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lactation, milk factors may be subject to tradeoffs, and variation in concentra-
tions have been explored utilizing the Trivers-Willard hypothesis. As human
milk immune factors are critical to developing immune system and protect
infants against pathogens, we tested whether concentrations of milk immune
factors (IgA, IgM, IgG, EGF, TGFp2, and IL-10) vary in response to infant sex
and maternal condition (proxied by maternal diet diversity [DD] and body
mass index [BMI]) as posited in the Trivers-Willard hypothesis and consider
the application of the hypothesis to milk composition.

Methods: We analyzed concentrations of immune factors in 358 milk samples
collected from women residing in 10 international sites using linear mixed-
effects models to test for an interaction between maternal condition, including
population as a random effect and infant age and maternal age as fixed effects.

Results: IgG concentrations were significantly lower in milk produced by
women consuming diets with low diversity with male infants than those with
female infants. No other significant associations were identified.

Conclusions: IgG concentrations were related to infant sex and maternal diet
diversity, providing minimal support for the hypothesis. Given the lack of asso-
ciations across other select immune factors, results suggest that the Trivers-
Willard hypothesis may not be broadly applied to human milk immune factors
as a measure of maternal investment, which are likely buffered against pertur-

1 | INTRODUCTION

The composition and abundance of human milk immune
factors are known to be reflective of a mother's environ-
mental conditions, including her physical environment
(Peroni et al., 2010), geographical location (Amoudruz
et al., 2009; Holmlund et al., 2010; Munblit et al., 2016; Ruiz
et al., 2017), subsistence strategy (Klein et al., 2018), and
microbial exposure (McGuire et al, 2021; Prentice,
Watkinson, et al., 1984; Tomici¢ et al., 2010). Human milk
immune factors are also associated with a variety of mater-
nal and infant characteristics including delivery mode
(Groer et al., 2004; Striker et al., 2004), gestational age
(Castellote et al., 2011), mastitis (Castro et al., 2022;
Espinosa-Martos et al., 2016; Hassiotou et al., 2013; Hunt
et al., 2013; Prentice et al, 1985), time postpartum
(Ballard & Morrow, 2013; Czosnykowska-t.ukacka
et al, 2020; Goldman et al., 1983; Moles et al., 2015;
Munblit et al., 2016; Prentice, Prentice, et al., 1983; Turin &
Ochoa, 2014), pasteurization method (Escuder-Vieco
et al., 2018; Espinosa-Martos et al., 2013), and infant illness
(Breakey et al., 2015; Bryan et al, 2007, Hassiotou
et al., 2013; Riskin et al., 2012). Maternal diet (Bottcher
et al., 2008; Urwin et al., 2012) and nutritional status (Lu
et al., 2018; Miranda et al., 1983) are also frequently associ-
ated with variation of immune factor concentrations
in milk.

bations in maternal condition.

Reflecting local ecology (Klein et al., 2018), human
milk is thus uniquely suited to prime newborns for their
environment (Andreas et al., 2015; Brandtzaeg, 2003). In
the early postpartum period, a time when infants'
immune systems remain naive (Ballard & Morrow, 2013),
mothers transfer immunity to their infants via the provi-
sion of colostrum and milk (Andreas et al., 2015;
Brandtzaeg, 2003). Lactation, however, is an energetically
costly form of parental investment (600 kcals per day;
Butte & King, 2005; Lunn, 1994) which involves diverting
available energy away from maternal needs to the synthe-
sis of milk for the offspring, an investment that can span
several months to years (Valeggia & Ellison, 2001).There-
fore, lactation and the composition of human milk are
likely subject to energetic tradeoffs and may be respon-
sive to proximate cues in the environment and from the
mother-infant dyad.

1.1 | Evolutionary approaches to human
parental investment and human milk
composition

Evolutionary approaches examining how parental invest-
ment may interact and influence human milk composi-
tion (e.g., Fujita et al.,, 2019; Powe et al., 2010) have
typically centered on whether there are associations
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between a mother's milk composition and the sex of her
infant (e.g., do male infants receive milk that has higher
energy density than female infants?). A subset of these
papers has directly or indirectly examined the Trivers-
Willard hypothesis or the interaction effects between
maternal condition and infant sex on milk composition
(Eckart et al., 2021; Fujita et al, 2012, 2019; Powe
et al,, 2010; Quinn, 2013). Trivers-Willard posits that
mothers attain greater reproductive success through
investing in offspring that are most likely to obtain
greater fitness (Trivers & Willard, 1973). Briefly, the
hypothesis suggests that maternal condition will influ-
ence offspring condition and argues males born to
mothers in poor condition (e.g., underweight, malnour-
ished) will experience poor condition and have more
challenges in obtaining mates and reproducing than
males born to mothers in good condition. Mothers in
poor condition are predicted to skew their investment
towards female infants, who experience lower levels of
reproductive variability, while mothers in good condi-
tions are expected to skew investment towards male off-
spring because, under those conditions, males may
achieve greater reproductive success than their female
counterparts (Trivers & Willard, 1973).

Human milk is viewed as a form of parental invest-
ment, whereas milk synthesis under certain circum-
stances can conflict with maternal interest. For example,
the mobilization of body stores to source calcium for milk
production leads to temporal bone mineral loss in
mothers until after weaning (Kalkwarf & Specker, 2002).
Currently, it remains uncertain whether milk immune
factors are costly enough to produce to be considered
maternal investment. However, several studies on IgA
suggest that it is a possibility. For instance, certain situa-
tions such as extreme undernutrition (Miranda
et al, 1983), reduced food availability (Weaver
et al.,, 1998) and intensive exercise (Gregory et al., 1997)
have shown a decrease in milk IgA concentrations.

Applications of the Trivers-Willard hypothesis to
human milk composition, however, have yielded conflict-
ing results. Among well-nourished women in the
United States, Powe et al. (2010) found the milk produced
by women breastfeeding male infants was higher in
energy density than the milk of mothers with female
infants. Fujita et al. (2012) found higher fat content in
the milk of poor Kenyan mothers with female infants,
while economically secure Kenyan mothers produced
milk with higher fat content for their sons. Results from
another study in the same population showed that
mothers with high mid-upper arm circumference
(MUAC) with sons had higher concentrations of secre-
tory Immunoglobulin A (sIgA) in their milk than did

mothers with daughters. Conversely, mothers with low
MUAC and with daughters had higher concentrations of
sIgA in their milk than did mothers with sons (Fujita
et al.,, 2019). However, among Filipino mothers, Quinn
(2013) found no evidence of an infant sex bias in either
fat, lactose, protein, or energy content of the milk of
mothers when accounting for maternal BMI. In general,
studies testing the Trivers-Willard hypothesis in post-
birth parental investment contexts have been challenged
by a lack of cross-cultural data, small sample sizes, and
the operationalization of parental investment and mater-
nal condition (Cronk, 2007; Thouzeau et al., 2022). Nev-
ertheless, the hypothesis continues to be tested across a
variety of parental investment domains (e.g., Lynch
et al., 2018; Pink et al., 2017; Song., 2018).

Here, utilizing a previously collected dataset includ-
ing a range of human milk immune factors (Immuno-
globulin A, Immunoglobulin G, Immunoglobulin M,
Epidermal Growth Factor, Transforming Growth Factor
Beta 2, and Interleukin-10) and standardized maternal
condition variables (maternal BMI and diet diversity
scores) from a multi-cohort, international human milk
composition study (the INSPIRE study), we test the
TriversWillard hypothesis and consider its utility as an
evolutionary framework in human milk studies. The
application of the Trivers-Willard hypothesis to human
milk immune factors would suggest that resource limited
mothers may face a tradeoff between caloric investment
in milk and production of milk immune factors. These
might covary due to phenotypic correlation, but immune
factors might be expected to be prioritized secondary to
basic caloric needs. It is important to note that costs to
mothers of producing human milk immune factors are
unknown and therefore operationalizing human milk
immune factors as investment is challenging. Neverthe-
less, this study represents the largest, methodologically
consistent test of this hypothesis to our knowledge.
Therefore, if the investment variation predictions of
Trivers-Willard hypothesis apply to human milk immune
factors, we should expect concentrations of immune fac-
tors will be lower in milk produced by underweight or
overweight/obese women or women consuming diets
with lower diversity (indicating poor nutritional status,
i.e., poor condition) with sons than those in milk pro-
duced by mothers in poor conditions with daughters.
Specifically, we test whether Immunoglobulin A (IgA),
Immunoglobulin G (IgG), Immunoglobulin M (IgM),
Epidermal Growth Factor (EGF), Transforming Growth
Factor Beta 2(TGFf2), and Interleukin 10 (IL-10) concen-
trations in the milk of mothers with infants varied
according to the interaction between infant sex and
maternal condition.
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2 | METHODS

2.1 | Study populations

Data used in this analysis were previously collected as
part of a prospective multi-cohort, international, cross-
sectional study (the INSPIRE study) (Lackey et al., 2019;
Lane et al., 2019; McGuire et al., 2017; McGuire et al.,
2021; Pace et al.,, 2021; Ruiz et al., 2017). Data were
collected on 410 breastfeeding women and their
infants between May 2014 and April 2016. The original
sample set included two European (Spanish and Swed-
ish), one South American (Peruvian), two North Amer-
ican (United States: Southeastern Washington/
northwestern Idaho and southern California), and six
sub-Saharan African (rural and urban Ethiopian, rural
and urban Gambian, Ghanaian, and Kenyan) cohorts.
Detailed descriptions of these populations have been
published previously (see McGuire et al., 2017; Ruiz
et al., 2017). The rural Ethiopian cohort (n = 40) was
not included in this study due to variation in sample
preservation approaches that prevented immune factor
analysis.

Women did not have to be exclusively breastfeeding
to participate. Infants enrolled in the study were between
the ages of 2 weeks and 5 months. To be included in the
study, infants had to be reported healthy by their
mothers, defined as no reported illness (including fever,
vomiting, severe cough, rapid breathing, or diarrhea)
7 days prior to enrollment, and have not been given anti-
biotics in the month prior to participation. Mothers had
to self-report as healthy, defined as having had no symp-
toms of illness (including fever, vomiting, severe cough,
or diarrhea) in the 7 days prior to enrollment, not
experiencing breast infection or atypical breast pain that
they did not consider normal for lactation, and had not
taken antibiotics in the 30 days before enrollment.
Informed, verbal, or written consent (depending on
locale and the subject's literacy level) was acquired from
each participating woman. Ethics approvals were
obtained for all procedures from each participating insti-
tution and with overarching approval from the
Washington State University Institutional Review Board
(IRB #13264).

2.2 | Milk collection

All milk collection supplies (including gloves, soap wipes,
and collection containers) were standardized and pro-
vided to personnel at each site to help control for known
and unknown biases. The participant’s study breast was

cleaned twice with pre-packaged soap wipes by gloved
hands either by researchers or participants. At least
20 mL of milk were expressed either by hand or by use of
an electric pump (Medela, Inc. McHenry, IL) into a
single-use, sterile polypropylene milk container with a
polybutylene cap (Medela, Inc.) or polypropylene speci-
men containers with polyethylene caps (VWR Interna-
tional, LLC). Milk was placed on ice or in a cold box
until aliquoted (within 1 h of the collection). Aliquots of
milk were frozen at —20°C and then shipped on dry ice
to Complutense University in Madrid, where immuno-
logical assays were performed.

2.3 | Immune factors and
immunological assays

We have previously reported the detailed description of
the immunological assay and the wide range of concen-
trations of immune factors in milk of participants in the
INSPIRE study (Ruiz et al., 2017). Briefly, samples from
all study sites were aliquoted and subjected to a single
freeze-thaw cycle and were analyzed by the same
researchers using the same reagents and equipment to
reduce potential lab biases. To avoid defrosting cycles,
individual aliquots were used for each analysis. Prior to
analyses, 1 mL samples were centrifuged at 800g for
15 min at 4°C to remove the fatty layer and the interme-
diate aqueous phase was used for the immunoassay
determinations as previously described (Espinosa-Martos
et al., 2013). All assays were run in duplicate according to
manufacturer's instructions and standards curves were
performed for each analyte. Magnetic bead-based multi-
plex immunoassays were used to assess the concentra-
tions of TGFB2 and IL-10 (BioRad, Hercules, CA, USA).
TGFp2 was acid-activated prior to analysis, per manufac-
turer recommendations. The RayBio Human EGF ELISA
kit was used to quantify EGF concentration (RayBiotech,
Norcross, GA, USA). The concentrations of IgG, IgA, and
IgM were determined using the Bio-plex Pro Human Iso-
typing Assay kit (BioRad, Hercules, CA, USA). Immuno-
globulins (IgA, IgG, IgM) were measured in milligrams
per liter, IL-10 in nanograms per liter, and EGF and
TGFf2 in micrograms per liter (Ruiz et al., 2017). The
inter-assay coefficient of variation were below manufac-
turer's instructions for all immune markers and detection
limits of assays reported previously (Ruiz et al., 2017).
Immune factor concentrations were log transformed
prior to statistical analysis. IgA was undetectable for one
sample, TGFf2 in one sample, and IL-10 in 118 samples.
These values were assigned a value of one half the lower
limit of detection, after log transformation.
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24 | Maternal and infant
characteristics, diet diversity scores and
maternal BMI

Maternal and infant age and infant sex were reported by
participating mothers. Maternal BMI and diet diversity
scores were calculated and used as a proxy for maternal
condition. BMI and diet were chosen because of previous
studies that have tested Trivers-Willard (e.g., Fujita
et al., 2012; Quinn, 2013) and because they represent the
best available data in an existing data set. Diet diversity
has been consistently associated with food insecurity
among breastfeeding and pregnant women (Kang
et al., 2019; Na et al., 2016; Singh et al., 2020). Specifically
in regard to maternal condition, DDS has been associated
with maternal thinness and anemia in rural Cambodia
(McDonald et al., 2015).

Maternal BMI was calculated from maternal height
and weight measurements obtained by study personnel.
BMI classifications were made according to US Centers
for Disease Control and Prevention guidelines
(CDC, 2021), with scores <18.5 considered underweight;
18.5 to <25 as healthy, 25 to <30 as overweight and >30
as obese. We combined overweight and obese categories
with scores >25, defining the category as overweight/
obese.

Diet diversity was characterized by creating a diet
diversity score (DDS) for each subject based on the 2011
US Food and Agriculture (FAO) Guidelines for Measur-
ing Household and Individual Dietary Diversity
(Kennedy et al., 2011). Mothers were asked to recall their
food consumption over the past 7 days against a checklist
of food groups. Data were used to create a DDS similar to
the women's diet diversity score included in the FAO
guidelines (Kennedy et al., 2011). For creation of the
DDS, the 14 dietary categories from the original diet sur-
vey responses were aggregated into 8 consolidated catego-
ries (i.e., starchy staples; vegetables; fruits; organ meat;
meat and fish; eggs; legumes, nuts and seeds; milk and
milk products). Responses were coded dichotomously,
where for each category an affirmative response was
coded as one and a negative was coded as zero. The DDS
of each participant was calculated by summing the num-
ber of categories of consumed foods, with potential scores
ranging from 0 to 8.

2.5 | Statistical analysis

All statistical analyses were performed using R (4.0.2). R
package nlme (V 3.1-152) was used to create linear
mixed-effects (LME) models to examine the potential
relationship between concentrations of IgA, IgG, IgM,

EGF, TGFp2, IL-10, maternal characteristics that serve as
a proxy for maternal condition (maternal BMI, maternal
DDS), and infant sex (female or male). Each LME model
included population as a random effect and infant age
(wk) and maternal age (y) as fixed effects. In the LME
models, BMI and diet diversity scores were treated as
continuous variables, with higher BMI or diet diversity
indicating better condition. However, since very high and
low BMIs may also indicate poor condition, we also
tested a second model with BMI as categorical variable
according to the classifications described above (under-
weight, healthy and overweight/obese). Statistical signifi-
cance was declared at P < .05 and statistically trending at
P> .05-<.1. Additional models were run with the
240 datapoints from samples with IL-10 above the limit
of detection; these models did not differ from the models
with the complete sample in terms of qualitative infer-
ences, so are not reported.

3 | RESULTS

3.1 | Participant characteristics

Of the 410 mothers from which we obtained milk sam-
ples in the original INSPIRE study, 358 mothers are
included in this study. As noted, data from rural Ethiopia
were excluded due to variation in sample preservation,
and an additional 12 individuals from other populations
were missing anthropometric (n =11) or dietary
data (n = 1).

The mean maternal age was 27.8 years, ranging
between 18 and 46 years. Infant age ranged from 2.9 to
16.6 weeks with a mean of 9 weeks old. There were some
differences (e.g., BMI and maternal age) in participant
characteristics among the cohorts; select characteristics
are summarized in Table S1. There were no significant
differences in maternal age, maternal BMI, or maternal
DDS between mothers of male and female infants
Table 1.

3.2 | Maternal BMI, infant sex, and HM
immune factor concentrations

Among underweight and overweight/obese women,
those with sons did not have lower concentrations of
immune factors in their milk compared to women in sim-
ilar condition with daughters. LME modeling indicated
no significant interactions between infant sex and mater-
nal BMI (as a continuous variable) on concentrations of
IgA, 1gG IgM, EGF, or IL-10 (Table 2, Figure 1). How-
ever, the interaction approached significance for TGFf2
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TABLE 1 Maternal and infant characteristics by infant sex.
Total sample (n = 358) Female (n = 182) Male (n = 176) P value
Mothers
Maternal age, year 27.76 + 6.19 27.34 + 6.25 28.19 + 6.12 0.193
Maternal BMI, kg/mz 24.60 + 4.60 24.24 + 4.24 24.98 + 4.90 0.126
Maternal BMI category
Underweight 17.38 + 0.90 17.33 £1.23 17.41 + 0.57 0.163
Healthy 21.98 + 1.73 24.24 + 4.24 21.99 + 1.81 0.616
Overweight/Obese 29.23 + 3.67 28.67 + 3.51 29.75 + 3.76 0.476
Maternal DDS 6.11 + 1.32 6.15 + 1.31 6.06 + 1.32 0.539
Infants
Infant age®, week 9.02 + 2.89 9.15 + 2.83 8.88 +2.93 0.375

Note: Values are given as mean + standard deviation. P values were calculated from Welch's two sample t-test for continuous variables and Pearson's chi-

square for the categorical variables.
“Infant age is equivalent to maternal time postpartum.

TABLE 2
index (BMI) as a continuous predictor.

Linear mixed-effects models examining variation in human milk immune factor concentrations with maternal body mass

IgA (mg/L) IgG (mg/L) IgM (mg/L) EGF (pg/L) TGFp2 (ng/L) IL-10 (ng/L)

Covariates B P g P g P ] P ] P B P
(Intercept) 5.992 <0.001 4.963 <0.001  4.307 <0.001  1.940 <0.001 0.776 0.207 —0.312 0.783
Infant Sex* —0.350 0.497 —0.306 0.374 —0.634 0.214 —0.270 0.272 —1.261 0.058 0.449 0.630
Maternal BMI 0.009 0.587 —0.016  0.151 —0.015 0.360 —0.004 0.603 —0.038 0.075 —0.005 0.872
Infant Ageb —0.018  0.292 —0.003 0.776 —0.029 0.083 —0.010 0.232 0.048 0.029 0.011 0.728
Maternal Age 0.008 0.400 —0.014 0.015 —0.003 0.760 —0.004 0.408 —0.005 0.648 —0.009 0.581
Infant Sex: 0.010 0.631 0.010 0.471 0.025 0.229 0.011 0.268 0.048 0.070 —0.020 0.588

Maternal BMI
Random effects 0.551 0.875 0.673 0.585 0.690 0.866 0.370 0.418 0.355 1.129 2316 1.582
Population
(Intercept,

residual)

Note: Values on the table are bolded to highlight signficant values.
“Infant male coded as 1, female coded as 0.
“Infant age is equivalent to maternal time postpartum.

(B =0.048, P=.07, Table 2, Figure 1). Mothers with
BMIs <26.5 kg/m* with female infants trended towards
higher concentrations of TGFB2 in their milk than
mothers with male infants and BMIs <26.5 kg/m>
(Figure 1). Other immune factors in our linear models,
except for IL-10, followed the same overall pattern of
higher concentrations in milk of mothers of female
infants with lower BMI relative to those with male
infants, and vice versa for higher BMI, but the differences
were not significant.

Next, we ran models with BMI coded categorically to
investigate non-linear effects of underweight and over-
weight/obese BMIs. Results showed general support for

the use of BMI in linear terms. However, we present
these results cautiously as this analysis may not be cross-
culturally valid. Nevertheless, description of analysis and
results are included in the supplementary (Table S2).

3.3 | Maternal diet diversity, infant sex,
and HM immune factor concentrations

LME models showed an interaction between infant sex
and maternal DDS on IgG concentration (= 0.099,
P =.037; Table 3). Specifically, mothers consuming less
diverse diets with sons had lower concentrations of IgG
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FIGURE 1 Lines show predictions of linear mixed-effects models examining variation in human milk immune factor concentrations

with maternal body mass index (BMI) as a continuous predictor. Shaded areas are 95% confidence intervals for the effect. A. IgA (p = 0.010,
P = .631) B. IgG (p = 0.010, P = .471) C IgM (p = 0.025, P = .229) D. EGF (§ = 0.011, P = .268) E.TGFp2(p = 0.04, P = .268) F. IL-10

(B = 0.020, P = .588) All factors follow the same overall trend of higher concentrations in milk of mothers with male infants and higher BMI
scores except for IL-10, however no relationships are significant.

TABLE 3 Linear mixed-effects outputs for interaction between infant sex, immune factors and maternal diet diversity score (DDS).
IgA (mg/L) IgG (mg/L) IgM (mg/L) EGF (pg/L) TGFp2 (pg/L)  IL-10 (ng/L)
Covariates i} P i} P [i] P i} P i} P i} P
(Intercept) 6.383 <0.001 4.923 <0.001  4.557 <0.001 1.642 <0.001 0.111 0.845 —1.460 0.186
Infant Sex® —0.156  0.725 —0.671 0.024 —0.870  0.047 —0.037 0.861 —0.732  0.201  1.469 0.067
Maternal DDS —0.032  0.575 —-0.052 0.173 —0.096 0.084 0.035 0.197 —-0.027 0.702 0.169 0.098
Infant Age® —0.021 0.222 —0.003  0.803 —0.031 0.062 —0.011  0.176 0.047 0.032 0.016 0.590
Maternal Age 0.009 0.282 —0.016 0.006 —0.003 0.727 —0.004 0.362 —0.008 0.462 —0.011 0474
Infant sex: 0.009 0.902 0.099 0.037 0.137 0.051 0.007 0.845 0.107 0.243  —0.249 0.052
Maternal
DDS
Random 0.587 0.877 0.689 0.583 0.690 0.860 0.358 0.418 0.352 1.133  2.337 1.575
effects
Population
(Intercept,
residuals)

Note: Values on the table are bolded to highlight signficant values.
*Infant male coded as 1, female coded as 0.
“Infant age is equivalent to maternal time postpartum.
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predictions of linear mixed-effects models examining interaction between infant sex, immune factors and maternal diet diversity score
(DDS). Shaded areas are 95% confidence intervals for the effect. A. IgA (p = 0.009, P = .902) B.IgG (f = 0.009, P = .037) C. IgM (p = 0.137,
P =.051) D.EGF (p = 0.007, P = .845) E. TGFf2 (f = 0.107, P = .243) F. IL-10 (p = —0.249 P = .052) All factors follow the same overall
trend of higher concentrations in milk of mothers with male infants and high diet diversity except for IL-10, however only IgG is significant.

in their milk compared to mothers in similar condition
with daughters (Figure 2B). The interaction approached
significance in the same direction for IgM (p = 0.137,
P = .051; Table 3). However, mothers with high DDS and
male infants trended towards lower concentrations of IL-
10 in their milk compared to mothers with high DDS and
female infants (§ = —0.249, P = .052; Table 3, Figure 2F),
but it was not significant.

4 | DISCUSSION

This study investigated maternal biological investment
via concentrations of human milk immune factors using
predictions from the Trivers-Willard hypothesis. We
tested whether concentrations of select immune factors
(IgA, 1gG, IgM, EGF, TGFp2, and IL-10) would vary
according to maternal condition and infant sex. Specifi-
cally, we examined whether concentrations of immune
factors would be lower in the milk of mothers with

underweight or overweight/obese BMI or low DDS (poor
condition) with sons than in the milk of mothers with
daughters and with underweight or overweight/obese
BMI or low DDS.

We found minimal support for the Trivers-Willard
hypothesis. Mothers consuming less diverse diets with
male infants had significantly lower concentrations of
IgG in their milk compared to mothers with less diverse
diets with female infants. This finding is consistent with
previous research that found female-biased investment
among mothers in poor condition (with varying measures
of condition, such as nourishment and economic stabil-
ity) in the form of energy content (Powe et al., 2010) and
fat content (Fujita et al., 2012) in humans. However, our
results did not find support for a Trivers-Willard effect
with any other immune factor tested with diet diversity
or BMI as a measure of maternal condition. Additionally,
no associations were found to support the prediction that
underweight and overweight/obese women would have
lower concentrations of immune factors in their milk for
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their sons than women in similar conditions with
daughters.

Researchers have proposed that immune factors in
milk are costly to produce, and the production of those
factors are subject to life-history tradeoffs or shifts in
energy expenditure (Breakey et al., 2015; Miller, 2018).
The mechanism by which immune factors end up in
human milk, however, may reflect their overall invest-
ment costs. Some immune factors (e.g., IgA) are synthe-
sized in the mammary gland from B cells that migrate
from the gastrointestinal tract during pregnancy (Roux
et al., 1977). Others (e.g., cytokines) are produced by
mammary epithelial cells or by cells carried within the
milk, while some (e.g., IgG) are transferred from mater-
nal serum (Agarwal et al., 2011) and may be more costly
for mothers to produce. However, immune factors pro-
duced locally in the mammary gland may be less costly
or require less energy for mothers to produce than those
transferred from the maternal circulation (Butler
et al., 2015). The exact costs of IgG, the only significant
finding that supported the hypothesis, are unknown due
to the lack of research on the impact of IgG transferring
from maternal circulation to other sites, including the
placenta and mammary gland. Therefore, if variation in
human immune factors was responsive to the conditions
posited in the Trivers-Willard hypothesis we would
expect them to act on the more costly immune factors,
which our results do not indicate.

Although it was not possible to test the maternal buft-
ering hypothesis with our data, our results, which show
no variation among most immune factors by maternal
condition and infant sex, suggest some indirect support
for the hypothesis that fluctuations in human milk
immune factor concentrations are shielded against nutri-
tional and dietary fluctuations (Breakey et al., 2015;
Fujita et al., 2019). The maternal buffering hypothesis
posits that milk composition is buffered against poor
maternal condition and loss of essential nutrients due to
food uncertainty that likely occurred in the evolutionary
past (Fujita et al., 2019), except in extreme conditions
(Miranda et al., 1983). This buffering may occur because
primates, including humans, synthesize milk compo-
nents from precursors obtained from both body stores
and dietary intake (Hinde & Milligan, 2011), which may
explain why studies have shown some human milk com-
ponents to be resistant to short-term fluctuations in die-
tary intake (Fujita et al., 2019; Miranda et al., 1983;
Prentice, Prentice, et al., 1984). Therefore, the maternal
buffering hypothesis may partially explain why we did
not see a wider range of relationships between maternal
condition and the immune factors in our study.

Potential limitations include our inclusion criteria of
only enrolling women who self-reported as healthy. In

order to conduct analyses cross-culturally and in multiple
sites around the world, we used a broad definition of
“healthy” which was determined by an inclusion/
exclusion criterion of no reported illness 7 days prior to
enrollment and no antibiotics use a month prior to par-
ticipation for mothers and infants and no symptoms of
breast infection or atypical breast pain for mothers. How-
ever, as seen in the data, variance existed in maternal
condition (i.e., BMI and DDS) despite all women self-
identifying as healthy. Additionally, DDS are a measure
of nutritional diversity, but they do not provide quantita-
tive intake or account for fats and oil, which are contribu-
tors to energy stores (Kennedy et al., 2011) and therefore
may not be a comprehensive or definitive measure of
nutritional status. As an indirect measure of body fat and
obesity that relies solely on height and weight
(Rothman, 2008), BMI may be reflective of poor condi-
tion in terms of mother's overall health but may not
reflect poor energy availability. Moreover, there are
numerous known and potential unknown factors that
influence variation in human milk immune factor con-
centrations (e.g., potential unknown genetic influences).
Here, we only tested a limited range of those factors
through measures that were available to us, diet diversity
and BMI scores, in this secondary data analysis.

4.1 | Consideration of Trivers-Willard
hypothesis in human parental investment
studies

The Trivers-Willard hypothesis has had a lasting impact
on human parental investment studies (Cronk, 2007;
Hrdy, 1987; Veller et al., 2016). There is some support for
Trivers-Willard hypothesis effect in humans when look-
ing at sex ratio (Cronk, 2007; Thouzeau et al., 2022).
However, most studies extending the Trivers-Willard
hypothesis into investigations on post-birth investment
continue to be challenged by small sample sizes
(Cronk, 2007) and operationalization difficulties in
regard to maternal condition and parental investment
(Cronk, 2007; Veller et al., 2016). The operational vari-
ability in defining maternal condition is in part because
“condition” is a theoretical and general term related to
an individual's ability to contribute to fitness (Trivers &
Willard, 1973), but in practice, condition is a multidimen-
sional construct. Ideally, multiple aspects of maternal
condition should be simultaneously considered
(e.g., social economic status, access to resources, social
support, environmental and mortality risk, physical char-
acteristics [BMI, body measurements], and health condi-
tions). However, this remains challenging for many
studies, particularly as noted above with sample size or
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in secondary analyses such as those presented here. Indi-
viduals may have high condition in some domains and
low condition in others (e.g., high body mass index [BMI]
and low diet diversity) and consensus on how to measure
a holistic ‘maternal condition’ in a complex species like
humans has yet to be and may never be obtained. Addi-
tionally, there is no general pattern of human parental
investment and facultative biasing of investment may
depend on parent's local ecology (Cronk, 2007; Hrdy,
1987; Quinn, 2013). For example, parents in one locale
may reduce parental investment in one domain in
response to environmental or condition cues, while par-
ents in another location may reduce investment in a dif-
ferent domain. Moreover, humans require multiple forms
of parental investment to achieve reproductive success
(Quinlan et al., 2003) and receive investment from multi-
ple caregivers (Helfrecht et al., 2020; Meehan, 2005), fur-
ther complicating the testing of Trivers-Willard
hypothesis in human populations. While our study was
able to control for some of these challenges (e.g., larger
sample size, cross-cultural sample), we were certainly not
able to control for all (e.g., the possibility of locally rele-
vant facultative investment domains).

As these challenges cannot likely ever be fully or ade-
quately addressed in a species as complex as humans,
perhaps, and as noted by others (Cronk, 2007;
Quinn, 2013; Veller et al, 2016), predictions from
Trivers-Willard hypothesis may not be relevantly applica-
ble to post-birth human parental investment. Neverthe-
less, and of concern, the Trivers-Willard hypothesis is
either directly or indirectly referenced as a framework for
understanding variation in human milk factors, but
rarely explicitly tested [with the exception of Quinn
(2013) and Fujita et al. (2012)]. We argue that evidence
for the Trivers-Willard hypothesis is limited and suggest
it does not apply as a general framework to explain varia-
tion in human milk immune factors or milk composition.
We advise caution in use and skepticism of its explana-
tory power for milk factors and post-birth investment.

In summary, we found only limited support for the
use of Trivers-Willard hypothesis in explaining variation
in human milk immune factors. We found only one sig-
nificant relationship between maternal DDS, infant sex
and concentrations of IgG; no other relationships were
significant. Specifically, we found that IgG concentrations
were lower in the milk of mothers with male infants con-
suming low diversity diets than in the milk of mothers
with female infants consuming low diversity diets. To our
knowledge, this is the largest study to test the Trivers-
Willard hypothesis on human milk composition and to
investigate variance of IgG, IgM, and IL-10 concentra-
tions within this framework. This study contributes to
our understanding of the relationship between maternal-

infant health and milk immune composition. These find-
ings add the investigation of human milk as a form of
biological investment and human milk composition as
subject to parental investment tradeoffs.
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