent substitutions 

occur in the virus that restore it. This can repeat, potentially without end, leading to 

rapid evolutionary change with little apparent significant functional change in either 

protein (Red Queen dynamics [53]). The substitutions in the host protein are limited 

by the need to maintain its normal function, though this may be compromised by the 

urgency of rejecting the virus. Such limitations may also apply to the viral protein, 

though here the primary need will be to maintain interaction with the receptor, since 

failure to do so will lead to inability to infect the host and potential extinction. An 

arms race can also arise (perhaps more frequently) from interaction between a 

defensive host protein and a viral protein; in this case the initial mutational change 

will be in the virus. 

 

Host-virus arms races have been widely studied in the context of interactions with 

components of the immune system [51,54]. However, interactions with receptors are 

also clear candidates [4,5,8,55,56]. The transferrin receptor (TfR) provides an 

interesting example [55]. This protein serves as a receptor for several different 

viruses, including New World arenaviruses that infect several rodent species. 

Evolutionary analysis of TfR in these species showed that it has undergone rapid 

adaptive evolution at sites within the interface that interacts with viruses. 

Corresponding changes in the viruses were also identified. The substitutions had little 

effect on the physiological activity of TfR. 



 

The episodes of rapid change seen in the evolution of GH, prolactin and their 

receptors resemble the changes seen in the host protein in such an arms race, in which 

many substitutions are introduced, but little change in physiological action occurs. If 

this is actually the explanation, corresponding changes in one or more viruses would 

be expected. 

 

5. Viruses can exploit hormones, growth factors and their receptors 

 

The potential role played by growth factors and hormones and their receptors in viral 

infection and growth is becoming increasingly recognized.  

 

Receptors for hormones, growth factors or cytokines are clearly potential targets as 

viral receptors in that they are already adapted to bind to specific circulating ligands, 

and subsequently promote downstream processes that facilitate viral entry and 

survival, such as receptor-mediated endocytosis [57,58]. Receptors known to be used 

by viruses include epidermal growth factor receptor (EGFR), platelet-derived growth 

factor receptor (PDGFR) and insulin-like growth factor 1 receptor (IGF1R). EGFR is 

used by many viruses [59], including influenza A virus, cellular uptake of which has 

been shown to depend on binding to this receptor, followed by downstream signalling 

and endocytosis [60]. Human cytomegalovirus utilizes several different receptors, 

depending on virus strain and host target cell, including PDGF and possibly EGFR 

[61]. Recently IGF1R has been shown to act as a receptor for respiratory syncytial 

virus (RSV) [62]. RSV glycoprotein F binds to the IGF1R, triggering activation of 



protein kinase C zeta, which recruits nucleolin to the cell surface where it probably 

facilitates entry of RSV into the cell. 

 

Recent studies also showed that some viruses produce proteins structurally similar to 

polypeptide hormones [63,64]. Viral insulin-like peptides (VILPs) from members of 

the family Iridoviridae were well characterised; they showed clear sequence 

similarity to human insulin and IGF-I, including retention of all 6 cysteine residues, 

suggesting similar 3D structures. These VILPs showed insulin-like activity in vitro 

and in vivo, and could potentially alter cellular metabolism in ways favouring viral 

survival and growth. It has also been suggested that such molecules could be utilized 

by the virus as ligands for hormone receptors on host cells [64,65], a mechanism that 

would resemble that proposed here for GH and prolactin. Thus, in some cases (e.g. 

armadillo GH) it is suggested here that virus binds directly to the hormone, which in 

turn binds to its receptor and facilitates attachment and entry of the associated virus. 

In other cases binding of virus to both hormone and receptor would be involved. 

 

6. GH, prolactin, GHR, PRLR as potential viral receptors; receptor-mediated 

endocytosis 

 

In order to infect a host cell a virus has first to bind to one or more receptors on the 

host cell surface [1-4]. Receptors for GH and prolactin clearly have potential as viral 

receptors. They are widely distributed in many tissues and are subject to ligand-

promoted receptor endocytosis [66,67]. However, activation of the receptors for GH 

and prolactin is a complex process, requiring binding to both subunits in the 

homodimeric receptor, followed by subtle conformational changes [11,28]. This may 



not be easily achieved by a virus opportunistically associating with the receptor 

directly. Interaction of the virus with the ligand, GH or prolactin, which subsequently 

interacts with the receptor (with or without additional virus-receptor interaction) 

could provide a mechanism for associating virus with receptor, followed by activation 

and endocytosis. Such a mechanism is speculative, and has not been previously 

described for other hormones or growth factors. 

 

The pattern of substitutions seen in GH and prolactin may provide a guide to the 

nature of any putative viral interactions. As indicated above (Section 2.4) for 

armadillo GH and elephant and bat prolactin, substitutions on the hormone occurred 

at sites distal from the receptor binding sites, and accelerated evolution of ligand is 

not matched by concurrent evolution of receptor ecd. This would accord with a virus 

simply interacting with the ligand in a fashion that allows the latter to bind and 

activate its receptor as normal. On the other hand, for primates and cetartiodactyls, 

accelerated evolution of GH and prolactin is accompanied by accelerated evolution of 

GHR and PRLR, suggesting that the virus may interact with both components, 

perhaps enhancing ligand-receptor binding, or possibly binding to receptor 

independently of ligand. It is possible that in some cases interaction is primarily 

between virus and receptor, and that accelerated evolution of the hormone occurs as a 

consequence of the changes in the receptor. This would be more similar to the roles of 

EGFR or IGF1R as viral receptors (see Section 5). This might apply particularly in 

the cases of rodent and hyrax GHRs, where accelerated evolution of the receptors is 

not accompanied by corresponding rapid change of GH (Figure 2). 

 

7. Placental lactogens as potential decoys; defence against infection of foetus 



 

Decoy receptors are used by both hosts and pathogens to modulate the mammalian 

immune response [68]. Thus, the actions of many cytokines are controlled by the host 

by production of truncated, soluble forms of cytokine receptors that bind the cytokine 

but do not activate signalling. Similarly, viruses may produce proteins equivalent to 

truncated host receptors that bind cytokines such as interleukin-1 and interfere with 

their antiviral actions [68]. 

 

Decoy receptors produced by the host that bind to viruses and interfere with their 

ability to infect cells have also been described. For example, soluble glycans in 

human milk can bind to rotaviruses, potentially providing protection against 

gastroenteritis [69]. Sulphated glycosaminoglycans act as decoy receptors for human 

adenovirus type 37, reducing infection of corneal epithelial cells [70].  I suggest here 

that PLs act as decoy receptors, protecting a foetus from the damaging effects of a 

virus. 

 

Duplications of the genes encoding GH or prolactin to give complex gene clusters, 

many of which are expressed in the placenta, have occurred at least four times in 

mammalian evolution. In each case the appearance of the gene duplications follows 

an episode of rapid evolution of GH and/or prolactin. If a host-virus arms race is the 

basis of the accelerated evolution, then the gene duplication(s) seem to be associated 

with relaxation of this arms race, possibly by providing an alternative mechanism to 

limit viral damage. This could occur if the placental protein(s) acted as decoys, 

binding virus without providing a mechanism for cell entry. The placental gene 

cluster in human is relatively simple and best understood. hPL is produced in very 



large amounts, and has very low affinity for the GHR [44]. It can bind to PRLR, but 

whether it activates this receptor is not clear - in some in vitro assays it shows marked 

species specificity: for example, activation of human PRLR is much lower than that 

of rabbit or rat PRLR [71]. The very high concentrations of hPL could in fact inhibit, 

rather than activate, the receptor, as has been shown for high concentrations of GH 

[72] and prolactin [73] for their respective receptors. If hPL retained the ability to 

bind viruses it could act as a decoy, blocking viral attachment and preventing entry 

and infection. Furthermore, pituitary GH expression is suppressed during pregnancy 

and replaced by placental GH-V, which retains growth-promoting but not lactogenic 

activity [45]. If GH-V also lacked ability to bind virus, it could allow basic endocrine 

function to be maintained during pregnancy without risk of viral infection. 

 

This mechanism could allow for the defence against viral infection during pregnancy, 

guarding against specific, as yet unidentified viruses. In particular it would protect the 

foetus from infection. It would not act as a defence in non-pregnant individuals. The 

implication is that the virus is a serious threat to the unborn child, but less so to adults 

or children. Such a situation is seen in many human viruses, for example rubella and 

Zika [49, 74] though it is not suggested that GH or prolactin may act as receptors for 

these. Infection by rubella virus also increases the spontaneous abortion rate [49]. An 

important point is that the PLs and GH-V are expressed in and secreted from the 

foetal part of the placenta - they are foetal rather than maternal genes [75,76]. 

Although protection of the foetus from infection is important for both mother and 

offspring, the balance is not even. For the mother loss or serious damage to the foetus 

would represent a significant loss of fitness, but this would be limited if the ability to 



produce further offspring was unaffected. For the foetus viral infection would 

potentially lead to a 100% loss of fitness  due to death or serious disability.  

 

8. Episodes of rapid evolution occur in other protein hormones and growth 

factors.  

 

Receptors for peptide hormones and growth factors clearly provide a potential route 

for virus to enter the host cell. The use of EGFR and IGF1R in this way has been 

discussed above 

 

Episodes of rapid evolution as seen in GH and prolactin are also seen in several other 

polypeptide hormones [77], for example luteinizing hormone (LH) and insulin.  LH, 

one of the gonadotropins that control mammalian reproduction, comprises two 

subunits, a and b, both of which show an episode of rapid change during primate 

evolution. Interestingly, the end of this period appears to coincide with the appearance 

of a placental protein, human chorionic gonadotropin, derived from duplication of the 

LH b-subunit gene and expressed from a cluster of 6 genes (in addition to LH) all 

encoding identical proteins [78-81]. The similarity to human GH and PL is striking. 

Insulin is a small protein that regulates carbohydrate metabolism by binding to a 

receptor tyrosine kinase. In mammals it is generally strongly conserved, except in 

hystricomorph rodents (guinea pig and relatives) where insulin evolution is very rapid 

[82,83]. A significant, though less marked, period of rapid evolution of insulin and 

IGF-I also occurs in NWM [84,85].  The pattern of evolution in these protein 

hormones suggests that here too host-virus arms races might be involved.  

 



9. Testing the hypothesis 

 

The case is made here that the pattern of evolution of GH and prolactin in mammals 

reflects host-pathogen arms races. The crucial missing component is of course the 

virus(es), or possibly other pathogen(s). In humans the implication is that the virus 

still occurs, or has done until recently, possibly showing minimal symptoms except in 

the foetus - this is implied because PLs continue to be strongly conserved and 

produced in large amounts. Investigation of interactions between GH, PL or prolactin 

and viroid material in individual serum samples might be revealing. It is known that 

both GH and prolactin can occur in human serum as high molecular weight forms 

(“big-“ and “big-big-“ GH and prolactin; macroprolactin), and that the relative 

amounts of these vary between individuals [86,87]. The “big” forms are probably 

dimers, while the “big-big-“ forms include oligomers (especially GH [86]) and 

complexes with autoantibodies (especially prolactin [87]), together with 

uncharacterized material.  The possible inclusion of viroid material in the last 

category would be worth investigation. A further avenue of investigation in humans 

could be the rare cases in which PLs are deleted (see above); in most cases healthy 

offspring are produced, but less commonly severe growth retardation is observed - 

consideration of whether viral infection is contributing to the latter would be 

appropriate. 

 

Of the various potential non-human models, bats might be instructive. Some bats 

show very rapid evolution of GH and, particularly, prolactin, which appears to be 

ongoing. Bats are infected by many viruses [88,89] and the possibility of interaction 

between GH, prolactin, GHR and/or PRLR and viruses in bats would be worth 



investigation. Sheep also provide a further potentially useful animal model, because 

of a recent duplication of the GH gene occurring as a polymorphism in some breeds; 

one of the duplicates is expressed in the placenta [38,39]. The possibility that the 

placentally expressed gene may give some viral protection would be worth 

investigation.  

 

10. Conclusions and outlook 

 

The hypothesis proposed here arises from the observations of markedly episodic 

evolution in GH, prolactin and their receptors, and the occurrence in some mammals 

of PLs, resulting from duplications of the GH and prolactin genes and expressed at 

very high levels during pregnancy. Convincing explanations of these phenomena in 

terms of physiological function are not yet available. The explanation that they reflect 

host-virus arms races and mechanisms to protect the foetus against infection seems a 

plausible alternative, though it is clearly speculative in the absence of evidence about 

the viruses involved, and does not necessarily exclude alternative explanations for 

some of the evolutionary change observed.  

 

The hypothesis does not just provide an explanation for a puzzling evolutionary 

curiosity - it also has medical implications, particularly regarding the role of hPL. hPL 

is generally considered a hormone, but is remarkable in that during pregnancy it 

reaches very high, rather constant, concentration, about 100-fold greater than normal 

circulating level for most polypeptide hormones. High, unfluctuating concentration 

does not accord with an endocrine function and possible role in endocrine related 



disease, but would fit with a role as a decoy in defending the foetus against pathogens, 

particularly given that PLs are produced by foetal tissue. 

 

An implication of the proposal made here is that much of the change introduced into 

pituitary GH, prolactin and their receptors during the course of mammalian evolution 

has been driven by viral (or other pathogen) infections. This applies both to the 

episodes of rapid change and to duplication of hormone genes. The consequences may 

go further than defence against pathogens, however, allowing more extensive 

exploration of evolutionary space, and facilitating production of gene copies that can 

be adapted to additional physiological roles. This would be another example of the 

pervasive role that viruses have played in mammalian evolution [90,91]. 
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BOX 1  

 

Synonymous and Non-synonymous substitutions; evolutionary trees 

 

Nucleotide substitutions occurring in a coding sequence during the course of 

evolution can be of two types, synonymous (changes that do not alter the amino acid 

sequence) and nonsynonymous (which lead to change in amino acid sequence). It is 

generally considered that synonymous substitutions are mostly neutral with regard to 

gene function, whereas nonsynonymous changes may be neutral, deleterious or 

adaptive. The ratio between the rate of change of nonsynonymous substitutions and 

that of synonymous substitutions (dN/dS) is frequently used to assess the nature of 

evolutionary change at the molecular level [97]. For most protein evolution, dN/dS is 

low, reflecting the rejection of most nonsynonymous changes by purifying selection. 

If a gene loses its function dN/dS may increase to 1.0. If a gene is subject to 

adaptive/positive selection dN/dS is expected to increase. A dN/dS value significantly 

greater than 1.0 is a clear indication of positive selection, but a value lower than this 

does not necessarily exclude it. 

 

For a coding sequence, evolutionary trees can be constructed using either dN or dS. 

The programme codeml in the PAML package [93] was used to do this for the trees 

shown in Figures 2 and 3, using branch model 1. To construct these, a defined tree, 

based on generally accepted mammalian phylogeny [94] was used to determine the 

topology; branch lengths are determined by the individual sequences used. The long 

branch lengths seen in some cases in the dN trees reflect episodes of rapid evolution, 

and are generally not matched by long branches in the corresponding dS tree. For all 



these cases dN/dS increases markedly, but in only a few cases is dN/dS > 1. This 

probably partly reflects the low basal dN/dS values for the trees. The branch-site 

model A in codeml was also used, allowing dN/dS to vary among sites and branches 

[93,95]. Foreground dN/dS values for positively selected residues are included in 

Figures 2 and 3. Whether these were significantly greater than 1 was tested using 

likelihood ratios and the branch-site test of positive selection. 

 

 



Figure legends 

 

Figure 1. Growth hormone bound to the two subunits of its homodimeric receptor. 

Two distinct sites on the hormone (GH, 1 and 2) bind to similar sites on the two 

receptor subunits. Specific tyrosine residues (Y) on the intracellular domains are 

subject to phosphorylation by tyrosine kinase JAK2. 

 

Figure 2. Phylogenetic trees for mammalian GH and GHR. Trees were constructed 

using Synonymous or Nonsynonymous substitutions, as described previously [18, 

92], using alignments of coding (nucleotide) sequences and the codeml programme in 

the PAML package [93]. Tree topology was determined using a defined tree based on 

established mammalian phylogeny [94]; the codeml programme determines branch 

lengths. Episodes of accelerated evolution (branches on which the number of 

nonsynonymous substitutions exceeded the number of synonymous substitutions 

and/or the substitution rate (dN) was 5-fold greater than that of an appropriate sister 

branch) are shown as thick blue lines. The numbers on these lines are dN/dS values 

for site class 2, determined using the branch-site method in codeml [93,95; see Box 

1]. Values significantly greater than 1.0 (likelihood ratio test) are shown as * (P<0.05) 

and ** (P<0.01). 

 

Figure 3. Phylogenetic trees for mammalian prolactin and PRLR. Trees were 

constructed using Synonymous or Nonsynonymous substitutions, as described 

previously [21,22]. Other details are as given in the legend of Fig. 2.  

 



Figure 4. Binding of GH to the extracellular domain of its receptor.  The structure of 

human GH bound to two molecules of receptor ecd [28] is shown in each panel, with 

GH in space-filling format (blue and yellow), and the two chains of the receptor in 

cartoon style (purple). Three views are given, (a) sideways on (membrane at the 

bottom; orientation as in Figure 1), (b) from the top and (c) from the bottom (looking 

up from the membrane). Residues changing during the episodes of rapid evolution 

leading to GH of Simiiformes and armadillo GH are shown in yellow. For GH of 

Simiiformes (top) most substitutions occurred on the side close to the membrane, a 

substantial proportion (~30%) of these being within 5Å of the receptor-binding site. 

For armadillo GH (bottom) most of the substitutions occurred in the region of the 

molecule away from the receptor. Constructed using PyMOL [The PyMOL Molecular 

Graphics System, Version 2.0 Schrödinger, LLC] and pdb (RCSB protein database) 

entry 3hhr (human GH bound to the extracellular domain of its receptor). Revised 

from [18,92]. 

 

Figure 5. GH gene loci in three primates (human, marmoset and bushbaby). Based on 

[30] (human), [35] (marmoset) and genome assembly in Ensembl [96] (bushbaby). 

CD79B and SMARCD2 are genes immediately upstream and downstream, 

respectively, of the GH locus. 



 

Figure 1. Growth hormone bound to the two subunits of its homodimeric receptor.  

 

 

Figure 2. Phylogenetic trees for mammalian GH and GHR. 
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