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Study design

Multiple clinical studies and case reports describe instances where infants diagnosed with
Fetal Alcohol Syndrome (FAS) were born to mothers who denied consuming alcohol
during pregnancy (1-5). The prevailing explanation offered for these discrepancies is that
the mothers lied about their prenatal alcohol use (6). However, these previous studies did
not record the alcohol use of the birth father and, therefore, did not adequately consider
paternal epigenetic contributions to this pediatric disorder (7). Three of the four diagnostic
criteria for FAS include alcohol-induced structural and growth defects (8). Therefore, the
objective of this study was to investigate the influences of preconception paternal alcohol
consumption on the development of alcohol-related birth defects and determine if paternal
alcohol exposures could interact with maternal exposures to exacerbate these outcomes.

Previous studies examining alcohol-induced structural birth defects in rodents have
primarily employed oral gavage, a potent inducer of the systemic stress response (9).
Stress hormones alter developmental programming in sperm and oocytes, with
demonstrated consequences to offspring neurodevelopmental outcomes (10). To avoid
this confounder, we utilized a modified version of a voluntary consumption paradigm
known as 'Drinking in the Dark' (11). Using this model, male and female mice consume
ethanol (EtOH) according to their individual preference, obtaining physiologically relevant
plasma alcohol levels while encountering minimal handling. To maximize the clinical
relevance of our model, we continuously exposed male mice to EtOH, while in contrast,
we only exposed females during an initial preconception period and the first ten days of
gestation. This paradigm models the behavior of most women, who cease consumption
upon pregnancy diagnosis (12). After establishing our exposure model, we employed a
2x2 factorial experimental design to examine alcohol-related growth and structural birth
defects in the offspring of unexposed (Control), maternal- (MatExp), paternal- (PatExp),
and dual parental-exposed (DualExp) mice (Supplemental Figure 1A). We then
assessed established measures of alcohol-induced craniofacial dysgenesis and central
nervous system development (13—-17) to determine the impacts of each treatment on the
emergence of growth and structural birth defects.



Mice

We conducted all experiments under IACUC 2020-0211, approved by the Texas A&M
University IACUC. All experiments were performed following IACUC guidelines and
regulations, and we report our data per ARRIVE guidelines.

We obtained adult (postnatal day 90) C57BL/6J (Strain #:000664 RRID:
IMSR_JAX:000664) mice from the Texas Institute of Genomic Medicine (TIGM) and
maintained them in the TIGM facility on a reverse 12-hour light/dark cycle (lights off at
8:30 am) with ad libitum access to a standard chow diet (catalog# 2019, Teklad Diets,
Madison, WI, United States) and water. To minimize stress, we implemented additional
enrichment measures to the animal's home cage, including shelter tubes for males and
igloos for females (catalog# K3322 and catalog# K3570, Bio-Serv, Flemington, NJ, United
States).

Maternal Periconceptional Exposures and Breeding.

One week before treatment initiation, we acclimated female mice to individual housing
conditions. We then randomly assigned postnatal day 90 females to either the
experimental (10% w/v ethanol; catalog# E7023; Millipore-Sigma, St. Louis, MO, USA) or
Control (water alone) treatments. Then, beginning four hours after the initiation of the dark
cycle, we replaced the water bottle of the animal's home cage with an identical bottle
containing the appropriate treatment. We maintained these treatments for four hours, then
returned the animal's original water bottle. During all experiments, we simultaneously
exchanged the water bottles of Control and EtOH-exposed dams to ensure identical
conditions. At the end of each week, during their regular cage change, we recorded the
weight of each mouse (g) and the amount of fluid consumed (g) and then calculated
weekly fluid consumption as grams of fluid consumed per gram of body weight.

We initiated maternal exposures ten days (approximately two estrus cycles) before
breeding dams to treated males (Pregestational Day Ten; PGD10; Supplemental Figure
1A). After seven to ten days of exposure, we synchronized female reproductive cycles
using the Whitten method (18). Then, after the daily Control or EtOH treatment, we placed
a single female into the home cage of a treated male. After six hours, we confirmed
matings by the presence of a vaginal plug and returned the female mice to their home
cage. We ensured males rested for a minimum of 72 hours before the next attempted
mating. We subjected dams to minimal handling but maintained the EtOH and Control
treatments until gestational day 10.5, when we calculated the change in dam body weight
between gestational day Zero and 10.5, then used a body weight gain of approximately
1.8 g as confirmation of pregnancy (19). Upon pregnancy diagnosis, we ceased the
Control and EtOH treatments and left females undisturbed until gestational day 16.5. We
repeated this procedure until we obtained the requisite number of pregnancies
(Supplemental Table 1).



Paternal Preconception Ethanol Exposures.

We exposed male mice to alcohol using a prolonged version of the Drinking in the Dark
paradigm described previously (19-22). At the end of each week, we recorded sire weight
(g) and the amount of fluid consumed (g) and then calculated weekly fluid consumption
as grams of fluid consumed per gram of body weight. Using methods described by our
group (19), we maintained males on the preconception treatments for six weeks, then
bred exposed males to treated dams as described above (Supplemental Figure 1A).

Exposure Model Implementation and Quantification

During the preconception and pregnancy phases, we did not observe any differences in
daily maternal food intake between treatments (Supplemental Figure 1B). Moreover, we
did not observe any differences in maternal weight gain between treatments
(Supplemental Figure 1C). Pair-feeding is an additional control employed to account for
altered maternal nutrition when drug exposures reduce food intake during pregnancy (23).
However, as maternal alcohol exposure did not measurably impact food consumption or
maternal weight gain, we did not implement a pair-fed control. During the exposure
window of the preconception phase, we did not observe any differences in dam fluid
consumption between treatments (Supplemental Figure 1D). However, during
pregnancy, Control dams consistently drank more fluid (g/kg) during the exposure window
than EtOH-exposed dams (Supplemental Figure 1D). We did not observe any
differences in sire weight gain or fluid consumption between treatments (Supplemental
Figure 1E-F).

We determined the daily EtOH dose by multiplying the average weekly fluid consumption
(g/g) by 0.10 (10% EtOH), divided this number by 7 (days), and converted the resulting
values to grams per kilogram (g/kg), consistent with clinical studies (24). We then
compared the daily EtOH doses between the preconception and pregnancy phases.
Consistent with publications from other groups (11), during the preconception phase,
females obtained a significantly higher daily EtOH dose than males (Paternal 2.7 g/kg
Maternal: 3.9 g/kg, p<0.01, Supplemental Figure 1G). However, during the gestational
phase (right side of dashed line), pregnant dams obtained a lower daily EtOH dose (2.8
g/kg) and were not significantly different from males (Supplemental Figure 1G). Finally,
we did not observe any differences in maternal EtOH average daily dose between the
MatExp and DualExp treatment groups for either the preconception or gestation phases
(preconception MatExp: 3.279 g/kg and Dual Exp 3.011 g/kg; gestation MatExp: 2.945
g/kg and DualExp 2.773 g/kg; Supplemental Figure 1H).



Stress during the preconception period modifies the maternally- and paternally-inherited
epigenome (10). Therefore, we subjected mice to minimal handling and only measured
plasma alcohol concentrations once during the preconception phase. We collected blood
from a subset of the treated mice (at the end of the four-hour exposure cycle) and
measured plasma alcohol levels using an M1 Alcohol Analyzer (Analox Technologies,
Toronto, ON, Canada). During the preconception phase, treated dams exhibited average
plasma alcohol levels of 84 mg/dL, while males averaged 92 mg/dL. Plasma alcohol
levels were not significantly different between EtOH-treated sires and dams
(Supplemental Figure 11). These plasma alcohol levels are entirely consistent with
previous studies by our group and others using this model (19, 21, 22, 25). Notably, this
concentration is equivalent to blood alcohol levels at or slightly above the U.S. legal limit
for operating a motor vehicle (0.084 and 0.092) and is representative of the drinking
patterns reported for one-third of U.S. adults (26, 27).
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Supplemental Figure 1. A modified version of the Drinking In The Dark paradigm to
study the impacts of maternal, paternal, and dual parental alcohol consumption on
offspring health. A) Experimental design employed to contrast the impacts of differing
patterns of parental alcohol consumption on the emergence of alcohol-related birth
defects. B) Comparison of daily maternal food intake between the Control and EtOH
treatments, both preconception and during gestation. C) Comparison of dam weight gain
measured across the exposure course and into pregnancy. D) Daily maternal fluid
consumption between the Control and EtOH treatments during the preconception and
gestation phases. Comparisons of sire E) weight gain and F) fluid consumption across
the exposure course. G) Average daily dose of EtOH compared between males and
females and between the preconception (left of the dashed line) and gestation (right of
the dashed line) phases. We calculated the average daily dose by multiplying the average
weekly fluid consumption (g/g) by 0.10 (10% EtOH), dividing this number by 7 (days), and
converting to g/kg. We used an ANOVA to compare the preconception and pregnancy
phases. H) Average daily EtOH dose compared between females within the MatExp and
DualExp treatments, between the preconception and gestation phases. I) Comparison of
plasma alcohol levels between treated males and females during the preconception
phase. Data represent mean £+ SEM, * P < 0.05, ** P < 0.01, *** P < 0.0001.



Tissue Collections and Physiological Measures
Fetal Dissections

On average, males sired offspring after nine to twelve weeks of exposure, and we did not
observe any differences between treatment groups (Supplemental Figure 2A). Further,
we did not observe any significant differences in pregnancy success rates between
treatment groups (Supplemental Figure 2B). After pregnancy diagnosis, we provided
dams with additional cage enrichments, including three nestlets, one Manzanita wood
gnawing stick (catalog# W0016, Bio-Serv, Flemington, NJ, USA), and one gummy bone
(catalog# K3585, Bio-Serv, Flemington, NJ, USA). On gestational day 16.5, we sacrificed
pregnant dams using CO> asphyxiation followed by cervical dislocation, then excised the
female reproductive tract. We did not observe differences in normalized uterine horn
weights or litter size between treatment groups (Supplementary Figure 2C-D).

We isolated genomic DNA from the fetal tail using the HotSHOT method (28) and then
determined fetal sex using a PCR-based assay described previously (22). We did not
observe any differences in the ratio of males and females between treatment groups
(Supplementary Figure 2E). In clinical studies, FAS children present as small for their
gestational age, exhibiting perinatal weights and head circumference below the 10%
percentile (29). We did not observe any differences in litter average fetal weights between
treatment groups (Supplementary Figure 2F). However, in the DualExp treatment group,
we did observe an increase in the proportion of male offspring at or below the smallest
10th percentile of the Control population (Supplementary Figure 2G) but did not observe
this change in female offspring (Supplementary Figure 2H). After collecting fetal
measures, we imaged offspring heads under a stereomicroscope.

Finally, we selected the four fetuses closest to the cervix from each litter, dissected the
fetal brain, and measured brain weights. We observed a significant increase in female
brain-to-body weight ratios for offspring in the MatExp and DualExp treatment groups
(Supplementary Figure 2I). Due to our inability to definitively identify phenotypic sex at
this developmental stage and random sampling, there were fewer male fetuses in the
MatExp treatment (Male brains: n = 38 control, 18 maternal, 40 paternal, 34 dual parental,
Supplemental Table 1), which may have limited our ability to detect changes in male
offspring brain weights. After dissections, we either fixed tissue samples in 10% neutral
buffered formalin (catalog# 16004-128, VWR, Radnor, PA, USA) or snap-froze the tissues
on dry ice and stored them at —-80°C.
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Supplemental Figure 2. Analysis of pregnancy and fetal offspring physiological
measures. A) Comparison of sire treatment week at the time of conception between
treatment groups. B) Comparison of pregnancy success rates between treatment groups.
We did not detect any differences in C) normalized uterine horn weights, D) litter size, E)
the ratio of male and female offspring, or F) litter average fetal weights between treatment
groups. Differences in the proportion of G) male but not H) female offspring at or below
the smallest 10th percentile of the control population. I) Comparison of brain-to-body
weight ratios between treatment groups. Data represent mean £ SEM, * P < 0.05, ** P <
0.01, *** P <0.001, *** P < 0.0001.
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Craniofacial analysis
2D Imaging

During dissections, we collected 2D images of fetal heads by excising the fetus from the
gestational sac and placing the fetus directly under a stereomicroscope (SZX2-ZB10,
Olympus, Shinjuku City, Tokyo, Japan) with an attached digital camera (SC-180,
Olympus, Shinjuku City, Tokyo, Japan). We used the cellSens Entry software (cellSens
Entry Version 3, Olympus, Shinjuku City, Tokyo, Japan) to acquire and analyze 2D
images of the frontal and lateral views of fetal heads for further craniofacial analysis.

Geometric morphometrics

FAS is associated with three broad developmental defects: facial dysmorphia, including
midline defects and reductions in eye size; central nervous system structural defects,
including microcephaly; and prenatal growth restriction (2, 30). Geometric morphometric
analysis is a landmark-based analytical technique used to compare the relative positions
of facial landmarks and quantify differences in overall biological shape and morphology
between populations (31-33). The obtained morphological information includes shape
variation, relative shifts in landmark position, differences in feature rotation, and changes
in proportional size (31-33). After identifying landmarks, generalized Procrustes analysis
(GPA) standardizes all specimens by removing scale from the dataset and minimizing the
distance between landmarks using the least squares method (33). This standardization
technique then allows the placement of all observed landmark datasets into a common
coordinate system. Subsequently, standardized data are examined using canonical
variant (CV) analysis to identify the proportional relationships that best distinguish shape
differences among groups (31-36). Accordingly, geometric morphometric analysis is
widely used, both clinically and experimentally, to study diverse aspects of craniofacial
patterning, including the role of enhancers in driving craniofacial development (34), the
prevalence of craniofacial phenotypes in genetic syndromes (37) and in characterizing
fetal alcohol syndrome-associated craniofacial dysmorphology (15, 16).

We used 12-14 litters per treatment, yielding a sample size of ~48 male and ~48 female
offspring per treatment (Supplemental Table 1), curated the digital photographs of each
fetus within the litter to include their litter ID, sex, and uterine position, then processed
images for analysis using the publicly available program MORPHOJ (33). First, we used
the publicly available program tpsUtil64 ((38); version 1.82) to generate a TPS database.
We then imported collected 2D images of fetal heads into the publicly available image
analysis software tpsDig ((39) version 3.2) and set the reference scale bar included in
the picture to 1 mm. Next, we demarcated 16 landmarks on the left/right profile and 18
landmarks on the front profile, following previously established criteria (32, 40) and
morphological landmarks described by Anthony et al., 2010 (13). The employed
landmarks included:

11



Left/Right Photograph Landmark Key

CoNORWN =

Tip of nose

Nasion (in between eyes)

Top of head (highest point of elevation of head)

Curve of skull (cusp of where the skull begins to curve downward)
Back of skull (Before projection of spinal column, directly behind the ear)
Bottom of mandible (lowest part of the jaw)

Front of mandible (Closest to mouth opening, furthest point facing out)
Upper philtrum (upper lip, closest point below base of nose)

Inner mouth (the innermost corner of the mouth)

Edge of snout (Light coloration, where the whiskers would end)
Central auditory canal (middle of light-colored tissue)

3 O’clock position of eye (closest to the auditory canal, exterior of eye)
12 O’clock position of eye (towards top of head, exterior of eye)

9 O’clock position of eye (closest to the snout, exterior of eye)

6 O’clock position of eye (bottom most part of eye, closest to the jaw)
Pupil (center of eye)

Front Photograph Landmark Key

Top of head (Central, highest point of head, in line with the nose)
Bottom of mandible (Bottom-most point of jaw)

Right corner of mouth (Furthest right point where mouth closes)
Left corner of mouth (Furthest left point where mouth closes)

Top of philtrum (Closest point below the base of nose)

Bottom of philtrum (Ventral extent of philtrum, closest junction between two lips)
Tip of nose (top, central most part of the nose)

Nasion (Central point between the two eyes)

3 O’clock position of left eye (medial-most part of the external eye)
12 O’clock position of left eye (topmost part of the external eye)

9 O’clock position of left eye (medial-most part of the external eye)
6 O’clock position of left eye (bottom most part of external eye)
Pupil of left eye (Center of the left eye, lighter color)

3 O’clock position of right eye (medial-most part of the external eye)
12 O’clock position of right eye (topmost part of the external eye)

9 O’clock position of right eye (medial-most part of the external eye)
6 O’clock position of right eye (bottom most part of external eye)
Pupil of right eye (Center of the right eye, lighter color)

12



To ensure consistency, a single individual (N.S.) demarcated the same landmarks in the
exact location and order for each image. We then created a linear outline around the head
and digitized the landmarks and outlines as a TPS file. tpsDig (39) then adds additional
landmarks, including the midpoints between features and other aspects of the outline, for
a total of 47 landmarks for the front profile and 45 for the left/right. We then imported the
TPS files into the MORPHOJ software (33) (software version build 1.07a, Java version
1.8.0_291 (Oracle Corporation)) to conduct geometric morphometric analysis. We added
classifiers describing each treatment group, then separately normalized male and female
left, right, and frontal datasets for scale, rotation, and translation using the Procrustes fit
feature (33). We then generated a covariance matrix, which we used to conduct Principal
Component Analysis (PCA). Our PCA analysis revealed that PC1 and PC2 described
most (Males Front 68.5%, Left 71.0%, and Right 68.5%; Females Front 69.6%, Left
69.0%, and Right 69.6%) of the variation in our model.

We then used Canonical Variate (CV) analysis to identify differences in facial features
between treatments and exported the raw CV scores into the Paleontological Statistics
Software Package for Education and Data Analysis (PAST) analysis software ((41)
version 4.03; [https://past.en.lo4d.com/windows]). Next, we conducted multivariate
analyses of the raw CV scores using statistical methods described previously (32, 34—
36). These included the parametric Multivariate analysis of variance (MANOVA) and non-
parametric Analysis of similarities (ANOSIM), and Permutational multivariate analysis of
variance (PERMANOVA) tests, followed by Bonferroni correction to identify significant
differences in clustering and distance between treatment groups. Finally, we generated
the CV lollipop diagrams and scatter plots using the graphing features of MORPHOJ (33).

Our multivariate analysis of male CV scores revealed significant differences between
treatments for the front (MANOVA p = 2.223E-90, ANOSIM p<0.0001, R = 0.6316,
PERMANOVA p<0.0001; Supplemental Figure 3A), left (MANOVA p = 4.832E-67,
ANOSIM p<0.0001, R = 0.4736, PERMANOVA p<0.0001; Supplemental Figure 3B),
and right profiles (MANOVA p = 6.737E-87, ANOSIM p<0.0001, R = 0.6178,
PERMANOVA p<0.0001; Supplemental Figure 3C), with each treatment exhibiting
significant differences during pairwise comparisons (Supplemental Table 1). Notably,
Procrustes ANOVA identified significant (p = 0.0103) shifts in overall face shape between
treatments. Further analyses of male craniofacial shape revealed that most changes
centered around the lower portion of the face, including the mandible (lower jaw), maxilla
(upper jaw), and positioning of the ear (Supplemental Figure 3D-E). As in clinical studies
of FAS children (16), we identified a shift of midline landmarks to the right (Supplemental
Figure 3D).

Our multivariate analysis of female CV scores revealed significant differences between
treatments in the front (MANOVA p = 7.85E-95, ANOSIM p<0.0001, R = 0.6848,
PERMANOVA p<0.0001; Supplemental Figure 3F) left (MANOVA p = 2.89E-77,
ANOSIM p<0.0001, R = 0.5696, PERMANOVA p<0.0001; Supplemental Figure 3G),
and right profiles (MANOVA p = 1.15E-71, ANOSIM p<0.0001, R =0.5196, PERMANOVA
p<0.0001; Supplemental Figure 3H), with each treatment exhibiting significant
differences during pairwise comparisons (Supplemental Table 1). As with male offspring,
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most identified changes centered around the lower portion of the face (Supplemental
Figure 31-J). However, Procrustes ANOVA did not identify any significant shifts in female
overall face shape between treatments.

Linear morphometrics

To validate our morphometric analyses, we conducted linear measurements of fetal
craniofacial features using 2D images and the analysis software cellSens Entry (cellSens
Entry Version 3, Olympus, Shinjuku City, Tokyo, Japan). We used the length tool on
lateral images to measure upper facial depth, midfacial depth, and lower facial depth,
following previously described facial landmarks (13). Similar to clinical studies (42), we
determined ear size and positioning by measuring the distance from the dorsal to ventral
aspects of the external ear and the distance between the central auditory canal and the
center of the pupil, respectively (Supplemental Figure 3K). For male offspring, we
identified reductions in upper facial depth in the PatExp treatment and a trend towards
reduced size in the MatExp treatment (p = 0.0617) (Supplemental Figure 3L). We did
not observe any differences in the upper facial depth of female offspring across any
treatment (Supplemental Figure 3L). Consistent with our geometric morphometric
analysis, male offspring across all treatments displayed significant reductions in midfacial
and lower facial depth, while female offspring in the PatExp and DualExp treatments
displayed similar trends (p = 0.08 to 0.06) (Figure 1F; Supplemental Figure 3M). Male
and female offspring across all treatment groups exhibited significant reductions in ear
size (Supplemental Figure 3N). Further, male offspring across all treatments and
DualExp female offspring exhibited significant decreases in the distance between the
central aspects of the eyes and ears (Supplemental Figure 30).

In clinical studies, alcohol-induced changes in craniofacial shape exhibit dose-dependent
effects (2). Therefore, we used linear regression analysis to compare changes in offspring
shape with the parental average daily EtOH dose (g/kg). These analyses revealed dose-
dependent effects on male snout-occipital distance, midfacial depth, and body weight
normalized brain weights across most treatments (Figure 1 H-l; Supplemental Figure
3P). Female offspring only displayed dose-dependent effects in a subset of these
measures.

We then used the area tool on lateral images to determine ocular size (area um?), then
used an ANOVA to compare the impacts of each treatment. Male offspring in the PatExp
and DualExp treatments exhibited significant reductions in ocular size, while only DualExp
females were significantly different from the controls (Supplemental Figure 3Q).
Previous studies examining EtOH-induced craniofacial dysgenesis using mouse models
of maternal exposure demonstrate that reductions in eye size appear right-side dominant
(17, 43). Similarly, clinical studies demonstrate that gestational EtOH exposures alter
facial symmetry with a right-shift in facial features (16). Consistent with these previous
studies, we observed significant reductions in ocular size for PatExp and DualExp male
and DualExp female offspring in the right but not the left eye (Figure 1E, Supplemental
Figure 3R-S).
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We used the cellSens Entry length tool on frontal images to determine philtrum length,
snout-occipital distance, inner canthal distance, and biparietal distance, measuring the
latter across the axis of the eyes, as previously described (13). We did not observe any
significant differences in philtrum length, although female offspring in the PatExp
treatment trended towards a reduction (p = 0.0706) (data not shown). Male offspring
across all treatment groups exhibited reductions in snout-occipital distance, while only
female offspring in the MatExp and DualExp treatment groups exhibited significant
reductions (Figure 1G). Male offspring in the PatExp and DualExp treatments exhibited
reduced inner canthal distances, while female offspring did not exhibit any significant
changes in this feature (Supplemental Figure 3T). Male offspring across all treatment
groups exhibited reductions in biparietal distance, while only female offspring in the
DualExp treatment exhibited reductions (Supplemental Figure 3U). Finally, to determine
if changes in inner canthal distance are driven by microcephaly or represent relative
changes in eye spacing, we normalized inner canthal distance to biparietal distance and
compared offspring between treatment groups. Male and female offspring from all three
treatment groups exhibited increases in relative inner canthal distance (Supplemental
Figure 3V).
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Supplemental Figure 3 Maternal, Paternal, and Dual Parental alcohol exposures
program dose-dependent changes in offspring craniofacial patterning. We
conducted geometric morphometric analysis on the front, left, and right profile images
obtained from ~48 male and ~48 female offspring per treatment, then employed canonical
variate analysis to identify significant differences in clustering and distance between
treatment groups. We identified significant shifts in the front (A, F), left (B, G), and right
(C, H) profiles of male and female offspring. Morphometrics revealed a right-shift in
central facial features and a rear shift in the lower jaw. Lollipop diagram describing the
shift in central (male offspring D) and lower (female offspring 1) facial features along PC1,
with the stick of the lollipop signifying the shift further along the PC1 axis. Wire diagrams
demonstrating the shift in key facial landmarks along PC1 (male offspring E, female
offspring J), with the turquoise line demarcating the average and the blue line
demarcating the shift. To validate our morphometric analysis, we assayed established
measures of craniofacial morphology (K) disrupted in mouse models of prenatal alcohol
exposure (13) and compared the effects of each treatment on male (row top) and female
(row bottom) offspring. We measured the effects of parental alcohol exposures on upper
facial depth (L), lower facial depth (M), ear length (N), and the distance between the
central auditory canal and the center of the pupil (O). We then conducted a Pearson
correlation analysis contrasting the midfacial depth of male (top) and female (bottom)
offspring with average parental daily EtOH dose (P). We measured the effects of parental
alcohol exposures on both eyes (Q), then individually examined the left (R) and right (S)
eyes in male (row top) and female (row bottom) offspring. We measured the effects of
parental alcohol exposures on inner canthal (T) and biparietal (U) distance in male (row
top) and female (row bottom) offspring. We normalized inner canthal distance to biparietal
(V) and compared the effects of each treatment on male and female offspring. Data
represent mean + SEM, * P < 0.05, ** P <0.01, *** P = 0.001, **** P = 0.001.
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Data handling and statistical analysis

We subjected all data generated during this study to a detailed data management plan
that prioritizes safe and efficient data handling that allows long-term storage, retrieval,
and preservation. We recorded Initial measures by hand, then inserted these into Google
Sheets or Microsoft Excel for downstream analysis using GraphPad Prism 8
(RRID:SCR_002798, GraphPad Software Inc., La Jolla, CA, USA). We analyzed all data
sets with statistical significance set at alpha = 0.05, then employed the ROUT test (Q =
1%) to identify outliers. Next, we verified the normality of the datasets using the Shapiro—
Wilk test and verified equal variance using the Brown-Forsythe test. If data passed
normality and variance testing (alpha = 0.05), we employed either a One-way or Two-way
ANOVA or an unpaired, parametric (two-tailed) t-test. If the data failed the test for
normality or we observed unequal variance, we ran a Kruskal-Wallis test followed by
Dunn’s multiple comparisons test or a non-parametric Mann—Whitney test.

For measures of fetal weight, we determined the male and female average for each litter
and used this value as the individual statistical unit. Subsequently, we identified the tenth
percentile fetal weight for the Control population, determined the proportion of offspring
above and below this value, then ran a Chi-square analysis to compare the proportions
between treatments. For the analysis of fetal brain weights, we selected the four fetuses
closest to the cervix from each litter. We present detailed descriptions of each statistical
test, sample size, and resulting p-values in Supplemental Table 1.
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Table 1: Descriptions of the statistical tests for each figure.

GRAPH

STATISTICAL TEST

SAMPLE SIZE

Figure 1. Maternal, Paternal, and Dual Parental alcohol exposures each induce changes in offspring craniofacial patterning.

b. Male right profile canonical variant
analysis

Canonical variant analysis

n = 50 control, 47 maternal, 47 paternal, 48 dual parental

c. Male right profile wire diagram shift in
facial features

MANOVA (Wilk’s Lambda Statistic),
ANOSIM, PERMANOVA

n = 50 control, 47 maternal, 47 paternal, 48 dual parental

d. Males with head size below the 10th
percentile of the control population

Chi-square test followed by Holm-
Bonferroni correction

n = 61 control, 37 maternal, 66 paternal, 62 dual parental

e. Right ocular size (top: male, bottom:
female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 52 control, 37 maternal, 57 paternal, 53 dual
parental; Female: n = 39 control, 49 maternal, 54 paternal,
48 dual parental

f. Mid facial depth (top: male, bottom:
female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 103 control, 72 maternal, 111 paternal, 106 dual
parental; Female: n = 76 control, 98 maternal, 107
paternal, 96 dual parental

g. Snout-occipital distance (top: male,
bottom: female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 53 control, 33 maternal, 63 paternal, 52 dual
parental; Female: n = 40 control, 45 maternal, 57 paternal,
48 dual parental

h. Snout-occipital distance dose
correlation

Sex

Males

Females

Pearson correlation, two-tailed, followed
by Holm-Bonferroni correction

Treatment r

Maternal -0.1926
Paternal -0.3695
Dual -0.3447
Maternal -0.3447
Paternal -0.2447
Dual -0.3855

Males: n = 33 maternal, 63 paternal, 52 dual parental;
Females: n = 28 maternal, 35 paternal, 30 dual parental

R? p-value Summary
0.0371 0.2829 ns

0.1365 0.0029 %k %
0.1188 0.0123 %

0.1188 0.0219 %

0.0599 0.0655 #

0.1486 0.0074 %k %
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i. Normalized brain weights dose
correlation

Sex

Males

Females

Pearson correlation, two-tailed, followed

by Holm-Bonferroni correction

Treatment

Maternal

Paternal

Dual

Maternal

Paternal

Dual

r

-0.6114

-0.5466

-0.5612

-0.6365

0.2870

-0.2940

Males: n = 20 maternal, 38 paternal, 32 dual parental;
Females: n = 28 maternal, 35 paternal, 30 dual parental

R? p-value Summary
0.3738 0.0042 % %
0.2988 0.0004 %k %k %k
0.3150 0.0008 %k %k %k
0.4051 0.0003 %k %k %k
0.0824 0.0946 #

0.0865 0.1148 ns

Supplemental Figure 1. A modified version of the Drinking In The Dark paradigm to study the impacts of maternal, paternal, and dual
parental alcohol consumption on offspring health.

b. Maternal daily food intake

c. Maternal body weight

d. Maternal daily treatment fluid
consumption

comparisons test

Two-way ANOVA, Sidak's multiple

Preconception: n = 27 control, 27 ethanol; Gestation: n =
30 control, 23 ethanol

e. Paternal body weight
f. Paternal fluid consumption

comparisons test

Two-way ANOVA, Sidak's multiple

n = 23 control, 24 ethanol

g. Paternal and maternal daily ethanol
dose

comparisons test

Two-way ANOVA, Tukey’s multiple

n = 24 paternal ethanol, 27 preconception maternal
ethanol, 23 gestation maternal ethanol

h. Maternal daily ethanol dose

comparisons test

Two-way ANOVA, Sidak's multiple

Preconception: 10 maternal, 14 dual parental; Gestation: 8
maternal, 15 dual parental

i. Paternal and maternal plasma alcohol
concentration

comparisons test

Two-way ANOVA, Tukey’s multiple

n = 11 control, 12 paternal ethanol, 11 maternal ethanol

Supplemental Figure 2. Analysis of pregn

ancy and fetal offspring physiological measures.

a. Paternal treatment week at time of
conception

comparison test

One-way ANOVA, Tukey’s multiple

n = 15 control, 13 maternal, 21 paternal, 17 dual parental
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b. Conception rate

Chi-square test

n = 136 control, 125 maternal, 135 paternal, 191 dual
parental

c. Normalized uterine horn weight
d. Litter size

One-way ANOVA, Tukey’s multiple
comparison test

n = 16 control, 13 maternal, 20 paternal, 16 dual parental

e. Sex ratio

Chi-square test

n = control: 64 males, 59 females; maternal: 47 males, 61
females; paternal: 71 males, 75 females; dual parental: 65
males, 61 females

f. Litter average fetal weight

Two-way ANOVA, Tukey’s multiple
comparison test

Male: n = 16 control, 13 maternal, 19 paternal, 14 dual
parental; Female: n = 16 control, 12 maternal, 20 paternal,
16 dual parental

g. Males with body weight below the 10th
percentile of the control population

h. Females with body weight below the
10th percentile of the control population

Chi-square test, followed by Holm-
Bonferroni correction

Male: n = 63 control, 47 maternal, 71 paternal, 65 dual
parental; Female: n = 59 control, 61 maternal, 75 paternal,
61 dual parental

i. Male and female brain to body weight
ratio

Two-way ANOVA, Tukey’s multiple
comparison test

Male: n = 38 control, 18 maternal, 40 paternal, 34 dual
parental; Female: n = 27 control, 23 maternal, 32 paternal,
30 dual parental

Supplemental Figure 3. Maternal, Paterna
patterning.

I, and Dual Parental alcohol exposures program dose-dependent changes in offspring craniofacial

a-c. Male front, left, and right profile
canonical variant analysis

f-h. Female front, left, and right profile
canonical variant analysis

Canonical variant analysis

Males: n = 50 control, 47 maternal, 47 paternal, 48 dual
parental; Female: n = 46 control, 49 maternal, 41 paternal,
54 dual parental

a. Male front profile: MANOVA p = 2.223E-90, ANOSIM p<0.0001, R = 0.6316, PERMAN

OVA p<0.0001

MANOVA |[Control|Maternal|Paternal|Dual ANOSIM Control  |Maternal|lPaternal Dual PERMANOVA Control|MaternallPaternal|Dual
Control 5.20E-22 |1.57E-24 [2.87E-23 Control 0.0006 [0.0006 0.0006 Control 0.0006 [0.0006 ]0.0006
Maternal  [5.29E- 5.12E-26 [2.53E-18 Maternal 0.0006 0.0006 0.0006 Maternal 0.0006 0.0006 [0.0006,
22
Paternal |1.57E- [5.12E-26 4.26E-30 Paternal 0.0006 0.0006 0.0006 Paternal 0.0006 [0.0006 0.0006
24
Dual 2.87E- [2.53E-18 [4.26E-30 Dual 0.0006 0.0006 [0.0006 Dual 0.0006 [0.0006 [0.0006
23

b. Male left profile: MANOVA p = 4.832E-67, ANOSIM p<0.0001, R = 0.4736, PERMANOVA p<0.0001
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MANOVA |[Control|Maternal|Paternal|Dual ANOSIM Control  |Maternal|lPaternal Dual PERMANOVA Control|MaternallPaternal|Dual
Control 5.05E-17 [2.35E-20 [6.92E-24 Control 0.0006 [0.0006 0.0006 Control 0.0006 [0.0006 ]0.0006
Maternal ?.705E— 1.50E-17 |6.96E-17 Maternal 0.0006 0.0006 0.0006 Maternal 0.0006 0.0006 [0.0006,
Paternal ngSE— 1.50E-17 6.42E-21 Paternal 0.0006 0.0006 0.0006 Paternal 0.0006 [0.0006 0.0006
Dual gsz- 6.96E-17 [6.42E-21 Dual 0.0006 0.0006 [0.0006 Dual 0.0006 [0.0006 [0.0006

c. Male right profile: MANOVA p = 6.737E-87, ANOSIM p<0.0001, R = 0.6178, PERMANOVA p<0.0001

MANOVA |[Control[Maternal|Paternal|Dual ANOSIM Control  [MaternallPaternal Dual PERMANOVA Control|Maternal|Paternal{Dual
Control 2.82E-2 [2.07E-21 [1.12E-20 Control 0.0006 |0.0006 0.0006 Control 0.0006 | 0.0006 5.0005
Maternal  [2.07E- 6.43E-23 [2.92E-24 Maternal 0.0006 0.0006 0.0006 Maternal 0.0006 0.0006

21 0.0006]
Paternal  [2.82E- [6.43E-23 3.12E-25 Paternal 0.0006 0.0006 0.0006 Paternal 0.0006 | 0.0006

23 0.0006]
Dual ;612E- 2.92E-24 [3.12E-25 Dual 0.0006 0.0006 |0.0006 Dual 0.0006 | 0.0006 | 0.0006
f. Female front profile: MANOVA p = 7.85E-95, ANOSIM p<0.0001, R = 0.6848, PERMANOVA p<0.0001
MANOVA |[Control[Maternal|Paternal|Dual ANOSIM Control  [MaternallPaternal Dual PERMANOVA Control|Maternal|Paternal{Dual
Control 1.55E-2 |[1.01E-18 [3.75E-25 Control 0.0006 |0.0006 0.0006 Control 0.0006 | 0.0006 000
Maternal  [9.29E- 9.29E-26 [8.57E-29 Maternal 0.0006 0.0006 0.0006 Maternal 0.0006 0.0006

26 0.0006]
Paternal  |1.01E- [9.29E-26 2.04E-2 Paternal 0.0006 0.0006 0.0006 Paternal 0.0006 | 0.0006

18 0.0006]
Dual 3.75E-2 [8.57E-29 [2.04E-27 Dual 0.0006 0.0006 |0.0006 Dual 0.0006 | 0.0006 | 0.0006
g. Female left profile: MANOVA p = 2.89E-77, ANOSIM p<0.0001, R = 0.5696, PERMANOVA p<0.0001
MANOVA |[Control[Maternal|Paternal|Dual ANOSIM Control  [MaternallPaternal Dual PERMANOVA Control|Maternal|Paternal|Dual
Control 2.64E-21 |3.49E-22 [2.21E-24 Control 0.0006  0.0006 0.0006 Control 0.0006 [0.0006 0.0006
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Maternal  [5.29E- Paternal Paternal

22 9.38E-21 |1.42E-18 0.0006 0.0006 0.0006 0.0006 0.0006 |0.0006
Paternal  [1.57E- Maternal Maternal

24 9.38E-21 1.23E-18 0.0006 0.0006 0.0006 0.0006 [0.0006 0.0006
Dual 2.87E- Dual Dual

23 1.42E-18 [1.23E-18 0.0006 0.0006  0.0006 0.0006 [0.0006 |0.0006
h. Female right profile: MANOVA p = 1.15E-71, ANOSIM p<0.0001, R = 0.5196, PERMANOVA p<0.0001
MANOVA |[Control|Maternal|Paternal|Dual ANOSIM Control  |Maternal|lPaternal Dual PERMANOVA Control|MaternallPaternal|Dual
Control 1.73E-20 [5.44E-19 |5.69E-20 Control 0.0006 [0.0006 0.0006 Control 0.0006 [0.0006 ]0.0006
Maternal  |1.73E- Maternal Maternal

20 5.83E-17 [5.19E-20 0.0006 0.0006 0.0006 0.0006 0.0006 |0.0006
Paternal  [5.44E- Paternal Paternal

19 5.83E-17 2.54E-21 0.0006 0.0006 0.0006 0.0006 [0.0006 0.0006
Dual 5.69E- Dual Dual

20 5.19E-20 [2.54E-21 0.0006 0.0006  0.0006 0.0006 [0.0006 |0.0006

d. Male frontal profile lollipop diagram

ANOSIM, PERMANOVA

MANOVA (Wilk’s Lambda Statistic),

n = 50 control, 47 maternal, 47 paternal, 48 dual parental

i. Female right profile lollipop diagram shift

in facial features

ANOSIM, PERMANOVA

MANOVA (Wilk’s Lambda Statistic),

Female: n = 46 control, 49 maternal, 41 paternal, 54 dual

parental

e. Male right profile wire diagram
j- Female right profile wire diagram

ANOSIM, PERMANOVA

MANOVA (Wilk’s Lambda Statistic),

Males: n = 50 control, 47 maternal, 47 paternal, 48 dual
parental; Female: n = 46 control, 49 maternal, 41 paternal,
54 dual parental

I. Upper facial depth (top: male, bottom:

female)

comparison test

One-way ANOVA, Dunnett’'s multiple

Males: n = 103 control, 73 maternal, 111 paternal, 106
dual parental; Female: n = 78 control, 98 maternal, 108

paternal, 96 dual parental

m. Lower facial depth (top: male, bottom:

female)

comparison test

One-way ANOVA, Dunnett’'s multiple

Males: n = 103 control, 74 maternal, 111 paternal, 106
dual parental; Female: n = 78 control, 98 maternal, 108

paternal, 96 dual parental

n. Ear length (top: male, bottom: female)

comparison test

One-way ANOVA, Dunnett’'s multiple

Males: n = 104 control, 65 maternal, 124 paternal, 105
dual parental; Female: n = 78 control, 90 maternal, 116

paternal, 94 dual parental

o. Eye ear distance (top: male, bottom:

female)

comparison test

One-way ANOVA, Dunnett’'s multiple

Males: n = 104 control, 66 maternal, 124 paternal, 106
dual parental; Female: n = 78 control, 90 maternal, 116

paternal, 95 dual parental
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p. Mid facial depth dose correlation (top:
male, bottom: female)

Sex

Males

Females

Pearson correlation, two-tailed, followed
by Holm-Bonferroni correction

Treatment r

Maternal -0.4160
Paternal -0.3076
Dual -0.2561
Maternal -0.2535
Paternal -0.0249
Dual -0.4414

Males: n = 37 maternal, 55 paternal, 53 dual parental;
Females: n = 49 maternal, 53 paternal, 47 dual parental

R? p-value Summary
0.1731 0.0104 %

0.0946 0.0223 %

0.0656 0.0641 #

0.0642 0.0789 #

0.0006 0.8594 ns

0.1948 0.0019 % %

q. Ocular size (top: male, bottom: female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Males: n = 104 control, 74 maternal, 114 paternal, 106
dual parental; Female: n = 78 control, 99 maternal, 108
paternal, 96 dual parental

r. Left ocular size (top: male, bottom:
female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 52 control, 37 maternal, 57 paternal, 53 dual
parental; Female: n = 39 control, 50 maternal, 54 paternal,
48 dual parental

s. Right ocular size (top: male, bottom:
female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 52 control, 37 maternal, 57 paternal, 53 dual
parental; Female: n = 39 control, 49 maternal, 54 paternal,
48 dual parental

t. Inner canthal distance (top: male,
bottom: female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 52 control, 37 maternal, 53 paternal, 53 dual
parental; Female: n = 39 control, 50 maternal, 53 paternal,
48 dual parental

u. Biparietal distance (top: male, bottom:
female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 53 control, 33 maternal, 63 paternal, 52 dual
parental; Female: n = 40 control, 49 maternal, 57 paternal,
48 dual parental

v. Relative normalized inner canthal
distance (top: male, bottom: female)

One-way ANOVA, Dunnett’'s multiple
comparison test

Male: n = 52 control, 33 maternal, 53 paternal, 52 dual
parental; Female: n = 39 control, 49 maternal, 53 paternal,
48 dual parental
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