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1 | INTRODUCTION

Abstract

Adverse ecological and social conditions during early life are known to influence
development, with rippling effects that may explain variation in adult health and fit-
ness. The adaptive function of such developmental plasticity, however, remains
relatively untested in long-lived animals, resulting in much debate over which evolu-
tionary models are most applicable. Furthermore, despite the promise of clinical inter-
ventions that might alleviate the health consequences of early-life adversity, research
on the proximate mechanisms governing phenotypic responses to adversity have
been largely limited to studies on glucocorticoids. Here, we synthesize the current
state of research on developmental plasticity, discussing both ultimate and proximate
mechanisms. First, we evaluate the utility of adaptive models proposed to explain
developmental responses to early-life adversity, particularly for long-lived mammals
such as humans. In doing so, we highlight how parent-offspring conflict complicates
our understanding of whether mothers or offspring benefit from these responses.
Second, we discuss the role of glucocorticoids and a second physiological system—
the gut microbiome—that has emerged as an additional, clinically relevant mechanism
by which early-life adversity can influence development. Finally, we suggest ways in
which nonhuman primates can serve as models to study the effects of early-life

adversity, both from evolutionary and clinical perspectives.
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of the hypothalamic-pituitary-adrenal (HPA) axis,”> and reduced lon-

gevity and birth rate.®

Human biologists, epidemiologists, and primatologists have long been
aware that adversity during early life can profoundly impact develop-
ment and the resulting adult phenotype. Famine during prenatal life
has been repeatedly linked to diseases such as hypertension, diabetes,
and depression,® and exposure to nutritional (e.g., drought)>® and
)4

social stressors (e.g., isolation, abusive parenting)® during early life

have been associated with altered social development, dysregulation

Although such phenotypic outcomes have been traditionally viewed
as maladaptive consequences of early-life stress, recent studies have
increasingly interpreted them through the lens of adaptive developmen-
tal plasticity—the ability of genetically similar individuals to develop
potentially adaptive phenotypic differences in response to different
early-life experiences (see Box 1 for glossary of terms). Such models

posit that offspring undergo adaptive developmental changes in
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BOX 1 Glossary of terms
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Adrenal cortex: the outer layer of the adrenal glands where glucocorticoids are produced.

Commensal: an organism (e.g., bacteria) that may benefit from another organism but not at a cost to that other organism (e.g., host).

Developmental programming: process through which conditions or events during critical developmental periods result in potentially

lifelong physiological consequences.””

Germ-free model: a model in which the subjects (commonly mice) are bred to be devoid of all microorganisms and housed in isolation to

avoid contamination, which allows studies to isolate the causal and mechanistic role of microorganisms in a wide variety of outcomes.

Hormetic: concept describing how mild exposure to environmental stressors can prepare physiology for improved function and out-

comes later in life.1°

Hypothalamus: a brain structure located in the diencephalon (forebrain) that is heavily involved in coordinating sensory input and generat-

ing both autonomic and endocrine responses; where corticotropin releasing hormone (CRH) is produced.

Lymphocyte: a type of white blood cell (leukocyte) that includes T-cells and natural killer cells.

Pathobiont: an organism that is pathogenic and disease-inducing to its host.

Receptor: a cell molecule to which chemical messengers (such as hormones) bind, thereby causing alterations to target cells through signal-

ing pathways and/or gene expression.

Symbiont: an organism (e.g., bacteria) that lives in close association with another organism (the host; often assumed to be a mutualistic

relationship).

TH1-mediated immunity: the pro-inflammatory component of cell-mediated immunity involved in autoimmune responses and combat-

ing intracellular pathogens.

TH2-mediated immunity: the anti-inflammatory component of humoral immunity involved in the production of antibodies.

Transplant models: a model in which an individual's gut microbiome is cultured (usually through a fecal sample) and then transplanted

into a recipient individual.

response to cues of environmental quality.” In mammals, the processes
of gestation and lactation coupled with extended parental care assure
that environmental information received by offspring is largely trans-
ferred through the mother during early life. A large body of literature
has demonstrated the central role of glucocorticoids (GCs), steroid hor-
mones that increase in response to stress,® as a proximate mechanism
for this process.”® GCs can influence offspring phenotype both
directly, by reaching the offspring via the placenta® and through milk,**
and indirectly, by altering maternal physiology and behavior.” In addi-
tion, increasing evidence suggests that vertically transmitted maternal
microbiota—which can be perturbed in response to stress—can also
influence a number of offspring characteristics.*2"*> Such mechanisms
support the major role that mothers can have on offspring outcomes.
This review is an effort to synthesize these evolutionary and proxi-
mate approaches toward understanding developmental plasticity and
early-life adversity. We integrate recent work from anthropology, biol-
ogy, psychology, and behavioral ecology, highlighting studies on humans
and nonhuman primates when available. Our goals are threefold: First,
we review the utility of major adaptive hypotheses proposed to explain
developmental plasticity. In doing so, we also consider one of the pri-
mary criticisms of several existing models—specifically, that they ignore
the potential role of maternal agency and manipulation in shaping off-
spring developmental trajectories. Second, we discuss two key proxi-
mate mechanisms—GCs and the gut microbiome—that regulate
developmental responses to pre- and postnatal adversity and can easily

be measured in both captive and field settings. Note that we only briefly

touch on another important proximate mechanism, environmentally-
induced epigenetic change, which has been discussed elsewhere in
detail in recent reviews.'®~8 Finally, we propose ways in which study-
ing nonhuman primates can substantially contribute to this research
from both evolutionary and clinical perspectives.

Within our discussion, we limit our definition of adversity to include
any energetically or socially challenging condition or event that is likely
to alter an individual's physiology and life history, either because it
limits energy available for development or because it signals that the
social or nutritional environment is risky. Within this definition, adver-
sity can include anything from seasonal shortfalls in energy, to social
stressors such as maternal neglect, to extreme and unpredictable condi-
tions such as famine, predation, or infanticide that are likely to induce

the most profound developmental responses (Figure 1).

2 | ADAPTIVE MODELS OF
DEVELOPMENTAL PLASTICITY

Although a number of adaptive frameworks have been proposed to
explain developmental responses to early-life adversity (Box 2), we
focus on three models commonly cited within anthropology and evo-
lutionary biology: the predictive adaptive response (PAR),**2° devel-
opmental constraints,?* and maternal capital??>=2* models. All three
models seek to explain how phenotypic changes initiated in response

to adversity might be adaptive, and propose links between
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FIGURE 1 Major adaptive
models for developmental plasticity.
(a) The models. The developmental
constraints (orange, left) and
predictive adaptive response (PAR;
purple, right) models hypothesize
that organisms initiate adaptive
developmental responses to direct
environmental cues of adversity,
which are beneficial to offspring
either immediately (developmental
constraints) or during matched
later-life conditions (PAR). By
contrast, the maternal capital model
(middle, dark red) hypothesizes that
maternal condition and maternal
resource allocation decisions in
response to the environment are
the primary drivers of
developmental plasticity. Although
offspring may subsequently
respond to maternally imposed
constraints to improve immediate
survival, such allocation decisions
are considered ancillary to initial
maternal decisions. Under the
developmental constraints and
maternal capital models, later-life
disease is hypothesized to result
from strategic life history tradeoffs
made during early life or a mismatch
of maternal signals (maternal capital
only); under PAR, disease is
expected when the early
environment provides an inaccurate
forecast of the future environment.
(b) Testing the models. The
developmental constraints model
predicts that developmental
changes (Phenotype Type A) in
response to adversity (compared to
the alternative - Type B) improve
the immediate fitness (e.g., survival)
of the offspring given a poor
external environment. The maternal
capital model predicts that
developmental changes primarily
benefit lifetime fitness for the
mother, although benefits to
offspring may be possible when
maternal and offspring interests are
aligned. Finally, the PAR model
hypothesizes that phenotypic
adjustments to a poor early
environment are adaptive in a later-
life phase only if the early- and
later-life environments are matched
[Color figure can be viewed at
wileyonlinelibrary.com]
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developmental responses and later-life health issues (Figure 1). How-
ever, these models diverge in several substantive ways. First, these
models differentially emphasize the importance of environmental ver-
sus maternal input as drivers of development responses, and vary in
whether they hold the offspring or mother to be the primary benefi-
ciary of such responses. Second, they differ in the prediction of imme-
diate versus long-term adaptive benefits and their relationships to

disease in later life.

2.1 | Offspring-centric models: Developmental
constraints and PAR

The developmental constraints and PAR models can both be consid-
ered “offspring-centric” models. Both assume that offspring receive
accurate cues of the external environment from mothers, and that
such cues initiate adaptive developmental adjustments that are bene-
ficial to offspring. However, they differ in the timeframe—whether
immediate or at some later point in life—when adaptive benefits are
likely to accrue.

The developmental constraints model (i.e., “silver spoon” effect)
hypothesizes that cues of ecological adversity pressure organisms to
adaptively allocate energy toward processes that promote immediate

survival.2!

Thus, it describes “best of a bad job” strategies that maximize
fitness given a poor developmental environment. Importantly however,
such cost-cutting strategies are not expected to completely make up for
the fitness costs associated with experiencing adversity to begin with.2!
Developing organisms must allocate energy toward many costly pro-
cesses, including somatic growth, immune development, and brain and
cognitive development.?>=27 In response to adversity, individuals might
adaptively decrease their energetic expenditure across all processes—
for example, to avoid starvation during famine. Alternatively, adaptive
preferential resource allocation decisions may be made, such as acceler-
ating growth at a cost to locomotor and immune development?®; priori-
tizing brain development at a cost to other somatic tissues?’; or
investing in innate immunity, which may be more immediately beneficial
and less costly to develop, at the expense of acquired immunity, which
may be more distantly relevant but more energetically expensive
upfront.?”

The developmental constraints model also invokes life history
tradeoffs to explain the link between early-life adversity and non-
communicable disease in humans.2! Within this framework, later-life
cardiovascular, metabolic, and inflammatory disease, as well as reduced
longevity, are considered tradeoffs of adaptive early-life cost-cutting
strategies in somatic maintenance, immunity, and neurodevelopment.

By contrast, the PAR model—originally developed by Gluckman

and Hanson?%°

—argues that mothers transmit signals of environ-
mental adversity (e.g., drought, predation) to offspring during early
life, which then initiate anticipatory developmental changes aimed at
benefiting the offspring during later life. Thus, early-life cues are
assumed to be accurate forecasts of later-life conditions, and develop-
mental responses to those cues are adaptively calibrated to enhance
fitness in later-life environments that “match” early-life environments.

However, should the predictive value of early-life cues break down—

LU ET AL.

for instance, in modern humans who encounter food abundance
despite prenatal nutritional constraints—reduced fitness and disease
are expected to ensue. Under this model, the high prevalence of non-
communicable disease in low birth weight individuals?® is not viewed
as a life history tradeoff, but rather a consequence of modern human
diets creating a mismatch between the prenatal and adult environ-
ments. Importantly, Gluckman and Hanson recently pointed out that,
contrary to what has been assumed in the literature, the PAR model
does not assume that individuals raised in adverse environments
experience no constraints—only that those constraints are at least
alleviated if not erased by adaptive developmental calibrations.3?

Of late, both developmental constraints and PAR models have gar-
nered much interest, and a large body of work has been dedicated
toward teasing apart the predictions of each model.2”?1%2 However,
empirical tests of evolutionary models require fitness data on repro-
duction and survival. Such data are not only rare, but particularly diffi-
cult to interpret in modern humans, for which rapid improvements in
medicine and birth control may cloud the interpretation of existing
data. Furthermore, in the few cases where empirical data on non-
human species have been brought forth, debate remains over whether
these studies have accurately tested the fundamental hypotheses of
each model 3132

A common approach in recent years is to use a 2-by-2 factorial
framework to tease apart whether early-life adversity primarily leads
to fitness constraints (i.e., developmental constraints) or adaptive
advantages when later-life environments are matched (i.e., PAR).2721
While the developmental constraints model predicts that early-life
adjustments lead to reduced fitness, which might be exacerbated but
not improved if later-life conditions are equally poor, the PAR model
predicts that phenotypes arising from poor early-life environments
can have improved fitness if later-life environments are equally poor.
The PAR model also predicts the inverse: phenotypes developing in
good environments perform better if later-life environments are
equally good. Thus, comparisons of individual fitness in matched ver-
sus unmatched later-life environments given the same early life environ-
ment are necessary to disentangle the models (Figure 2).

When fitness data have been used to test the predictions of these
models, they have mostly been interpreted as supporting developmen-

tal constraints over PAR (see recent reviews'”?)

, particularly in long-
lived mammals.234-2¢ In studies of wild baboons,? humans,3¢ bighorn
ewes,>* and roe deer,?” the fitness costs of being reared in poor envi-
ronments were either persistent across time or exacerbated when later-
life environments were also poor. These results supports the key predic-
tion of the developmental constraints rather than the PAR model.
Despite these findings, some researchers have suggested a more
cautious interpretation of the data.3¥*3 A major weakness of previous
studies is that fitness outcomes associated with matched and
unmatched conditions were assumed to be fairly homogenous across
individuals (i.e., individuals all develop the same developmental
responses to environmental gradients). If this assumption is violated,
however, the failure to identify later-life fitness benefits may be a
methodological artifact of lumping individuals that initiated adaptive

developmental responses with those that did not. More generally,
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BOX 2 Alternative constraints and predictive models of adaptive plasticity

Numerous evolutionary models spanning the fields of psychology, anthropology, evolutionary biology, and evolutionary medicine have been
proposed to explain developmental responses to early-life adversity. Within psychology, for example, it has long been recognized that some
individuals exhibit resilience to stress-related disease, despite similar exposures to stress during adult life.26>%%2 The stress inoculation
model*¢%1%3 was proposed to explain these differences, arguing that exposure to moderate amounts of stress during development adap-

160

tively “primes” the body to cope with similar conditions during later life, a hypothesis echoed by hormetic*®* arguments proposed in ecology

to explain why mild exposure to chemicals or temperature extremes increases tolerance to those same conditions in adulthood.

Within evolutionary medicine, the thrifty phenotype hypothesis®* was proposed early on to explain associations between poor fetal
nutrition and later-life metabolic illness, specifically the occurrence of Type Il diabetes. It argues that diabetes results from adaptive
thrifty divestment of developmental resources away from pancreatic beta cells that produce insulin, the primary hormone responsible
for energy storage. Like the developmental constraints model, the thrifty phenotype model argues that poor fetal nutrition pressures
offspring to make cost-cutting strategies that lead to later-life health issues. However, the thrifty phenotype hypothesis later became
aligned with predictive models because its authors proposed a mismatch argument to explain the likelihood of disease, arguing that defi-
cits in pancreatic beta cells are adaptive in energy poor adult environments, but maladaptive in rich adult environments in which individ-

uals face energy abundance, but have inadequate physiological mechanisms to cope with abundance.

More recently, two additional iterations of predictive models have been proposed within psychology. The internal PAR model (iPAR) pro-
vides an alternative to classic or “external” PAR (ePAR) by hypothesizing that early-life adversity serves as a cue that an organism's future
internal somatic state will be poor, thus initiating developmental responses that maximize fitness given this future internal fate.*? Like the
developmental constraints model, iPAR argues that later-life health issues are the result of life history tradeoffs made during earlier life;
however, unlike the constraints model, it posits that individuals accelerate their life history (e.g., maturing faster, reproducing at a higher
rate) to maximize reproduction given greater somatic wear and tear, and likely, a shortened lifespan. Although some recent models have

tested iPARs by examining whether early-life adversity accelerates the pace of life history,281>

strong correlations between life history
traits make it difficult to determine whether characteristics such as accelerated maturation are really adaptively calibrated to an antici-
pated early senescence, or simple correlates of adjustments made to increase early-life survival. Nevertheless, extrinsic mortality risk is

widely argued to be a major driver of “faster” life histories,2> supporting the likelihood of such developmental calibrations.

The adaptive calibration model (ACM)¢¢ is another predictive model focusing specifically on how early-life adversity influences stress
responsivity and the pace of life history. Like PAR, the ACM¢® argues that individuals adjust their developmental phenotype to maxi-
mize fitness in predictably adverse environments. In contrast to PAR, however, ACM argues that predictive “re-calibrations” can be
made across the life course, with important phenotypic switchpoints possible during key developmental periods such as fetal life,
infancy, and the transition to juvenility and puberty. Although the ACM has not been explicitly tested from an evolutionary perspective,

126

there is some evidence that experimental manipulation via hormone replacement®®” or microbial transplants?¢ can reverse develop-

mental effects associated with early-life adversity. Thus far, however, successful reversals have primarily involved prenatal programming

12

effects reversed by early postnatal intervention. Furthermore, some prenatal effects appear irreversible,”~ suggesting that plastic

responses during the earliest periods of life are likely to be canalized.

Evolutionary Anthropology_WILEY_L_®

examining fitness consequences without reference to variable pheno-
typic responses precludes adequate tests of whether developmental
responses are truly “best of a bad job” strategies that can have imme-
diate or later-life benefits. This issue is particularly problematic for the
developmental constraints model, where pairing information on vari-
able phenotypes and immediate survival outcomes during early life is
exceedingly difficult. Without such data, researchers are only testing
the existence of constraints, not the existence of adaptive responses
to those constraints.

To complicate the issue, recent experimental studies on small
mammals and birds that have paired fitness data with developmental
phenotypes have provided strong support for PAR377%? In ground

squirrels, pregnant females exposed to auditory cues of high

population density produced offspring that grew faster. Faster growth
allowed these offspring to establish reproductive territories ahead of
those that grew slower, but only under matched later-life adult condi-
tions.®® In snowshoe hares, vigilant phenotypes induced by high pred-
ator density were adaptive only in matched predator-rich adult
environments,®” and in zebra finches, temperature-induced changes in
growth resulted in greater reproductive success only when the adult
temperature matched the early-life temperature.3’

Recent mathematical models suggest one promising explanation
for some of these differences: PARs may be more likely to evolve in
species with shorter life histories because intragenerational predict-
ability of early and later-life environments is more likely to be high.

This predictability creates conditions under which calibrated
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developmental responses are likely to vyield positive fitness
returns.*®*! When predictability is poor, calibrated adjustments are
likely to fail, creating weak selection for predictive plasticity. Thus, in
large-bodied mammals with longer life histories such as humans, PARs
may be less likely to evolve. Indeed, climatic data demonstrate that
the ecological conditions (e.g., rainfall, temperature) faced by humans
fluctuate rapidly within a lifetime, suggesting poor intragenerational
environmental predictability.?2*2 More recent reports, however, sug-
gest that the social environment may be more predictable, opening up
the possibility that PARs are more likely to develop in response to
some forms of adversity (e.g., low social status), but not others.*?
Importantly, one misunderstanding of the PAR model is the notion
that developmental decisions in response to adversity are necessarily
calibrated for adult life** Instead, developmental decisions during

early life may exact fitness benefits prior to maturity*>*¢

when the
force of selection is likely to be greatest.*’” Furthermore, the temporal
closeness of fetal life, infancy, and juvenility means that environmen-
tal conditions are more likely to be matched across these periods,
even in long-lived mammals. These arguments suggest that earlier
windows of development may be important for testing future fitness
payoffs. Indeed, the only study in humans that has examined fitness
payoffs of developmental plasticity prior to adulthood found that
underweight infants were more likely to develop marasmus, a syn-
drome associated with childhood malnutrition characterized by higher
lipid and protein turnover and increased survival.*® By contrast,
infants born at higher body weights were more likely to develop
kwashiorkor in response to childhood famine, a syndrome character-
ized by lower lipid and protein turnover and lower survival rates. Such
data suggest that fitness benefits might accrue to underweight infants
during matched childhood rather than adult conditions. Thus, an
expanded approach to predictive models that examines fitness pay-
offs during earlier windows of development may be warranted.

2.2 | Maternal-centric models: The maternal capital
model

Despite frequent discussions of PAR and developmental constraints as
contrasting models, they share remarkable similarities in their emphasis
on how developmental plasticity benefits offspring, with little regard to
maternal agency.*”*° However, mammalian mothers contribute sub-
stantial behavioral, chemical, and nutritional input during fetal and early
postnatal life, and thus can potentially act as a filter through which
information about the early environment passes.?2>%>2

The maternal capital model?®?* — developed by Wells — is the
only evolutionary model that emphasizes maternal agency in shaping
offspring developmental trajectories.?®?* This model argues that
developmental responses are optimally designed to increase maternal
fitness, which may or may not be aligned with offspring fitness. Such
developmental decisions are based primarily on cumulative maternal
condition (“maternal capital”), not the external environment. Wells
argues that for capital breeders such as humans, reproductive deci-

sions may have evolved to be more sensitive to maternal condition

LU ET AL.

because it provides a better predictor of reproductive success than
the current environment, which may be a less reliable cue.>® Likewise,
offspring may also benefit by “submitting” to this combined maternal-
offspring strategy because maternal condition, on average, is likely to
be a better proxy for successful development as well.2*

While maternal condition can serve as a buffer against stochastic
sources of environmental adversity, this buffer may fail in more
extreme environments. In such cases, mothers might act selfishly to
curtail parental investment and preserve energy for future reproduc-
tion at a cost to current offspring.225* Thus, offspring costs under
extreme conditions are viewed as inevitable outcomes of adaptively
relinquishing their ability to counter maternal decisions.”® The unify-
ing theme of this model is that mothers are in control and can allocate
resources to benefit or hinder offspring development, depending on
their own cost-benefit analyses.

Empirical data support this hypothesis. For instance, in humans,
maternal body condition at conception consistently predicts offspring
birth weight.?2 By contrast, early pregnancy exposure to famine has

little effect on offspring birth weight,>>

suggesting that mothers can
buffer infants from external conditions. Similarly, in wild baboons,
maternal social status—which is likely correlated with maternal
condition—can buffer the fitness effects of being born in a drought
year.? Finally, studies across mammals have demonstrated that the

stress response pathway is blunted during pregnancy®°7 (

58,59)
s

and possi-
bly also lactation suggesting that maternal physiology has
evolved the capabilities of attenuating ecological signals while off-
spring are dependent.

At the same time, a vast literature on maternal reproductive sup-
pression demonstrates that mothers often curtail investment or even
abandon offspring in response to adverse ecological or social condi-
tions. This may improve maternal fitness by delaying reproductive
investment until conditions have improved.®® Such strategies include
fetal loss in response to drought or infanticide risk, and other forms of
curtailed postnatal maternal investment (e.g., early weaning) in
response to similar conditions.*~%% Studies on birds provide some of
the best evidence for such parent-offspring conflict (Box 3). In
European starlings, experimental stress applied during egg-laying
resulted in smaller offspring who begged less and were more likely to
die; however, mothers with smaller offspring were able to accelerate
their next reproduction, leading to greater reproductive success
across clutches.®* Thus, mothers appear to have substantial control
over the development and survival of offspring.

Despite this degree of control, the maternal capital model sug-
gests that offspring can still make ancillary resource allocation
decisions that improve immediate survival given the initial con-
straints imposed by the mother.>® In other words, unlike the devel-
opmental constraints model, the maternal capital model posits that
the source of constraint is the mother rather than the external
environment.

With regard to health, the maternal capital model proposes that
later-life disease can ensue via two processes. First, adaptations to
survive early life in the face of poor maternal condition may catalyze

life history tradeoffs. If phenotypes that promote early life survival are
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BOX 3 Maternal matching and parent offspring conflict in European starlings

TREATMENT 2  TREATMENT 1

TREATMENT 3

TREATMENT 4

Despite the central role of parent-offspring conflict®* within the developmental and life history literature, studies examining developmental
programming from a maternal perspective have been rare.?? An elegant study performed in birds, however, highlights the complexity of
developmental plasticity when both maternal and infant perspectives are considered. Love and Williams®* combined manipulations of yolk
GCs with manipulations of postnatal maternal condition (via feather-clipping) in European starlings (Sturnus vulgaris) to create four treatments
representing matched versus mismatched prenatal versus postnatal maternal chick-rearing ability. These treatments included: GC-clipped,
GC-nonclipped, control-clipped, and control-nonclipped parent-offspring conditions (control individuals did not receive GC treatment). Their
goal was to examine whether elevated yolk GCs, a known maternal response to nutritional stress, would exact fitness returns for the mother
during matched versus mismatched pre- and posthatching conditions. Love and Williams found that increases in yolk GCs reduced offspring
size and begging behavior in sons. Furthermore, sons in the GC-clipped condition were more likely to die. Although these offspring modifica-
tions were clearly costly (both for the mother and chicks), they appeared to benefit maternal fitness when prenatal and postnatal maternal
conditions were matched. Compared to mothers in the control-clipped treatment, mothers in the GC-clipped treatment were in better body
condition when they initiated their next reproductive event, and were more than two times as likely to successfully fledge at least one off-
spring in their second brood. These changes resulted in a greater cumulative number of fledged offspring and thus higher maternal fitness for
mothers in the GC-clipped treatment. Love and Williams propose maternal manipulation of yolk GCs as a strategy to match offspring demand
with expected postnatal maternal condition, allowing mothers to accelerate energetic recovery and increase lifetime reproductive success.
This study thus illustrates how predictive adaptive models may be applied to maternal rather than offspring fitness. Predictive models appear
more intuitive in this context because prenatal and postnatal environments can take place within the same year. More importantly, this study
highlights how optimal maternal strategies may trump those of each individual offspring. Such a nuanced consideration of parent-offspring
conflict should be adopted in future studies of adaptive plasticity.

Evolutionary Anthropology_WILEY_L_~’

prioritized at the expense of those that promote long-term survival,
organisms may, for example, lack fully developed immune components
essential to maintaining health in later life. Second, evolutionarily or
developmentally mismatched maternal signals have also been pro-
posed to explain disease.®> As an example, bottle-feeding replaces
nutritional and biochemical signals in breast milk with artificial supple-
ments. This not only disrupts maternal influence on offspring develop-
ment, but can contradict signals received during the prenatal period
that are consistent with true maternal interests.

Although these proposed pathways for disease may not appear
much different from those predicted by offspring-centric models
(Figure 1a), the hypothesis that development is initially constrained by
maternal interests has broader implications for treating or preventing

disease. For example, recent public health efforts to reduce maternal

energy expenditure by installing water taps in Ethiopian villages wors-
ened childhood malnutrition, but improved maternal fertility, possibly
because mothers used the additional energy to prioritize reproductive

rate rather than infant health.®

Thus, understanding the multi-player
nature of developmental decisions and the time frame in which fitness
benefits might accrue is of utmost importance from both clinical and

evolutionary perspectives.

2.3 | Testing existing possibilities

In light of these theoretical possibilities, we advise researchers inter-
ested in examining adaptive models of developmental plasticity to
consider two major questions prior to making specific predictions.

First, given the study system and the adversity under consideration, is



¢ | wWiLEY—_Evolutionary Anthropology

ISSUES, NEWS, AND REVIEWS

Constraints no PARs

Constraints with PARs

LU ET AL.

No Constraints with PARs

s £ . S
i [ . i
..,
. .
Poor Good Poor Good Poor Good

Adult environment

Quality of Early Environment

FIGURE 2

Good
Poor

Factorial models commonly used to examine developmental constraints versus predictive adaptive responses. All proposed

predictions assume that different individuals initiate similar responses to gradients in environmental quality. The left panel illustrates cases where
constraints are present (individuals raised in poor environments always perform worse than those raised in good environments) and are not
improved when later-life conditions are matched and equally poor. This condition supports the existence of general constraints only and is not
consistent with PAR. The middle panel illustrates the case where general constraints exist; however, individuals raised in adverse early-life
circumstances do better in matched later-life conditions, supporting PAR. The right panel illustrates a situation with no initial constraints, and only

the presence of adaptively calibrated responses

developmental plasticity expected to benefit maternal fitness, off-
spring fitness, or both? Second, under what social systems and forms
of adversity are adaptive developmental adjustments likely to be
immediate or delayed?

The answer to the first question- “who benefits?” - likely depends
on the degree of parent-offspring conflict within a given system.
Because the fitness interests of mothers and offspring are expected to
be at least somewhat aligned, we might expect benefits to accrue for
both players when parent-offspring conflict is low. In addition, certain
taxa may have evolved to be more sensitive to internal rather than
external cues (e.g., capital breeders), allowing mothers to use maternal
condition as a buffer against current ecological conditions. Here,
mothers may attenuate external signals, but to the offspring's (and
mother's) benefit. However, as parent-offspring conflict increases, the
fitness interests of mothers and offspring are expected to diverge.®”
Under such conditions, mothers are expected to manipulate offspring
development and conserve energy for future reproduction by provid-
ing inaccurate signals of the external environment, investing less, and
creating “cheaper” offspring.>? Consequently, offspring development is
unlikely to be optimally calibrated to external conditions. Although
existing empirical data suggest that mothers are more likely to “win”
this conflict, experimental studies by Kuijper and Johnstone®? found
that maternal signals might remain at least partially informative of the
current environment when alternative offspring phenotypes exact sim-
ilar investment costs on the mother (as opposed to having a more
expensive phenotype that benefits the offspring but is more energeti-
cally demanding on the mother). Moreover, despite presumed maternal

control, neither side may reach a fitness optimum. Thus the answer to

the question - “who benefits?” - may be hardest to identify during con-
ditions of exaggerated parent-offspring conflict.

The degree of parent-offspring conflict can vary between and
within species. First, in polyandrous or polygynandrous species, parent-
offspring conflict may be more pronounced because mothers conceive
successive offspring with different males. The resulting half-siblings are,
on average, 50% less related than full-siblings, which may create greater
selfishness on the part of offspring and a tug-of-war between maternal
and offspring interests.>* Thus, clear fitness benefits for offspring might
be better supported in monogamous or polygynous systems, where sib-
lings are more closely related and less conflict exists between parent
and offspring optima.>?

Second, within a given system, parent-offspring conflict is expected
to be pronounced when individuals are faced with the most extreme
forms of adversity.° Take, for example, famine: for offspring, a smaller
body size and/or reduced growth rate might be beneficial to some
extent in order to avoid starvation. For the mother, however, the opti-
mal amount of maternal divestment might include complete offspring
abandonment. Similarly, under conditions of extreme social adversity
(e.g., warfare, infanticide risk), substantially curtailing parental invest-
ment may be in the best interest of mothers, but not offspring.5%5?

Counterintuitively, recent research on primates suggests that parent-
offspring conflict may also be pronounced under resource-rich
conditions.®*%®=7* For example, female chimpanzees in the best ener-
getic condition prioritized reproductive rate by weaning offspring earlier,
thereby accelerating investment in the following offspring. However, off-
spring that were younger when their mothers reconceived grew slower
as juveniles, suggesting that offspring paid a cost for this maternal strat-

egy. This lack of congruency between maternal body condition and
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parental investment suggests that parent-offspring conflict might be
exaggerated in the worst and best environments (Figure 3).

Finally, the likelihood of parent-offspring conflict will be deter-
mined by the developmental timing of adversity.”° Early-life adversity
can potentially influence development from conception through

reproductive maturation,’?

with maternal effects at their strongest
during earlier life phases and weakening after weaning as maternal
dependence sharply declines. In utero, offspring are completely
dependent on nutritional and biochemical input via the placenta.
Although offspring independence increases during the postnatal
period, mothers still contribute substantial nutritional and biochemical
input via lactation as well as behavioral input via direct forms of care.
Thus, during fetal and infant life, mammalian mothers have greater
agency to direct offspring development, creating greater opportunities
for conflict. Under such conditions, developmental responses are
likely to reflect the outcome of parent-offspring conflict, rather than a
simple optimum for either individual. By contrast, developmental
responses to adversity following weaning are more likely to reflect
offspring optima. Thus a number of inter- (e.g., mating system) and
intraspecific (e.g., environmental quality, developmental time frame)
characteristics must be considered to anticipate whether developmen-
tal plasticity will primarily benefit mother, infant, or both.

A second major question facing future research is: under what
conditions will fitness benefits associated with developmental plastic-
ity be immediate or delayed? Although immediate versus delayed ben-
efits have mostly been considered in relation to offspring fitness, they
could also pertain to maternal fitness. In European starlings, pre-
hatching, stress-induced reductions in nestling weight and begging
behavior only benefitted maternal fitness if posthatching maternal
condition was also impaired.®* Similar short-term adaptive calibrations
for mammalian mothers and offspring may occur between the prena-
tal and early postnatal period—when maternal condition and/or the
external environment are more likely to be matched. However, adap-
tive calibrations over longer time scales for offspring or mothers
(e.g., fetal life to adulthood, mother: gestation to later postnatal par-
enthood) may be less likely in species with longer life histories. This
hypothesis can be bolstered by autocorrelation tests to examine the
predictability of early- and later-life environmental variables.”>”*

Given the long-term perspective of maternal fitness strategies and
the potential immediate and future benefits for offspring and mothers,
the developmental, survival, and reproductive data required to examine
these hypotheses must span the life course of study subjects — a difficult
task for long-lived animals such as primates. Importantly, this expanded
approach unifies both offspring- and maternal-centric models of develop-
mental plasticity by considering the conditions in which immediate
and/or future benefits to mother and/or offspring are likely. A more
expansive view of developmental plasticity as a battleground between
mother and offspring is critical to understanding both the evolutionary
forces shaping plasticity, as well as the proximate mechanisms mediating
such plasticity. For example, although a number of maternal-origin bioac-
tives are now known to influence offspring development, increasing evi-
dence also suggest that these signals have co-evolved with offspring

physiological counterstrategies that limit maternal control.”-7>7¢

3 | PROXIMATE MECHANISMS OF
DEVELOPMENTAL PLASTICITY

Plastic responses to environmental input during early life can be medi-
ated by a number of complex behavioral and physiological mechanisms,
including maternal care behaviors, as well as the actions of hormones,
enzymes, immune factors, and microbiota. These physiological mecha-
nisms are thought to “developmentally program” infant and adult
phenotypes.””

One potential mechanism through which physiological responses
to adversity can induce long-lasting phenotypic change is through epi-
genetic modifications—changes to the DNA structure, not the DNA
sequence, that affect how genes are expressed. Indeed, recent studies
in humans and nonhuman primates have found evidence for maternal
effects on the offspring's epigenome.”8° For instance, changes in
DNA methylation (the most well-studied epigenetic change) may
mediate the link between prenatal adversity and disease risk in adult-
hood in offspring born to malnourished mothers.”® Such epigenetic

17.1880 3nd are

changes are covered in detail in other recent reviews,
not discussed further here.

Instead, we will focus on two physiological mechanisms known to
have powerful effects on the developing phenotype (potentially by
inducing epigenetic change®2®2): (a) GCs, a well-studied class of steroid
hormones that regulate metabolism and the vertebrate stress response,®
and (b) the gut microbiome, a system that is highly responsive to mater-
nal and environmental input and known to play a role in metabolism,
growth, immunity, behavior, and the emergence of later-life disease
(Figure 3).283-8> The rich history of GC research, coupled with increasing
evidence for the involvement of the gut microbiome in development,
makes these two systems ideal avenues for research on developmental
plasticity. Moreover, GCs and gut microbes are easily quantified in nonin-
vasive samples (see Supporting Information for details on methodological
approaches), offering plausible research avenues for human biologists
and primatologists studying development in both captive and wild set-
tings. We focus mainly on the prenatal and early postnatal period, when
adversity is influenced by maternal interests and is also expected to have
the most profound effects on offspring phenotype (Figure 4).8¢ While
later postnatal adversity may impact organisms directly without maternal
input, these mechanisms are outside the scope of this review.

3.1 | Glucocorticoids

GCs are end-products of the hypothalamic-pituitary adrenal (HPA)
axis and best known for their role in the vertebrate stress response.®
The stress response is initiated when exposure to a challenging stimu-
lus (or “stressor”) jumpstarts the HPA axis, beginning with increased
corticotropin releasing hormone (CRH) secretion by the hypothalamus
and ending with increased GC secretion by the adrenal cortex. Ele-
vated GCs increase respiratory and heart rates, enhance cardiovascu-
lar tone, decrease digestive function, and primarily suppress the
immune system®—changes that are viewed as adaptive in the face of

an immediate stressor. Beyond their roles in the stress response, GCs
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FIGURE 3 Parent-offspring conflict across environmental

gradients. Each offspring faces resource allocation tradeoffs across its
own developmental systems (indicated by pie graphs), while each
mother (M) faces resource allocation tradeoffs across successive
offspring. At poor and rich environmental extremes, the optimal
amount of resources allocated to offspring is expected to diverge
from the perspective of mothers versus offspring (see text for details).
When such parent-offspring conflict is high, maternal signals of
environmental quality are expected to be less accurate, leading to
offspring developmental trajectories that may benefit the mother at a
cost to the infant. Maternal manipulation is in part counteracted by
infant physiological mechanisms (e.g., 11B-HSD2) that have the
potential to filter maternal signals (indicated by black and white
arrows), potentially resulting in developmental trajectories that are
suboptimally calibrated for both parties [Color figure can be viewed at
wileyonlinelibrary.com]

are essential to energy regulation and metabolism, affecting the avail-
ability of glucose at specific tissues, maintaining body mass, and medi-
ating locomotor, foraging, and even parenting behaviors, which can be
energetically costly.28” These stress-related and energetic functions
position GCs as one of the central biochemical mediators of develop-
mental responses to environmental adversity.

One major way in which GCs can influence offspring development
is by altering maternal behavior. In studies of wild nonhuman primates
and humans, maternal GCs during gestation and lactation increase

maternal responsiveness®®%?

and time spent grooming and nursing
infants.”® However, opposite patterns have been found in captive
populations, with GCs inversely related to measures of maternal

t?192 and positively related to the frequency of abuse and

investmen
rejection toward offspring.”>?4 These patterns may suggest that inter-
mediate concentrations of GCs within a more naturalistic range
(e.g., in the wild) enhance maternal care through arousal mechanisms,
but extreme environments (e.g., constraints of captivity)®” may trigger
abandonment behaviors.

Maternal GCs can also influence offspring development more
directly by binding to the placenta or to offspring tissues during the

pre- and postnatal periods. During gestation, maternal GCs bind at the
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placenta and alter carbohydrate metabolism,”> thus decreasing the
amount of energy transferred to the fetus. Maternal GCs can also pass
through the placenta directly into fetal circulation (10-20% of mater-
nal circulating GCs in humans®®), binding to fetal target tissues and ini-
tiating changes in development. In the postnatal period, GCs from
maternal circulation reach the offspring through the transfer of milk, a
process presumed to occur via passive diffusion across the mammary
gland.?” Once ingested, milk GCs can influence intestinal permeability
and the transport of macromolecules by binding directly to the offspring
gut, where GC receptor density is highest during infancy.”® Ingested milk
GCs are also able to cross the intestinal wall and enter circulation, where
they can ultimately bind to other body tissues.”

Although the relative contributions of direct and indirect
(i.e., maternal care behavior) effects of maternal GCs are difficult to
tease apart, numerous studies have linked these hormones to off-
spring growth, immunity, and behavior during the pre- and postnatal
periods. During gestation, maternal GCs have contrasting effects on
pre- and postnatal growth. In humans and captive rodents, exposure
to elevated prenatal GCs primarily restricts fetal growth'© (but see
Petrullo and Lu for opposite results in vervet monkeys!®). By con-
trast, recent studies on captive and wild mammals have shown accel-
erating effects of prenatal GCs on postnatal growth, 283886 an effect
that may be similar to catch-up postnatal growth found in human
infants exposed to nutritional stress in-uterot©? (but see Berghanel
and colleagues®®).

The effects of prenatal GCs on offspring immune development are
primarily immunosuppressive. In captive rodents, elevated maternal
gestational GCs are associated with atrophied lymphoid tissues and
reduced lymphocyte production and activation in response to immune
challenge.°21% |n vitro studies on human immune cells exposed to
elevated GCs show similar effects, with fetal immune cells experienc-
ing more drastic lymphocyte reduction, and a greater shift from Th1
to Th2 immunity compared to adult immune cells.*®* While compara-
ble studies have not been conducted in nonhuman primates, a single
study on wild macaques found that infants born to mothers with high
gestational GCs took longer to recover from conjunctivitis,?®
supporting similar suppressive effects of prenatal GCs on immunity.

Prenatal GCs also have wide-ranging effects on offspring behavior
and cognition. Across mammals, both experimentally-induced and
naturally-occuring elevations in prenatal maternal GCs have been
associated with less sociable, more introverted, and more reactive

105,106 t,28:106.107 and altered

temperaments, slower motor developmen
HPA axis reactivity.'°® However, these effects do not always persist
into adulthood, with some outcomes (e.g., reactivity) either dis-
appearing or even reversing later in life.1?

Compared to the case for prenatal maternal GCs, the effects of
postnatal maternal GCs on offspring phenotype remain poorly under-
stood. This is particularly the case for the direct effects of milk GCs,
which have been studied for less than a decade. With regard to
growth, the only study on humans focusing on milk GCs found a nega-

,12% while a similar

tive relationship between GCs and offspring BM
study on captive rhesus macaques found a positive relationship

between milk GCs and offspring weight gain during “peak,” but not
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FIGURE 4 Glucocorticoids (GCs) and

the infant gut microbiome are proximate (A)
regulators of developmental responses to

early-life adversity. (a) During fetal life,

11B-HSD 2

irculating) =—————

maternal-origin GCs reach the fetus by
passing through the placental barrier.
Maternal-origin vaginal microbiota can
also exert developmental effects by
colonizing the perinatal infant gut
microbiome. (b) During infancy, maternal
effects continue via GC-mediated
caretaking behaviors as well as through
direct transmission of GCs and bacteria
that are ingested by the infant via
breastmilk. During both time periods,
maternal GCs may also be neutralized by (B)
11B-HSD 2 at the placenta and in the
mouth and gastrointestinal tract of
infants. Finally, postnatal development
can also be influenced by maternal
behaviors, which are under the influence
of preparatory and activational effects of
circulating maternal GCs during the pre-
and postnatal periods [Color figure can be
viewed at wileyonlinelibrary.com]
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early lactation.'** Importantly, the latter study controlled for the
effects of milk quality, separating out the potential effects of GC-
induced differences in maternal energetic investment, but not neces-
sarily maternal care-taking behaviors, on offspring growth. Although
we are unaware of any studies examining the indirect or direct effect
of lactational GCs on offspring immunity, experimental injection of
GCs into infant rhesus macaques suppresses cellular immune

responses and decreases lymphocyte a\ctivity,112

suggesting similar
effects would be induced if milk-origin GCs entered infant circulation.
With regard to neurobehavioral development, moderate increases in
maternal GCs or the ingestion of milk GCs by rodent pups are associ-
ated with improved memory and learning and reduced fear behav-
jors. 11113114 However, among primates, elevated milk GCs appear to
have opposite effects. In human and macaque offspring, high concen-
trations of milk GCs are associated with greater rather than reduced

11,111,115-117 Thus, lacta-

fearfulness, nervousness, and impulsivity.
tional, and milk-origin GCs appear to induce many of the same devel-
opmental changes as prenatal GCs, but some patterns remain
contradictory and are difficult to interpret in the absence of further
study.

Intriguingly, offspring may buffer the input of maternal GCs both
pre- and postnatally via the enzyme 11B-hydroxysteroid dehydroge-
nase 2 (11B-HSD2), which converts cortisol and corticosterone into the
biologically inactive molecule cortisone.® This conversion results in the
passage of only a small fraction of maternal-origin GCs to the
developing fetus, potentially buffering the fetus from deleterious

maternally-induced effects.”® Indeed, recent studies have shown that

Maternal
behaviors

stress-induced effects on offspring phenotype are contingent upon

downregulated levels of placental 11B-HSD2.18 Further, 11B-HSD2 is
active in the offspring intestine (leum and colon)’®
d,119

and parotid
glan suggesting that localized buffering against maternal milk GCs
during lactation is also likely. Given the presence of 11B-HSD2 at these
critical locations during development, the programming effects of
maternal GCs can potentially be offset in favor of offspring strategies.
Thus, 11B-HSD2 represents a physiological embodiment of parent-

offspring conflict,”®

where maternal interests can be directly modified
by offspring at a molecular level.>¢” As a tissue with shared maternal
and fetal origins, the placenta may be one of the most intriguing sites of
coevolutionary conflict between mother and offspring, especially given
recent evidence in rodents and domestic sheep that maternal malnutri-

tion can also reduce placental 11B-HSD2.120:121

3.2 | Gut microbiome

Complementing the rich research on GCs and developmental plastic-
ity, the gut microbiome has recently emerged as another mechanism
through which early-life adversity can translate into developmental
and adult outcomes. The adult human gut microbiome contains tril-

lions of bacteria,}??

including health-promoting symbionts, neutral
commensals, and potentially harmful pathobionts that activate the host
immune system.*2% Key functions of symbiotic bacteria include regu-
lating digestion, gut permeability, energy balance, and nutrient absorp-
tion?*—processes that generate energy that can then be allocated

toward growth.®% Accordingly, alterations in microbial composition
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have been associated with changes in weight, BMI, and stature
growth in human infants and children.*?>*2% |n addition, the diversity
and composition of the gut microbiome have also been linked to met-
abolic (e.g., obesity) and inflammatory (e.g., arthritis, irritable bowel
syndrome) disease, mucosal immunity, neurodevelopmental disorders
(e.g., autism spectrum disorder, and depression), and tempera-
ment.84127 Thus, a myriad of connections have been drawn between
gut microbes and physiological and psychological traits that are also
strongly associated with early-life adversity.

The composition, diversity, and abundance of gut bacteria are
constantly in flux and responsive to environmental input, particularly
during the prenatal and early postnatal periods.'?® Factors such as
stress, diet, and social partners can alter the composition of the gut
microbiome and may perturb the system into dysbiosis.*>>*2° When
this occurs, the balance of symbionts and putative pathobionts
can shift, affecting growth, immunity, and neurobehavioral develop-
ment. Further, the trajectory of the developing gut microbiome is
heavily influenced by maternal vertical transmission. Maternal skin,
fecal, and vaginal microbes are some of the first to colonize the
infant's gut at birth, followed by milk-origin microbes and bacteria-
modifying factors (e.g., probiotic oligosaccharides) that further shape
the infant's gut microbiome during lactation.128:130-132

These earliest periods of bacterial colonization are highly sensitive
to disturbance. Clinical evidence from human infants demonstrates
that antibiotics, Caesarean section (C-section) delivery,'3® and formula

128,134 \yith reductions in

feeding all disrupt the infant gut microbiome,
microbial diversity and changes in composition that may persist into
adulthood.'*> Furthermore, experimental studies using germ-free and
microbiome transplant models have shown that the developing
immune system and HPA axis are altered by microbial disruptions dur-
ing infancy, with phenotypic development reversed by restoring the
“normative” microbiome early in life, but not during adulthood.*3¢-138

Taken together, these data support two tantalizing hypotheses.
First, similar to organizational effects often attributed to hormones,
there appear to be early critical periods during which microbes exert
profound effects on the developing phenotype. During this time,
normative gut microbial succession—and thus offspring phenotype—
might be disrupted by adversity. Second, at least some of these
phenotypic effects may be modulated by stress-induced alterations in
the maternal microbial community that are vertically transmitted to
offspring during parturition and lactation. Indeed, in a study of non-
human primates, maternal stress during gestation altered microbial
communities in the infant; however, the role of vertically transmitted
bacteria was not explicitly demonstrated, and there was no follow-up
research on possible effects on offspring phenotype.

By contrast, a handful of recent studies on prenatal adversity in
rodents have provided the strongest support for vertical microbial trans-
mission as a mechanism directing offspring development in response to
adversity. Stress-induced changes in maternal gestational gut and vagi-
nal microbial communities, for instance, have consistently predicted the
composition of infant gut microbial communities and a suite of other
phenotypic traits after birth, including altered immunity, impaired neu-

rodevelopment, higher blood pressure, greater HPA reactivity, and
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increased anxiety-like behavior, with some of these traits persisting into
adulthood.**?"**! Furthermore, maternal microbial transplants prior to
birth can directly influence offspring postnatal phenotype, suggesting
that these changes are likely causal, not just correlational.1*? Finally, in
perhaps the strongest demonstration of maternal microbial effects,
pregnant mouse mothers with stress-induced vaginal microbiome
dysbiosis gave birth to neonates with distinct changes in their gut
microbiome and metabolism.?>14! Analyses of neonatal gut tissue fur-
ther revealed an abundance of host metabolites involved in oxidative
stress, nutrient absorption, and mitochondrial regulation, processes
linked to life history and neurodevelopment. However, the same differ-
ences were not found for infants delivered via C-section, demonstrating
clearly that vertical maternal transmission of stress-induced vaginal
dysbiosis directly influenced offspring metabolic differences.

Despite the known transmission of bacteria and bacteria-modifying
factors from mother to offspring via milk, there is comparatively little
direct evidence for postnatal vertical transmission as a mechanism by
which mothers can alter infant development in response to adversity. A
handful of studies on humans have linked maternal health (obesity,
celiac disease, and HIV, and infection)**3~1%° to individual differences in
milk microbial composition; however, thus far there has been no
research on the impact of social and nutritional stressors on the milk
microbiome or how potential alterations might shape the infant gut
flora and phenotype. Experimental studies mimicking the methodology
employed in stress-induced vertical vaginal transmission studies are
now necessary to test such hypotheses.

A major mechanism that should be considered in tandem with
milk microbiota is the transfer of milk oligosaccharides, which are
small sugar molecules that have the capacity to drive the growth of
preferred microbial taxa over others in the infant gut.'*¢ Instead of
being processed by host-specific enzymes, milk oligosaccharides are
only digested by specific microbes residing in the infant's gut, provid-
ing an avenue by which mothers can promote the proliferation of cer-
tain bacterial strains over others. In humans, milk oligosaccharide
composition appears to shift in response to food availability. A recent
study on Gambian women,*” for instance, found that oligosaccha-
ride abundance decreased during the lean season, and that specific
oligosaccharides and their correlated infant microbial communities
were associated with faster growth and greater protection against ill-
ness in infants. Similar associations between milk oligosaccharide
profiles and infant health (e.g., gastroenteritis and respiratory infec-
tion) have been demonstrated in other human populations.*# Finally,
mouse models of infant nutrition and growth found that supplemen-
tation with specific types of oligosaccharides increased lean body
mass, bone density, and metabolism.'*? Thus, there is compelling evi-
dence that research on milk oligosaccharides is integral to esta-
blishing a comprehensive picture of how seeding of the infant gut
microbiome shapes development.

More generally, investigating how the organization of the gut
microbiome acts in conjunction with GCs to direct developmental
plasticity appears increasingly important, given the emerging view that
the gut microbiome and HPA axis are bidirectionally linked in what is

often referred to as the “gut-brain-axis.”*>® While the central role of
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GCs in the stress response suggests that the gut microbiome is simply
another downstream system under its influence, gut microbiome com-
position can impact signaling pathways in the hypothalamus,? directly
impacting GC concentrations.® This dynamic interaction suggests
that the relationship between stress, microbial perturbations, and
development is exceedingly complex.

The importance of the gut microbiome for both the host stress
response and the developmental phenotype has theoretical implica-
tions for understanding developmental plasticity. From an evolution-
ary perspective, microbial involvement in the stress response suggests
that developmental plasticity is the result of coevolution between
host physiology and dynamic changes in the gut microbiome, which in
turn may be influenced by maternal and offspring interests. This
multi-player tug-of-war should encourage future researchers to con-
sider the composition and functions of the gut microbiome as poten-
tially benefiting maternal, offspring, and even microbial fitness.*> One
clear example of these conflicts is the transfer of probiotic maternal
milk oligosaccharides allowing mothers to preferentially support cer-
tain microbe strains over others.!>? Although we are unaware of any
research suggesting that infants can counteract these measures, com-
petitive exclusion (i.e., microbial competition for available niches and
resources) can, in theory, also be driven by offspring gut motility and
the biochemical makeup of the mucosal lining of the offspring
gut.153154 Fyrther, offspring intestinal immune responses to maternal
microbes can result in the selective seeding of certain maternal micro-
bial strains over others.2>>1%6 Thus, despite the magnitude of mater-
nal microbiota and oligosaccharide transmission, offspring physiology
ultimately shapes the maternal microbes that successfully colonize
and proliferate within the infant gut. Whether microbial strains might
have similar mechanisms to counter offspring or maternal interests is

fodder for future studies.

4 | LOOKING TOWARD THE FUTURE

To date, the vast majority of research on early-life adversity has
focused on the evolutionary scenarios potentially explaining the
developmental origins of health and disease (“DOHaD”) in humans,?°
or on the proximate mediators of early-life adversity using laboratory
model species such as rodents'® or macaques.**? Apart from captive
macaques, there has been very little research examining developmen-
tal plasticity in nonhuman primates as a whole (but see?®), or in simi-
larly large-bodied social mammals, particularly in naturalistic settings.
However, nonhuman primates can serve as excellent models for
studying developmental plasticity for several reasons.

First, as long-lived mammals that share broad reproductive similari-
ties (e.g., invasive placenta, some capital breeding) and a long evolution-
ary history with humans, research on the evolutionary underpinnings of
developmental plasticity in nonhuman primates has clear implications
for understanding human evolution. While adaptive models are often
invoked as explanations for disease in the human epidemiological litera-
ture, direct empirical support is largely lacking. More to the point, the

presence of disease does not always indicate that a developmental

decision was maladaptive; indeed, disease in later life can sometimes
arise from an adaptive tradeoff in early life. Thus, the prevalence of dis-
ease is not an adequate test of adaptive models. To progress, studies
must explicitly consider which adaptive scenarios are likely given the
socioecology of a given system, and test fitness predictions associated
with those scenarios. While data such as fertility and survival might be
difficult to obtain and interpret in modern humans, they are more widely
available from nonhuman primate populations under long-term study.

Distinguishing the precise adaptive scenarios that pertain to mod-
ern humans may have important ramifications for treating disease. For
example, if developmental plasticity is less sensitive to current ecol-
ogy than to maternal condition, we should not expect quick improve-
ments in the living environment to improve offspring health
outcomes. Furthermore, even improving maternal condition directly
may not be sufficient if mothers utilize those resources to benefit
reproductive rate over offspring fitness.®® By contrast, Wells*° has
recently argued that “relaxation” treatments that alleviate stress might
“reorganize maternal life history decisions”*®>” by shifting resource
allocation strategies toward greater offspring investment. Determin-
ing whether offspring phenotypes might be adaptively calibrated to
benefit maternal or offspring fitness during a later time period
(e.g., pre- to postnatal; prenatal to childhood) will be equally informa-
tive for public health. Although the existence of some parent-
offspring signal incongruence and extended life histories in humans
may render adaptive calibrations across longer time scales less likely,
any demonstration of short-term adaptive calibrations (e.g., pre- to
early postnatal period) may suggest that modern practices such as
bottle-feeding exacerbate costs for offspring and mothers by creating
a developmental mismatch. However, if early-life induced fitness
effects are not influenced by later-life conditions, then bottle-feeding
may not matter and interventions should focus solely on the initial
culprits: maternal condition and the early-life environment itself.

Second, from a proximate perspective, integrating experimental
research on captive primates with long-term research on wild non-
human primates and humans will advance our understanding of how
the HPA axis, the developing gut microbiome, and other key regula-
tors of developmental plasticity link early-life adversity to growth,
reproduction, health, and survival—knowledge that has broad transla-
tional value. A more detailed understanding of how stress-induced gut
microbial change mediates later-life health, for instance, is critical
toward developing treatments for disease, especially because the
impact of bacterial strains on host health and behavior may be
lineage-specific.*>® Furthermore, efforts to determine how offspring
development is mediated by maternal GC production in conjunction
with placental 11B-HSD2, which limits the transplacental passage of
GCs, would have broad salience for understanding the mechanistic
aspect of parent-offspring conflict. Such efforts would provide critical
information for evaluating how GC treatments for illnesses such as
asthma or lupus might be given safely to pregnant mothers to help
mothers while limiting effects on the fetus.

Finally, as nonhuman primates face challenges such as climate
change and habitat degradation, ongoing research may be able to

shed light on how novel and extreme forms of adversity, such as rapid



“_| wiLEY—_Evolutionary Anthropology

ISSUES, NEWS, AND REVIEWS

habitat loss, climate change, and human encroachment, might impact
developmental responses that have evolved in the context of more
evolutionarily common stressors. Although such novel forms of adver-
sity may not be relevant for testing adaptive hypotheses per se,
insights into how threatened populations developmentally respond to
increasing habitat degradation is critical to shaping conservation strat-
egies. Furthermore, such research can offer a window into how eco-
logically novel environments can unveil extremes of phenotypic
variation that might then be subject to selection at a later date.*>®

In conclusion, we encourage biological anthropologists to pursue
research programs on developmental plasticity, focusing on evolution-
ary, proximate, and applied angles—particularly in naturalistic
populations where animals are more likely to face strong resource allo-
cation tradeoffs. The development of novel morphometric, physiologi-
cal, and molecular measures that can be readily applied to studies of
wild animals will help advance this cause (see Supporting Information),
providing researchers with the opportunity to examine how the early-
life environment may initiate developmental changes on multiple levels
(e.g., immunity, somatic growth, HPA axis). Applying these methods to
studies of nonhuman primates will provide key insights into the link
between early-life experiences and adult fitness consequences, ushering

in an exciting new era of studies on developmental plasticity.

ACKNOWLEDGMENTS

This manuscript could not have covered the breadth of material that it
does without the help of multiple colleagues. The authors thank Jac-
inta Beehner and Carola Borries for thoughtful discussions of repro-
ductive suppression and life history in the context of development
and parent-offspring tradeoffs. The authors also credit the associate
editor, Katie Hinde, and five anonymous reviewers for their invaluable
input. Finally, the authors thank our funding sources who have facili-
tated our research on developmental plasticity (Leakey Foundation to
AL and NSM; NSF BCS-1723228 to AL and NSM; NIH AG051764 to
NSM; NSF SMA-1714730 to ISC; NSF GRFP to SC).

DATA SHARING STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analyzed in this study.

ORCID
Amy Lu "2 https://orcid.org/0000-0003-4758-216X
REFERENCES

[1] Godfrey K. 2006. The “developmental origins” hypothesis: Epidemi-
ology. In: Gluckman P et al., editors. Developmental origins of health
and disease, Cambridge: Cambridge University Press. p 6-32.

[2] Lea AJ, Altmann J, Alberts SC, Tung J. 2015. Developmental con-
straints in a wild primate. Am Nat 185:809-821.

LU ET AL.

[3] Tung J, Archie EA, Altmann J, Alberts SC. 2016. Cumulative early life
adversity predicts longevity in wild baboons. Nat Commun 7:11181.

[4] French JA, Carp SB. 2016. Early-life social adversity and developmen-
tal processes in nonhuman primates. Curr Opin Behav Sci 7:40-46.

[5] Petrullo LA, Mandalaywala TM, Parker KJ, Maestripieri D,
Higham JP. 2016. Effects of early life adversity on cortisol/salivary
alpha-amylase symmetry in free-ranging juvenile rhesus macaques.
Horm Behav 86:78-84.

[6] Altmann SA. 1998. Foraging for survival: Yearling baboons in Africa,
Chicago: University of Chicago Press.

[7] Gluckman PD, Hanson MA, Bateson P, et al. 2009. Towards a new
developmental synthesis: Adaptive developmental plasticity and
human disease. Lancet 373:1654-1657.

[8] Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorti-
coids influence stress responses? Integrating permissive, suppres-
sive, stimulatory, and preparative actions. Endocr Rev 21:55-89.

[9] Sheriff MJ, Bell A, Boonstra R, et al. 2017. Integrating ecological and
evolutionary context in the study of maternal stress. Integr Comp
Biol 57:437-449.

[10] Seckl JR. 2001. Glucocorticoid programming of the fetus: Adult phe-
notypes and molecular mechanisms. Mol Cell Endocrinol 185:
61-71.

[11] Hinde K. 2013. Lactational programming of infant behavioral pheno-
type. In: Clancy KBH, Hinde K, Rutherford JN, editors. Building
babies: Primate development in proximate and ultimate perspective,
Springer New York: New York, NY. p 187-207.

[12] Jasarevi¢ E, Howard CD, Morrison K, et al. 2018. The maternal vagi-
nal microbiome partially mediates the effects of prenatal stress on
offspring gut and hypothalamus. Nat Neurosci 21:1061-1071.

[13] Jasarevi¢ E, Howerton CL, Howard CD, Bale TL. 2015. Alterations in
the vaginal microbiome by maternal stress are associated with meta-
bolic reprogramming of the offspring gut and brain. Endocrinology
156:3265-3276.

[14] Bailey MT, Lubach GR, Coe CL. 2004. Prenatal stress alters bacterial
colonization of the gut in infant monkeys. J Pediatr Gastroenterol
Nutr 38:414-421.

[15] Allen-Blevins CR, Sela DA, Hinde K. 2015. Milk bioactives may
manipulate microbes to mediate parent-offspring conflict. Evol Med
Public Health 2015:106-121.

[16] Turecki G, Meaney MJ. 2016. Effects of the social environment and
stress on glucocorticoid receptor gene methylation: A systematic
review. Biol Psychiatry 79:87-96.

[17] Lea AJ, Tung J, Archie EA, et al. 2018. Developmental plasticity:
Bridging research in evolution and human health. Evol Med Public
Health 2017:162-175.

[18] Mulligan CJ. 2016. Early environments, stress, and the epigenetics
of human health. Annu Rev Anthropol 45:233-249.

[19] Gluckman PD, Hanson MA, Spencer HG. 2005. Predictive adaptive
responses and human evolution. Trends Ecol Evol 20:527-533.

[20] Gluckman PD, Hanson MA, Beedle AS. 2007. Early life events and
their consequences for later disease: A life history and evolutionary
perspective. Am J Hum Biol 19:1-19.

[21] Monaghan P. 2008. Early growth conditions, phenotypic develop-
ment and environmental change. Philos Trans R Soc Lond B Biol Sci
363:1635-1645.

[22] Wells JCK. 2007. The thrifty phenotype as an adaptive maternal
effect. Biol Rev Camb Philos Soc 82:143-172.

[23] Wells JCK. 2003. The thrifty phenotype hypothesis: Thrifty off-
spring or thrifty mother? J Theor Biol 221:143-161.

[24] Wells JCK. 2010. Maternal capital and the metabolic ghetto: An
evolutionary perspective on the transgenerational basis of health
inequalities. Am J Hum Biol 22:1-17.

[25] Stearns SC. 1992. The evolution of life histories, Oxford: Oxford
University Press.


https://orcid.org/0000-0003-4758-216X
https://orcid.org/0000-0003-4758-216X

LU ET AL.

Evolutionary Anthropology_WILEY_L_*

ISSUES, NEWS, AND REVIEWS

[26] Berghinel A, Schiilke O, Ostner J. 2015. Locomotor play drives
motor skill acquisition at the expense of growth: A life history trade-
off. Sci Adv 1:¢1500451.

[27] McDade TW, Georgiev AV, Kuzawa CW. 2016. Trade-offs between

acquired and innate immune defenses in humans. Evol Med Public

Health 2016:1-16.

Berghanel A, Heistermann M, Schiilke O, Ostner J. 2016. Prenatal

stress effects in a wild, long-lived primate: Predictive adaptive

responses in an unpredictable environment. Proc R Soc Lond B Biol

Sci 283:20161304.

[29] Cohen E, Baerts W, van Bel F. 2015. Brain-sparing in intrauterine
growth restriction: Considerations for the neonatologist. Neonatol-
ogy 108:269-276.

[30] Hanson M, Gluckman P. 2003. The human camel: The concept of
predictive adaptive responses and the obesity epidemic. Pract Diab
Int 20:267-268.

[31] Gluckman PD, Hanson MA, Low FM. 2019. Evolutionary and devel-
opmental mismatches are consequences of adaptive developmental
plasticity in humans and have implications for later disease risk.
Philos Trans R Soc Lond B Biol Sci 374:20180109.

[32] Uller T, Nakagawa S, English S. 2013. Weak evidence for anticipa-
tory parental effects in plants and animals. J Evol Biol 26:
2161-2170.

[33] Nettle D, Bateson M. 2015. Adaptive developmental plasticity:
What is it, how can we recognize it and when can it evolve? Proc R
Soc Lond B Biol Sci 282:20151005.

[34] Pigeon G, Festa-Bianchet M, Pelletier F. 2017. Long-term fitness
consequences of early environment in a long-lived ungulate. Proc R
Soc Lond B Biol Sci 284:20170222.

[35] Douhard M, Plard F, Gaillard J-M, et al. 2014. Fitness consequences
of environmental conditions at different life stages in a long-lived
vertebrate. Proc R Soc Lond B Biol Sci 281:20140276.

[36] Hayward AD, Rickard 1J, Lummaa V. 2013. Influence of early-life
nutrition on mortality and reproductive success during a subsequent
famine in a preindustrial population. Proc Natl Acad Sci U S A 110:
13886-13891.

[37] Sheriff MJ, Love OP. 2013. Determining the adaptive potential of
maternal stress. Ecol Lett 16:271-280.

[38] Dantzer B, Newman AEM, Boonstra R, et al. 2013. Density triggers
maternal hormones that increase adaptive offspring growth in a wild
mammal. Science 340:1215-1217.

[39] Mariette MM, Buchanan KL. 2016. Prenatal acoustic communica-
tion programs offspring for high posthatching temperatures in a
songbird. Science 353:812-814.

[40] Botero CA, Weissing FJ, Wright J, Rubenstein DR. 2015. Evolution-
ary tipping points in the capacity to adapt to environmental change.
Proc Natl Acad Sci U S A 112:184-189.

[41] Nettle D, Frankenhuis WE, Rickard 1J. 2013. The evolution of pre-
dictive adaptive responses in human life history. Proc R Soc Lond B
Biol Sci 280:20131343.

[42] Jones JH. 2005. Fetal programming: Adaptive life-history tactics or

making the best of a bad start? Am J Hum Biol 17:22-33.

Kuijper B, Johnstone RA. 2019. The evolution of early-life effects

on social behaviour—Why should social adversity carry over to the

future? Philos Trans R Soc Lond B Biol Sci 374:20180111.

[44] Bateson P, Gluckman P, Hanson M. 2014. The biology of develop-
mental plasticity and the predictive adaptive response hypothesis.
J Physiol 592:2357-2368.

[45] Alberts SC, Altmann J. 2003. Matrix models for primate life history
analysis. In: Kappeler PM, Pereira ME, editors. Primate life histories
and socioecology, Chicago: Chicago University Press. p 66-102.

[46] Jones JH. 2009. The force of selection on the human life cycle. Evol
Hum Behav 30:305-314.

[47] Williams GC. 1957. Pleiotropy, natural selection, and the evolution
of senescence. Evolution 11:398-411.

[28

143

[48] Forrester TE, Badaloo AV, Boyne MS, et al. 2012. Prenatal factors
contribute to the emergence of kwashiorkor or marasmus in severe
undernutrition: Evidence for the predictive adaptation model. PLoS
One 7:€35907.

[49] Wells JCK. 2018. Life history trade-offs and the partitioning of
maternal investment: Implications for health of mothers and off-
spring. Evol Med Public Health 2018:153-166.

[50] Wells JCK. 2019. Developmental plasticity as adaptation: Adjusting
to the external environment under the imprint of maternal capital.
Philos Trans R Soc Lond B Biol Sci 374:20180122.

[51] Wells JCK. 2014. Adaptive variability in the duration of critical win-
dows of plasticity: Implications for the programming of obesity. Evol
Med Public Health 2014:109-121.

[52] Kuijper B, Johnstone RA. 2018. Maternal effects and parent-
offspring conflict. Evolution 72:220-233.

[53] Brockman DK, van Schaik CP. 2005. Seasonality and reproductive
function. In: Brockman DK, editor. Seasonality in primates: Studies
of living and extinct human and non-human primates, Cambridge:
Cambridge University Press. p 269.

[54] Trivers RL. 1974. Parent-offspring conflict. Integr Comp Biol 14:
249-264.

[55] Stein AD, Zybert PA, van de Bor M, et al. 2004. Intrauterine famine
exposure and body proportions at birth: The Dutch hunger winter.
Int J Epidemiol 33:831-836.

[56] de Weerth C, Buitelaar JK. 2005. Physiological stress reactivity in
human pregnancy—A review. Neurosci Biobehav Rev 29:295-312.

[57] Brunton PJ, Russell JA, Douglas AJ. 2008. Adaptive responses of
the maternal hypothalamic-pituitary-adrenal axis during pregnancy
and lactation. J Neuroendocrinol 20:764-776.

[58] Saltzman W, Abbott DH. 2011. Hormonal and behavioral responses
to stress in lactating and non-lactating female common marmosets
(Callithrix jacchus). Physiol Behav 104:446-453.

[59] Altemus M, Deuster PA, Galliven E, Carter CS, Gold PW. 1995. Sup-
pression of hypothalmic-pituitary-adrenal axis responses to stress in
lactating women. J Clin Endocrinol Metab 80:2954-2959.

[60] Beehner JC, Lu A. 2013. Reproductive suppression in female pri-
mates: A review. Evol Anthropol 22:226-238.

[61] Quinlan RJ. 2007. Human parental effort and environmental risk.
Proc Biol Sci 274:121-125.

[62] Gale T, Garratt M, Brooks RC. 2018. Perceived threats of infanticide
reduce maternal allocation during lactation and lead to elevated oxi-
dative damage in offspring. Funct Ecol 32:2158-2169.

[63] Zipple MN, Roberts EK, Alberts SC, Beehner JC. 2019. Male-
mediated prenatal loss: Functions and mechanisms. Evol Anthropol
28:114-125.

[64] Love OP, Williams TD. 2008. The adaptive value of stress-induced
phenotypes: Effects of maternally derived corticosterone on sex-
biased investment, cost of reproduction, and maternal fitness. Am
Nat 172:E135-E149.

[65] Wells JCK. 2006. Is early development in humans a predictive adap-
tive response anticipating the adult environment? Trends Ecol Evol
21:424-425. author reply 425-426.

[66] Gibson MA, Mace R. 2006. An energy-saving development initiative
increases birth rate and childhood malnutrition in rural Ethiopia.
PLoS Med 3:e87.

[67] Del Giudice M. 2012. Fetal programming by maternal stress: Insights
from a conflict perspective. Psychoneuroendocrinology 37:1614-1629.

[68] Emery Thompson M, Muller MN, Sabbi K, Machanda ZP, Otali E,
Wrangham RW. 2016. Faster reproductive rates trade off against
offspring growth in wild chimpanzees. Proc Natl Acad Sci U S A
113:7780-7785.

[69] Pittet F, Johnson C, Hinde K. 2017. Age at reproductive debut:
Developmental predictors and consequences for lactation, infant
mass, and subsequent reproduction in rhesus macaques (Macaca
mulatta). Am J Phys Anthropol 164:457-476.



| wiLEY—_Evolutionary Anthropology

ISSUES, NEWS, AND REVIEWS

[70] Fite JE, Patera KJ, French JA, Rukstalis M, Hopkins EC, Ross CN.
2005. Opportunistic mothers: Female marmosets (Callithrix kuhlii)
reduce their investment in offspring when they have to, and when
they can. J Hum Evol 49:122-142.

Fairbanks LA, McGuire MT. 1995. Maternal condition and the qual-

ity of maternal care in vervet monkeys. Behaviour 132:733-754.

Henry CJK, Ulijaszek SJ, editors. 1996. Long-term consequences of

early environment: Growth, development and the lifespan develop-

mental perspective, Cambridge: Cambridge University Press.

Burgess SC, Marshall DJ. 2014. Adaptive parental effects: The

importance of estimating environmental predictability and offspring

fitness appropriately. Oikos 123:769-776.

[74] Frankenhuis WE, Nettle D, Dall SRX. 2019. A case for environmen-
tal statistics of early-life effects. Philos Trans R Soc Lond B Biol Sci
374:20180110.

[75] Fowden AL, Moore T. 2012. Maternal-fetal resource allocation: Co-
operation and conflict. Placenta 33(Suppl 2):e11-e15.

[76] Petrullo L, Hinde K, Lu A. (in press). Steroid hormone concentrations
in milk predict sex-specific offspring growth in a nonhuman primate.
Am J Hum Biol. https://doi.org/10.1002/ajpa.23315.

[77] Lucas A. 1991. Programming by early nutrition in man. Ciba Found
Symp 156:38-50. discussion 50-55.

[78] Tobi EW, Slieker RC, Luijk R, et al. 2018. DNA methylation as a
mediator of the association between prenatal adversity and risk fac-
tors for metabolic disease in adulthood. Sci Adv 4:eaa04364.

[79] Kinnally EL. 2014. Epigenetic plasticity following early stress pre-
dicts long-term health outcomes in rhesus macaques. Am J Phys
Anthropol 155:192-199.

[80] Maja V, Wu H, Lucia D. 2019. Making headway towards under-
standing how epigenetic mechanisms contribute to early-life effects.
Philos Trans R Soc Lond B Biol Sci 374:20180126.

[81] Cortese R, Lu L, Yu Y, Ruden D, Claud EC. 2016. Epigenome-
microbiome crosstalk: a potential new paradigm influencing neona-
tal susceptibility to disease. Epigenetics 11:205-215.

[82] Hunter RG. 2012. Epigenetic effects of stress and corticosteroids in

the brain. Front Cell Neurosci 6:18.

Macke E, Tasiemski A, Massol F, Callens M, Decaestecker E. 2017.

Life history and eco-evolutionary dynamics in light of the gut micro-

biota. Oikos 126:508-531.

[84] Cho I, Blaser MJ. 2012. The human microbiome: At the interface of

health and disease. Nat Rev Genet 13:260-270.

O'Mahony SM, Clarke G, Dinan TG, et al. 2017. Early-life adversity

and brain development: Is the microbiome a missing piece of the

puzzle? Neuroscience 342:37-54.

Berghanel A, Heistermann M, Schiilke O, Ostner J. 2017. Prenatal

stress accelerates offspring growth to compensate for reduced

maternal investment across mammals. Proc Natl Acad Sci U S A

114:E10658-E10666.

Saltzman W, Maestripieri D. 2011. The neuroendocrinology of pri-

mate maternal behavior. Prog Neuropsychopharmacol Biol Psychia-

try 35:1192-1204.

Fleming AS, Ruble D, Krieger H, Wong PY. 1997. Hormonal and

experiential correlates of maternal responsiveness during preg-

nancy and the puerperium in human mothers. Horm Behav 31:

145-158.

Nguyen N, Gesquiere LR, Wango EO, Alberts SC, Altmann J. 2008.

Late pregnancy glucocorticoid levels predict responsiveness in wild

baboon mothers (Papio cynocephalus). Anim Behav 75:1747-1756.

Stanton MA, Heintz MR, Lonsdorf EV, Santymire RM, Lipende |,

Murray CM. 2015. Maternal behavior and physiological stress levels in wild

chimpanzees (Pan troglodytes schweinfurthii). Int J Primatol 36:473-488.

Bardi M, French JA, Ramirez SM, Brent L. 2004. The role of the

endocrine system in baboon maternal behavior. Biol Psychiatry 55:

724-732.

[71

[72

[73

[83

[85

[86

[87

[88

[89

[90

[91

LU ET AL.

[92] Saltzman W, Abbott DH. 2009. Effects of elevated circulating
cortisol concentrations on maternal behavior in common marmo-
set monkeys (Callithrix jacchus). Psychoneuroendocrinology 34:
1222-1234.

[93] Maestripieri D, Hoffman CL, Anderson GM, Carter CS, Higley JD.
2009. Mother-infant interactions in free-ranging rhesus macaques:
Relationships between physiological and behavioral variables. Phy-
siol Behav 96:613-619.

[94] Bardi M, Shimizu K, Barrett GM, Borgognini-Tarli SM, Huffman MA.
2003. Peripartum cortisol levels and mother-infant interactions in
Japanese macaques. Am J Phys Anthropol 120:298-304.

[95] Vaughan OR, Davies KL, Ward JW, de Blasio MJ, Fowden AL. 2016.
A physiological increase in maternal cortisol alters uteroplacental
metabolism in the pregnant ewe. J Physiol 594:6407-6418.

[96] Murphy BE, Clark SJ, Donald IR, et al. 1974. Conversion of maternal
cortisol to cortisone during placental transfer to the human fetus.
Am J Obstet Gynecol 118:538-541.

[97] Sullivan EC, Hinde K, Mendoza SP, Capitanio JP. 2011. Cortisol con-
centrations in the milk of rhesus monkey mothers are associated
with confident temperament in sons, but not daughters. Dev Psy-
chobiol 53:96-104.

[98] Pacha J. 2000. Development of intestinal transport function in
mammals. Physiol Rev 80:1633-1667.

[99] Angelucci L, Patacchioli FR, Scaccianoce S, et al. 1985. A model for
later-life effects of perinatal drug exposure: Maternal hormone
mediation. Neurobehav Toxicol Teratol 7:511-517.

[100] Petrullo L, Lu A. 2019. Natural variation in fetal cortisol exposure is
associated with neonatal body mass in captive vervet monkeys
(Chlorocebus aethiops). Am J Primatol 81:622943.

[101] Cianfarani S, Geremia C, Scott CD, Germani D. 2002. Growth, IGF
system, and cortisol in children with intrauterine growth retarda-
tion: Is catch-up growth affected by reprogramming of the
hypothalamic-pituitary-adrenal axis? Pediatr Res 51:94-99.

[102] Kay G, Tarcic N, Poltyrev T, Weinstock M. 1998. Prenatal stress
depresses immune function in rats. Physiol Behav 63:397-402.

[103] Eishi Y, Hirokawa K, Hatakeyama S. 1983. Long-lasting impairment of
immune and endocrine systems of offspring induced by injection of dexa-
methasone into pregnant mice. Clin Immunol Immunopathol 26:335-349.

[104] Mainali ES, Tew JG. 2004. Dexamethasone selectively inhibits dif-
ferentiation of cord blood stem cell derived-dendritic cell
(DC) precursors into immature DCs. Cell Immunol 232:127-136.

[105] Davis EP, Glynn LM, Schetter CD, et al. 2007. Prenatal exposure to
maternal depression and cortisol influences infant temperament.
J Am Acad Child Adolesc Psychiatry 46:737-746.

[106] Buitelaar JK, Huizink AC, Mulder EJ, et al. 2003. Prenatal stress and
cognitive development and temperament in infants. Neurobiol
Aging 24(Suppl 1):553-S60. discussion S67-S68.

[107] Gandelman R, Rosenthal C. 1981. Deleterious effects of prenatal
prednisolone exposure upon morphological and behavioral develop-
ment of mice. Teratology 24:293-301.

[108] Matthews SG. 2000. Antenatal glucocorticoids and programming of
the developing CNS. Pediatr Res 47:291-300.

[109] Rayburn WF, Christensen HD, Gonzalez CL. 1997. A placebo-controlled

comparison between betamethasone and dexamethasone for fetal mat-

uration: Differences in neurobehavioral development of mice offspring.

Am J Obstet Gynecol 176:842-850. discussion 850-851.

Hahn-Holbrook J, Le TB, Chung A, et al. 2016. Cortisol in human

milk predicts child BMI. Obesity 24:2471-2474.

[111] Hinde K, Skibiel AL, Foster AB, del Rosso L, Mendoza SP,
Capitanio JP. 2015. Cortisol in mother's milk across lactation
reflects maternal life history and predicts infant temperament.
Behav Ecol 26:269-281.

[112] Coe CL, Lubach GR. 2005. Prenatal origins of individual variation in
behavior and immunity. Neurosci Biobehav Rev 29:39-49.

[110


https://doi.org/10.1002/ajpa.23315

LU ET AL.

Evolutionary Anthropology_WILEY__¥

ISSUES, NEWS, AND REVIEWS

[113] Catalani A, Alema GS, Cinque C, Zuena AR, Casolini P. 2011. Mater-
nal corticosterone effects on hypothalamus-pituitary-adrenal axis
regulation and behavior of the offspring in rodents. Neurosci Bio-
behav Rev 35:1502-1517.

[114] Casolini P, Cigliana G, Alema GS, Ruggieri V, Angelucci L, Catalani A.
1997. Effect of increased maternal corticosterone during lactation
on hippocampal corticosteroid receptors, stress response and learn-
ing in offspring in the early stages of life. Neuroscience 79:
1005-1012.

[115] Dettmer AM, Murphy AM, Guitarra D, et al. 2018. Cortisol in neo-
natal mother's milk predicts later infant social and cognitive func-
tioning in rhesus monkeys. Child Dev 89:525-538.

[116] Grey KR, Davis EP, Sandman CA, Glynn LM. 2013. Human milk corti-
sol is associated with infant temperament. Psychoneuroendocrinology
38:1178-1185.

[117] Nolvi S, Uusitupa H-M, Bridgett DJ, et al. 2017. Human milk cortisol
concentration predicts experimentally induced infant fear reactivity:
Moderation by infant sex. Dev Sci 24:€12625.

[118] Jensen Pena C, Monk C, Champagne FA. 2012. Epigenetic effects
of prenatal stress on 11f-hydroxysteroid dehydrogenase-2 in the
placenta and fetal brain. PLoS One 7:€39791.

[119] Smith RE, Maguire JA, Stein-Oakley AN, et al. 1996. Localization of
11 beta-hydroxysteroid dehydrogenase type Il in human epithelial
tissues. J Clin Endocrinol Metab 81:3244-3248.

[120] Langley-Evans SC, Phillips GJ, Benediktsson R, et al. 1996. Protein
intake in pregnancy, placental glucocorticoid metabolism and the
programming of hypertension in the rat. Placenta 17:169-172.

[121] Whorwood CB, Firth KM, Budge H, Symonds ME. 2001. Maternal
undernutrition during early to midgestation programs tissue-specific
alterations in the expression of the glucocorticoid receptor, 11p-
hydroxysteroid dehydrogenase isoforms, and type 1 angiotensin Il
receptor in neonatal sheep. Endocrinology 142:2854-2864.

[122] Frank DN, Pace NR. 2008. Gastrointestinal microbiology enters the
metagenomics era. Curr Opin Gastroenterol 24:4-10.

[123] Round JL, Mazmanian SK. 2009. The gut microbiota shapes intesti-
nal immune responses during health and disease. Nat Rev Immunol
9:313-323.

[124] Nieuwdorp M, Gilijamse PW, Pai N, Kaplan LM. 2014. Role of the
microbiome in energy regulation and metabolism. Gastroenterology
146:1525-1533.

[125] Arboleya S, Martinez-Camblor P, Solis G, et al. 2017. Intestinal micro-
biota and weight-gain in preterm neonates. Front Microbiol 8:183.

[126] Blanton LV, Charbonneau MR, Salih T, et al. 2016. Gut bacteria that
prevent growth impairments transmitted by microbiota from mal-
nourished children. Science 351:aad3311.

[127] Vuong HE, Yano JM, Fung TC, Hsiao EY. 2017. The microbiome and
host behavior. Annu Rev Neurosci 40:21-49.

[128] Béackhed F, Roswall J, Peng VY, et al. 2015. Dynamics and stabiliza-
tion of the human gut microbiome during the first year of life. Cell
Host Microbe 17:690-703.

[129] Amato KR. 2016. Incorporating the gut microbiota into models of
human and non-human primate ecology and evolution. Am J Phys
Anthropol 159:196-215.

[130] Underwood MA, German JB, Lebrilla CB, Mills DA. 2015.
Bifidobacterium longum subspecies infantis: Champion colonizer of
the infant gut. Pediatr Res 77:229-235.

[131] Martin MA, Sela DA. 2013. Infant gut microbiota: Developmental influ-
ences and health outcomes. In: Clancy KBH, Hinde K, Rutherford JN,
editors. Building babies: Primate development in proximate and ulti-
mate perspective, Springer New York: New York, NY. p 233-256.

[132] Petrullo L, Jorgensen MJ, Snyder-Mackler N, et al. 2019. Composi-
tion and stability of the vervet monkey milk microbiome.
Am J Primatol xx:e22982.

[133] Dominguez-Bello MG, Costello EK, Contreras M, et al. 2010. Deliv-
ery mode shapes the acquisition and structure of the initial

microbiota across multiple body habitats in newborns. Proc Natl
Acad Sci U S A 107:11971-11975.

[134] Bokulich NA, Chung J, Battaglia T, et al. 2016. Antibiotics, birth
mode, and diet shape microbiome maturation during early life. Sci
Transl Med 8:343ra82-ra343ra82.

[135] Ding T, Schloss PD. 2014. Dynamics and associations of microbial
community types across the human body. Nature 509:357-360.

[136] Cahenzli J, Kéller Y, Wyss M, Geuking MB, McCoy KD. 2013. Intes-
tinal microbial diversity during early-life colonization shapes long-
term IgE levels. Cell Host Microbe 14:559-570.

[137] Olszak T, An D, Zeissig S, et al. 2012. Microbial exposure during
early life has persistent effects on natural killer T cell function. Sci-
ence 336:489-493.

[138] Sudo N, Chida Y, Aiba Y, et al. 2004. Postnatal microbial coloniza-
tion programs the hypothalamic-pituitary-adrenal system for stress
response in mice. J Physiol 558:263-275.

[139] Gur TL, Shay L, Palkar AV, et al. 2017. Prenatal stress affects placental
cytokines and neurotrophins, commensal microbes, and anxiety-like
behavior in adult female offspring. Brain Behav Immun 64:50-58.

[140] Golubeva AV, Crampton S, Desbonnet L, et al. 2015. Prenatal stress-
induced alterations in major physiological systems correlate with gut micro-
biota composition in adulthood. Psychoneuroendocrinology 60:58-74.

[141] Jasarevi¢ E, Howard CD, Misic AM, Beiting DP, Bale TL. 2017. Stress
during pregnancy alters temporal and spatial dynamics of the maternal
and offspring microbiome in a sex-specific manner. Sci Rep 7:44182.

[142] Bruce-Keller AJ, Fernandez-Kim S-O, Townsend RL, et al. 2017.
Maternal obese-type gut microbiota differentially impact cognition,
anxiety and compulsive behavior in male and female offspring in
mice. PLoS One 12:e0175577.

[143] Meyer KM, Mohammad M, Ma J, Chu D, Haymond M, Aagaard K.
2016. 66: Maternal diet alters the breast milk microbiome and
microbial gene content. Am J Obstet Gynecol 214:547-548.

[144] Jiménez E, de Andrés J, Manrique M, et al. 2015. Metagenomic
analysis of milk of healthy and mastitis-suffering women. J Hum
Lact 31:406-415.

[145] Gomez-Gallego C, Garcia-Mantrana |, Salminen S, Collado MC.
2016. The human milk microbiome and factors influencing its com-
position and activity. Semin Fetal Neonatal Med 21:400-405.

[146] Bode L. 2012. Human milk oligosaccharides: Every baby needs a
sugar mama. Glycobiology 22:1147-1162.

[147] Davis JCC, Lewis ZT, Krishnan S, et al. 2017. Growth and morbidity

of Gambian infants are influenced by maternal milk oligosaccharides

and infant gut microbiota. Sci Rep 7:40466.

Doherty AM, Lodge CJ, Dharmage SC, Dai X, Bode L, Lowe AJ.

2018. Human milk oligosaccharides and associations with immune-

mediated disease and infection in childhood: A systematic review.

Front Pediatr 6:91.

Charbonneau MR, O'Donnell D, Blanton LV, et al. 2016. Sialylated

milk oligosaccharides promote microbiota-dependent growth in

models of infant undernutrition. Cell 164:859-871.

Cryan JF, O'Mahony SM. 2011. The microbiome-gut-brain axis:

From bowel to behavior. Neurogastroenterol Motil 23:187-192.

Bravo JA, Forsythe P, Chew MV, et al. 2011. Ingestion of Lactobacil-

lus strain regulates emotional behavior and central GABA receptor

expression in a mouse via the vagus nerve. Proc Natl Acad Sci U S A

National Acad Sciences. 108:16050-16055.

Zivkovic AM, German JB, Lebrilla CB, Mills DA. 2011. Human milk

glycobiome and its impact on the infant gastrointestinal microbiota.

Proc Natl Acad Sci U S A 108(Suppl 1):4653-4658.

Wiles TJ, Jemielita M, Baker RP, et al. 2016. Host gut motility pro-

motes competitive exclusion within a model intestinal microbiota.

PLoS Biol 14:¢1002517.

Costello EK, Stagaman K, Dethlefsen L, Bohannan BJM, Relman DA.

2012. The application of ecological theory toward an understanding

of the human microbiome. Science 336:1255-1262.

[148

[149

[150

[151

[152

[153

[154



| wiLEY—_Evolutionary Anthropology

ISSUES, NEWS, AND REVIEWS

[155] Maynard CL, Elson CO, Hatton RD, Weaver CT. 2012. Reciprocal
interactions of the intestinal microbiota and immune system. Nature
489:231-241.

[156] Korpela K, Costea P, Coelho LP, et al. 2018. Selective maternal
seeding and environment shape the human gut microbiome.
Genome Res 28:561-568.

[157] Shukri NHM, Wells J, Mukhtar F, Lee MHS, Fewtrell M. 2017. Study
protocol: An investigation of mother-infant signalling during
breastfeeding using a randomised trial to test the effectiveness of
breastfeeding relaxation therapy on maternal psychological state,
breast milk production and infant behaviour and growth. Int
Breastfeed J 12:33.

[158] Arrieta M-C, Walter J, Finlay BB. 2016. Human microbiota-associated
mice: A model with challenges. Cell Host Microbe 19:575-578.

[159] West-Eberhard MJ. 2005. Developmental plasticity and the origin
of species differences. Proc Natl Acad Sci U S A 102(Suppl 1):
6543-6549.

[160] Costantini D, Metcalfe NB, Monaghan P. 2010. Ecological processes
in a hormetic framework. Ecol Lett 13:1435-1447.

[161] Masten AS, Obradovic J. 2006. Competence and resilience in devel-
opment. Ann N Y Acad Sci 1094:13-27.

[162] Rutter M. 1993. Resilience: some conceptual considerations.
J Adolesc Health 14:626-631. 690-696.

[163] Boyce WT, Chesterman E. 1990. Life events, social support, and cardio-
vascular reactivity in adolescence. J Dev Behav Pediatr 11:105-111.

[164] Hales CN, Barker DJ. 1992. Type 2 (non-insulin-dependent) diabetes
mellitus: The thrifty phenotype hypothesis. Diabetologia 35:595-601.

[165] Douhard M, Loe LE, Stien A, et al. 2016. The influence of weather
conditions during gestation on life histories in a wild Arctic ungu-
late. Proc Biol Sci 283:20161760.

[166] Del Giudice M, Ellis BJ, Shirtcliff EA. 2011. The adaptive calibration
model of stress responsivity. Neurosci Biobehav Rev 35:1562-1592.

[167] Vickers MH, Gluckman PD, Coveny AH, et al. 2005. Neonatal leptin
treatment reverses developmental programming. Endocrinology 146:
4211-4216.

AUTHOR BIOGRAPHIES

Awmy Lu is an assistant professor at Stony Brook University interested
in female reproductive strategies and their consequences for offspring
development. Her current research project examines how premature
weaning due to infanticide risk influences the infant gut microbiome
and the developing immune system in wild geladas.

LaureN PeTRuULLO is a doctoral student at Stony Brook University inter-
ested in developmental biology, endocrinology, plasticity, and life

LU ET AL.

history. Her dissertation examines how vertical transmission of
microbes is modified by the endocrine system and translates into off-
spring developmental outcomes in vervet monkeys.

SoriA CARRERA is a doctoral student at the University in Michigan inter-
ested in behavioral endocrinology, developmental biology, and life his-
tory. Her research examines the hormonal and behavioral mechanisms
through which maternal stress drives offspring developmental out-

comes, particularly somatic growth.

Jacoe Feper is a doctoral student at Stony Brook University interested
in life history and the development of social relationships. His disser-
tation research investigates the effects of older offspring on maternal
reproduction and younger siblings' social networks, physiology, and

survival in wild geladas.

INDIA ScHNEIDER CREASE is a postdoctoral researcher at Stony Brook Uni-
versity and the University of Washington. Her work centers on how
early-life adversity affects infant immune development, disease sus-

ceptibility, and fitness in primates.

NoaAH SNYDER-MACKLER is an Assistant Professor at the University of
Washington who studies how the social environment affects health,
reproduction, and survival. He uses molecular genetic techniques to
probe the dynamic interaction between the social environment and
the genome with the aim of understanding the fitness consequences

of social environmental variation.

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: Lu A, Petrullo L, Carrera S, Feder J,
Schneider-Crease |, Snyder-Mackler N. Developmental
responses to early-life adversity: Evolutionary and mechanistic
perspectives. Evolutionary Anthropology. 2019;1-18. https://
doi.org/10.1002/evan.21791



https://doi.org/10.1002/evan.21791
https://doi.org/10.1002/evan.21791

	Developmental responses to early-life adversity: Evolutionary and mechanistic perspectives
	1  INTRODUCTION
	2  ADAPTIVE MODELS OF DEVELOPMENTAL PLASTICITY
	2.1  Offspring-centric models: Developmental constraints and PAR
	2.2  Maternal-centric models: The maternal capital model
	2.3  Testing existing possibilities

	3  PROXIMATE MECHANISMS OF DEVELOPMENTAL PLASTICITY
	3.1  Glucocorticoids
	3.2  Gut microbiome

	4  LOOKING TOWARD THE FUTURE
	ACKNOWLEDGMENTS
	  DATA SHARING STATEMENT
	REFERENCES


