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ABSTRACT The introduction of “solids” (i.e., complementary foods) to the milk-only
diet in early infancy affects the development of the gut microbiota. The aim of this
study was to determine whether a “baby-led” approach to complementary feeding
that encourages the early introduction of an adult-type diet results in alterations of
the gut microbiota composition compared to traditional spoon-feeding. The Baby-
Led Introduction to SolidS (BLISS) study randomized 206 infants to BLISS (a modified
version of baby-led weaning [BLW], the introduction of solids at 6 months of age,
followed by self-feeding of family foods) or control (traditional spoon-feeding of pu-
rées) groups. Fecal microbiotas and 3-day weighed-diet records were analyzed for a
subset of 74 infants at 7 and 12 months of age. The composition of the microbiota
was determined by sequencing of 16S rRNA genes amplified by PCR from bulk DNA
extracted from feces. Diet records were used to estimate food and dietary fiber in-
take. Alpha diversity (number of operational taxonomic units [OTUs]) was signifi-
cantly lower in BLISS infants at 12 months of age (difference [95% confidence inter-
val {Cl}] of 31 OTUs [3.4 to 58.5]; P = 0.028), and while there were no significant
differences between control and BLISS infants in relative abundances of Bifidobacteri-
aceae, Enterobacteriaceae, Veillonellaceae, Bacteroidaceae, Erysipelotrichaceae, Lachno-
spiraceae, or Ruminococcaceae at 7 or 12 months of age, OTUs representing the ge-
nus Roseburia were less prevalent in BLISS microbiotas at 12 months. Mediation
models demonstrated that the intake of “fruit and vegetables” and “dietary fiber” ex-
plained 29% and 25%, respectively, of the relationship between group (BLISS versus
control) and alpha diversity.

IMPORTANCE The introduction of solid foods (complementary feeding or weaning)
to infants leads to more-complex compositions of microbial communities (microbi-
ota or microbiome) in the gut. In baby-led weaning (BLW), infants are given only fin-
ger foods that they can pick up and feed themselves—there is no parental spoon-
feeding of puréed baby foods—and infants are encouraged to eat family meals. BLW
is a new approach to infant feeding that is increasing in popularity in the United
States, New Zealand, the United Kingdom, and Canada. We used mediation model-
ing, commonly used in health research but not in microbiota studies until now, to
identify particular dietary components that affected the development of the infant
gut microbiota.
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he first year of life sees marked changes in the composition of the gut microbiota

of infants as the diet changes from one that is entirely milk based to one that is
similar to the family diet by 12 months or so of age (1). Although attention has been
paid to the impact of breast milk and infant formula on the composition of the
microbiota (2-8), less research has investigated the impact of the change in diet that
occurs when infants are introduced to solid foods during the complementary feeding
period (known in some countries as “weaning”) (9). To date, the majority of studies on
this transition have been observational (10, 11), and the few randomized controlled
trials (RCTs) have focused largely on the impact of iron fortification on the gut
microbiota (12, 13).

Traditionally, parents have been encouraged to start spoon-feeding their infant
puréed foods from around 6 months of age, progressing to mashed and then chopped
foods in the hope that they will be eating family foods by around 12 months of age (1).
However, an alternative method of complementary feeding, known as baby-led wean-
ing (BLW), is becoming popular in New Zealand (14), the United Kingdom (15), the
United States (16), and Canada (17). In BLW, infants are encouraged to feed themselves
whole pieces of food from the family meal from 6 months of age, instead of being
offered “baby food” (18). As a result, infants following BLW are more likely to eat the
same foods as the rest of the family than their traditionally fed counterparts (14).
Because the introduction of family foods is a major determinant of the development of
the gut microbiota (19), it is possible that the more rapid transition to the family diet
observed in baby-led approaches will differentially influence the gut microbiota in
these children.

The Baby-Led Introduction to SolidS (BLISS) randomized controlled trial (20, 21) has
investigated the impact of a modified version of BLW on growth (22), choking risk (23),
and iron status (24) and provides an opportunity to investigate the impact of the early
introduction of an adult-type diet on the developing infant gut microbiota. The aim of
this study was to determine whether a “baby-led” approach to complementary feeding
affects the fecal microbiota composition relative to traditional spoon-feeding and, if so,
to use mediation analysis to associate dietary components with altered microbiota.

RESULTS

Study population. Fecal samples were obtained from 73 participants at 7 months
of age (data for 1 BLISS participant are missing) and 68 participants at 12 months of age
(data for 3 control and 3 BLISS participants are missing) (Fig. 1). The baseline and early
feeding characteristics of these participants are shown in Tables 1 and 2; infants were
predominantly born by vaginal delivery to university-educated mothers. BLISS infants
were introduced to complementary foods later than control infants. No differences
were observed in the rates of breastfeeding, or the amounts of breast milk or infant
formula consumed, at 7 or 12 months of age. Rates of recent antibiotic use were similar
in control and BLISS infants at 7 months (16.7% versus 13.5%; P = 0.707) and 12 months
(16.1% versus 8.8%; P = 0.371) of age. From the main-outcomes paper, BLISS infants
had very good adherence to the baby-led approach and were significantly (P < 0.01)
more likely to feed themselves most or all their food than control infants at every age
(for example, 74% of BLISS infants at 7 months of age compared to 21% of control
infants) (22). Using population-averaged generalized estimating equations with the full
sample, BLISS infants were also significantly more likely to be eating the same foods as
the rest of their family by 7 months of age, having 3.3 times the odds (95% confidence
interval [Cl], 2.0, 5.6; P < 0.001) of eating the same evening meal as the rest of the
family compared to the control infants (data not shown).

Gut microbiota. Figure 2 shows that alpha diversity (all samples rarefied to 30,000
sequences per sample), as measured by observed “species,” increased in both groups
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FIG 1 Flow diagram for the microbiota component of the BLISS (Baby-Led Introduction to SolidS) study.

from 7 to 12 months of age (mean change [95% Cl] of 77 OTUs [64, 90]; P < 0.001 from
a paired t test), and at 12 months, the BLISS group had significantly lower alpha
diversity than the control infants (P = 0.028). As shown in Table 3, no significant group
differences were observed for the five measures of alpha diversity at 7 months (all P >
0.1), and the proportion of variance explained by group, parity, and maternal university
education was low for observed species, phylogenetic diversity, and the Chao1l esti-
mator (all <2%). For those measures of alpha diversity that included evenness (Simpson
index and Shannon index), the proportion of variance explained was slightly higher
(6.3% and 8.1%, respectively) although still low.

At 12 months of age, however, the BLISS group had significantly lower alpha
diversity than the control group. The BLISS group had a mean of 31 fewer operational
taxonomic units (OTUs) (P = 0.028) and a 0.52-lower Shannon index (P = 0.006) than
the control group. The proportion of variance explained at 12 months (between 16%
and 21%) was higher than that at 7 months (between 0.4% and 8%) (Table 3). As
observed species and Shannon index were the alpha diversity measures that covered
richness as well as richness and evenness with the highest R? values and had the
strongest associations with the randomized group, subsequent analyses with alpha
diversity were limited to these two measures.

Sensitivity analyses were carried out with the inclusion of antibiotic use in the days
before the fecal sample was collected (n = 11 at 7 months; n = 8 at 12 months). No
appreciable impact on the results at 7 months was seen, but the results at 12 months
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TABLE 1 Characteristics of the BLISS study participants who agreed to provide a fecal

sample?
Value for group

Variable Control (n = 37) BLISS (n = 37)
No. (%) of male participants 19(51.4) 15 (40.5)
Mean birth wt (g) (SD) 3,443 (531) 3,507 (474)
No. (%) of participants with parity status

1 15 (40.5) 14 (37.8)

>1 22 (59.5) 23(62.2)
No. (%) of participants with mode of delivery

Vaginal 27 (73.0) 29 (78.4)

Caesarean section 10(27.0) 8(21.6)
Mean maternal age (yr) (SD) 31.6 (6.0) 31.7 (4.6)
Mean maternal self-reported BMI (kg/m?) (SD) 25.3(5.9) 25.8(6.2)
No. (%) of participants with maternal education of:

School or postschool only® 15 (40.5) 21 (56.8)

University 22 (59.5) 16 (43.2)
No. (%) of participants with household deprivation decile of<:

1-3 (low) 11(29.7) 11(29.7)

4-7 14 (37.8) 21 (56.8)

8-10 (high) 12(32.4) 5(13.5)
No. (%) of participants with dietary data provided at 7 mo  34(92) 32(86)
No. (%) of participants with dietary data provided at 12 mo 29 (78) 29 (78)

aData are presented as means (standard deviations) unless otherwise indicated. Data were missing for 2
participants for birth weight and for 3 participants for maternal self-reported BMI. P values were not
calculated for baseline measurements, as the groups are randomized. Abbreviations: BLISS, Baby-Led
Introduction to SolidS; BMI, body mass index (calculated as weight in kilograms divided by height in meters
squared).

bSchool or postschool only includes primary school, secondary school, trade, certificates, and diplomas.

“Determined using the 2013 New Zealand index of deprivation (47). The index combines 9 variables from
the 2013 New Zealand National Census to provide a deprivation score for each mesh block (a geographical
unit defined by Statistics New Zealand that contains approximately 81 people). The score reflects the extent
of material and social deprivation and is used to construct deciles from 1 (low deprivation) to 10 (high
deprivation).

were slightly strengthened by the inclusion of antibiotic use in the model (mean
difference [95% CI] for observed species of —33 OTUs [—62, —5] [R? = 0.19]; mean
difference [95% Cl] for Shannon index values of —0.56 [—0.94, —0.19] [R? = 0.23]).
Figure 3 illustrates the relative abundances of the 7 most abundant families (median
of at least a 1% relative abundance), which in combination explained approximately
86% of the sequence data. There were no significant differences in the relative
abundances of the 7 bacterial families between groups at either 7 or 12 months of age
(see Table S1 in the supplemental material). However, for all infants combined, there

TABLE 2 Early diet characteristics of the BLISS study participants who agreed to provide a fecal sample?

Value for group

Variable Control (n = 37) BLISS (n = 37) P value
No. (%) of participants who had consumed infant formula by 7 mo 20 (54) 18 (50) 0.729b
Median age at introduction (wk) (25th, 75th percentiles)
Infant formula 4.0 (0.6, 26) 4.5 (0.4, 28.2) 0.454¢
Any solids 22.8 (21.7, 24.9) 26.0 (23.8, 26) 0.002¢
Infant cereal 23.8 (22.1, 25.5) 26.0 (23.8, 26.4) 0.032¢

an = 45 participants who provided data for age of introduction of infant formula, and n = 62 participants who provided data for age of introduction of all solids and
infant cereal.

bDetermined by a chi-square test.

<Determined by a log rank test.
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FIG 2 Rarefaction curves of observed OTUs against the number of sequences from control and BLISS
groups at 7 and 12 months of age. OTUs, operational taxonomic units (a proxy for observed species and
a measure of alpha diversity). *, P value between groups at 12 months.

was a decrease in the relative abundances of Bifidobacteriaceae, Enterobacteriaceae, and
Veillonellaceae, with increases in the relative abundances of Lachnospiraceae and
Ruminococcaceae at between 7 and 12 months of age (Table S2).

Beta diversity metrics (Bray-Curtis dissimilarity unweighted UniFrac, weighted Uni-
Frac, and Jaccard distance) were determined, and permutational multivariate analysis of
variance (PERMANOVA) was used to compare diet/time groups for each metric. The
results indicated that the BLISS and control group microbiotas were different at 12
months but only when using presence/absence data (Jaccard distance and unweighted
UniFrac; P = 0.028 and 0.037 and g = 0.0336 and 0.0444, respectively).

While it is tempting to think that if alpha and beta diversities differ between groups,
there will be corresponding clear-cut differences in OTU distributions, this may not be
the case because multiple communities may differ in diversity without having taxo-
nomic differences in common. Nevertheless, we attempted to identify OTUs that were
differentially represented in the control group relative to the BLISS group at 7 and 12

TABLE 3 Alpha diversity measures for control and BLISS groups at 7 and 12 months

Proportion of

Value f variance
alue tor group Mean difference® between explained
Parameter? Control BLISS groups (95% Cl) P valuec (R2?)
7 mo
No. of participants 37 36
Alpha diversity measure
Mean no. of observed species (no. of OTUs) (SD) 117 (36) 113 (30) —5.2(—21.2,10.9) 0.523 0.018
Mean phylogenetic diversity (SD) 10.7 (2.0) 10.7 (1.8) 0.04 (—0.88, 0.96) 0.925 0.004
Mean Chao1l estimator (SD) 174 (46) 173 (39) —1.6 (—22.0, 18.8) 0.877 0.012
Mean Simpson index (SD) 0.76 (0.11) 0.74 (0.09) —0.03 (—0.08, 0.02) 0.187 0.063
Mean Shannon index (SD) 2.99(0.72) 2.79(0.58) —0.25 (—0.56, 0.06) 0.109 0.081
12 mo
No. of participants 34 34
Alpha diversity measure
Mean no. of observed species (no. of OTUs) (SD) 203 (58) 176 (58) —30.9 (—58.5, —3.4) 0.028 0.171
Mean phylogenetic diversity (SD) 14.7 (2.8) 13.8(3.3) —1.2(-26,0.2) 0.094 0.175
Mean Chao1 (SD) 277 (69) 246 (69) —36.4 (—69.1, —3.8) 0.029 0.164
Mean Simpson index (SD) 0.88 (0.06) 0.83(0.09) —0.06 (—0.09, —0.02) 0.004 0.185
Mean Shannon index (SD) 4.18 (0.73) 3.72(0.81) —0.52 (—0.88, —0.16) 0.006 0.210

aEstimates were made at 30,000 sequences.
bLinear regression adjusted for parity and maternal university education.
“Boldface indicates statistically significant differences between variables.
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FIG 3 Relative abundances of the top (>1%) seven bacterial families in feces of control and BLISS infants
at 7 and 12 months of age.

months of age using analysis of composition of microbiomes (ANCOM), gneiss, and
multivariate association with linear models (MaAsLin). The original OTU table was split
into two tables separated by sampling time in order to focus on differences due to diet
rather than developmental age. Additionally, the full OTU table was retained where
models could be applied to account for continuous variables (in this case, “time”) When
the tables were split, no OTUs were reported to be differentially abundant for either
time regardless of the method. When MaAsLin was employed with the full table and
time was included as a forced predictor, six OTUs were predicted to be differentially
abundant between the dietary groups (Table 4), and all were less abundant in the BLISS
group. Three of these OTUs represented the genus Roseburia.

An alternative approach was to search for differential prevalence by analyzing the
OTU table using presence/absence data. A between-group difference of 10 participants
with the presence of a species was decided to be a meaningful difference for this
analytical approach (i.e., 10 more participants in the control group had a particular OTU
present than in the BLISS group; this difference also represents the difference that we
would give 80% power for detection to the 5% level). When applied to an OTU-level
table, at 12 months, 21 OTUs were overrepresented in the control group, while two
OTUs were overrepresented in the BLISS group. All OTUs in the control group were
assigned to the order Clostridiales, and 7 OTUs were classified as belonging to the
genus Roseburia. At 7 months, only three OTUs were overrepresented in the control
group (Table S3).

Diet. Energy intakes were similar in control and BLISS participants at 7 months of
age (means [standard deviations {SD}] of 2,820 (470) kJ/day and 2,860 (440) kJ/day,
respectively; P = 0.749) and also at 12 months of age (means [SD] of 3,460 (850) kJ/day
and 3,430 [480] kJ/day, respectively; P = 0.881). However, the proportion of energy

TABLE 4 OTUs differentially abundant according to diet when controlling for time®

No. of OTUs

Feature Coefficient? No. of OTUs not at 0 h P value q value

Firmicutes|Lachnospiraceae|Roseburialfaecis 0.003716215 141 54 0.00013082 0.001252132
Firmicutes|Lachnospiraceae|Eubacterium|rectale3 0.004406438 141 46 0.000499015 0.004179247
Firmicutes|Lachnospiraceae|Roseburialunculturedbacterium1 0.004087229 141 46 0.000621837 0.005048626
Firmicutes|Lachnospiraceae|Roseburia|unculturedorganism1 0.001173604 141 64 0.001987778 0.013171758
Firmicutes|Ruminococcaceae|Faecalibacterium|prausnitzi11 0.004271382 141 31 0.00311382 0.019974824
Firmicutes|Lachnospiraceae|Clostridium2 0.004449289 141 69 0.007028392 0.041961589

9The variable in all cases was diet, and the value used in all cases was Control diet.
bA positive coefficient indicates a higher relative abundance in the control group.
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FIG 4 Proportions of total energy intake contributed by nine food groups at 7 and 12 months of age.

contributed by each food group changed considerably over time (Fig. 4). Milk (breast
milk and infant formula) contributed approximately 78% of the energy for both groups
at 7 months of age, decreasing to around 36% at 12 months.

Predictors of alpha diversity. Table 5 shows that the only variable associated with
alpha diversity at 12 months of age, from a range of demographic variables, feeding
characteristics, and antibiotic use, was parity: greater alpha diversity was observed in
children with a higher birth order. The intake of “breads and cereals,” “fruit and
vegetables,” and “dietary fiber” at 7 months of age were all positively and significantly
associated with at least one measure of (higher) alpha diversity at 12 months of age
(Table 6). For example, at 7 months, the intake of an additional 10 g of breads and
cereals was associated with 9.5 more OTUs and a 0.14-higher Shannon index at 12
months. “Infant milk” and “meat” intake were also moderately associated with alpha
diversity but not statistically significantly (P = 0.066 and 0.0.089, respectively, for the
number of OTUs and P = 0.234 and 0.070, respectively, for the Shannon index).

Because there were significant associations between diet at 7 months of age and
alpha diversity at 12 months, we hypothesized that diet at 7 months might explain
(mediate) the observed differences in alpha diversity between the BLISS and control
groups. However, as there were no differences between groups for infant milk intake
(mean difference [95% CI] of —4 [—73 to 65] g/day), bread and cereal intake (mean
difference [95% Cl] of 1.9 [—5.9 to 9.8] g/day), or meat intake (mean difference [95% Cl]
of —0.9 [—6.0 to 4.1] g/day), these foods were not considered to be mediators, leaving

TABLE 5 Associations between alpha diversity (number of OTUs and Shannon index) and variables related to demography, change in
feeding mode, and antibiotic use at 12 months (n = 68)

No. of OTUs Shannon index

Mean difference per Mean difference per unit

unit of predictor of predictor variable?
Predictor variable variable? (95% ClI) P value® (95% Cl) P value®
Parity (no. of children) 23.5 (9.5, 37.5) 0.001 0.31 (0.12, 0.49) 0.002
Mode of delivery (caesarian section compared to vaginal birth) 14.1 (—19.2, 47.4) 0.401 0.17 (—0.27, 0.61) 0.440
Maternal education (having university degree compared to not having one) 0.3 (—28.9, 29.5) 0.983 —0.03 (—0.41, 0.36) 0.890
Household deprivation (deprivation category) —13.6 (—34.0, 6.9) 0.189 —0.10 (—0.37, 0.17) 0.473
Consumption of infant formula (had consumed compared to had not) 24.2 (—5.2, 53.7) 0.105 0.12 (—0.28, 0.52) 0.547
Age at introduction of infant formula (wk) 0.7 (—0.5, 1.9) 0.265 0.01 (—0.002, 0.03) 0.098
Age at introduction of solids (wk) —3.2 (—8.5,2.1) 0.237 —0.03 (—0.10, 0.04) 0.450
Age at introduction of infant cereal (wk) 0.7 (—2.6, 3.9) 0.688 —0.002 (—0.04, 0.04) 0.931
Infant antibiotic use at time of fecal sample (had consumed compared to 15.9 (—29.2, 61.1) 0.483 0.29 (—0.30, 0.88) 0.333

had not)

aUnless otherwise indicated. Shown is linear regression with adjustment for group.
bBoldface indicates statistically significant differences between variables.
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TABLE 6 Associations between dietary components at 7 months and alpha diversity at 12 months (number of OTUs and Shannon index)
(n = 63)

No. of OTUs Shannon index
Mean difference per Mean difference per
Mean intake unit of dietary unit of dietary
Dietary component(s) (unit used in at 7 mo (g/ component (95% component (95%
regression) day) (SD) Cl)a P value® Cl)a P value®
Breast milk (100 g) 565 (297) —2.6 (—7.5,23) 0.300 0.01 (—0.06, 0.07) 0.763
Infant formula (100 g) 192 (341) 3.5(-0.7,7.8) 0.100 0.01 (—0.05, 0.06) 0.834
Infant milk (breast or formula) (100 g) 757 (135) 9.8 (—0.7, 20.4) 0.066 0.08 (—0.06, 0.22) 0.234
Breads and cereals (10 g) 16.9 (14.9) 9.5 (0.3, 18.7) 0.042 0.14 (0.02, 0.26) 0.025
Fruit and vegetables (10 g) 91.9 (74.7) 1.8 (—0.2, 3.8) 0.071 0.03 (0.0002, 0.05) 0.048
Meat (9) 7.6 (9.6) 1.3 (=0.2, 2.7) 0.089 0.02 (—0.001, 0.04) 0.070
Dairy< (g) 8.5(10.4) 0.4 (—0.9, 1.7) 0.565 0.00 (—0.01, 0.02) 0.696
Sweet foods (g) 1.2 (2.8) 4.0(—1.2,9.2) 0.127 0.03 (—0.04, 0.10) 0.337
Savory foods (g) 0.3(1.4) 4.7 (—5.8, 15.3) 0.371 —0.01 (—0.15, 0.13) 0.891
Miscellaneous (10 g) 49.1 (88.9) 0.1 (—1.5,1.7) 0.933 0.00 (—0.02, 0.02) 0.988
Dietary fiber (g) 3.1(2.3) 6.2 (—0.1, 12.5) 0.054 0.10 (0.01, 0.18) 0.024
Fiber variety scored 11.3(4.3) 1.03 (—2.8, 4.9) 0.592 0.01 (—0.04, 0.06) 0.672

dLinear regression adjusted for group, parity, and maternal university education.

bBoldface indicates statistically significant differences between variables.

cn = 61. Two participants had very high dairy intake compared to the rest of the sample (98 g and 117 g) and influenced the regression (using the full sample, the
mean difference in the number of OTUs per gram [95% Cl] was 0.9 [0.2, 1.6] OTUs, and the mean difference in the Shannon index per gram [95% Cl] was 0.01
[—0.002, 0.02]).

dDetermined by counting each different fiber-containing food (i.e., grain product, vegetable, or fruit) consumed over the 3 recording days (n = 56).

only the intake of fruit and vegetables and dietary fiber as potential mediators. Figure
5 illustrates the mediating effect that the intake of fruit and vegetables and dietary fiber
at 7 months had on the relationship between group and alpha diversity at 12 months.
The control group consumed a mean of 53 g/day more fruit and vegetables than the
BLISS group, and this difference explained 29% and 27% of the associations between

B=1.8, p=0.071 (no. of OTUs)

B=-53,p=0.006 B =0.03, p = 0.048 (Shannon)

29% (no. of OTUs)
27% (Shannon)

. Total B =-33.3, p = 0.019 (no. of OTUs)
Total B =-0.51, p = 0.007 (Shannon)

)
R e > £Los!

Direct B = -23.8, p = 0.111 (no. of OTUs) S
Group Direct B = -0.37, p = 0.057 (Shannon) a-diversity at 12 months

B. Dietary Fiber (g) at 7 months

B=6.2, p=0.054 (no. of OTUs)

B=-13 p=0025 B =0.10, p = 0.024 (Shannon)

25% (no. of OTUs)
25% (Shannon)

. Total B = -33.3, p = 0.019 (no. of OTUs)
Total B =-0.51, p = 0.007 (Shannon)

(N
[ J it intripirtebe AT
Direct B = -25.1, p = 0.083 (no. of OTUs) Se oo’
Group Direct B = -0.38, p = 0.042 (Shannon)  a-diversity at 12 months
FIG 5 Observed relationship between infant group and alpha diversity (mediation model). (A) Fruit and

vegetables (10 g for each). (B) Dietary fiber (for each gram) intake. (n = 63) (see Fig. S1A in the
supplemental material for the key).
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group and observed species and the Shannon index, respectively. Similarly, the control
group consumed a mean of 1.3 g/day more fiber than the BLISS group, explaining 25%
of the relationship between group and both observed species and the Shannon index.
We also investigated the association of dietary intake at 12 months with alpha diversity;
only the intake of breast milk and sweet foods showed a meaningful association, but
these variables were not different between the groups and thus were unlikely to
explain a meaningful proportion of the differences seen between the groups at 12
months.

DISCUSSION

Microbial composition analysis using several alpha diversity measures revealed that
infants following BLW had significantly lower alpha diversity at 12 months of age than
control infants. Using mediation analysis, a novel approach in microbiota studies, to
explore the association between group and alpha diversity, we were able to show that
29% and 25% of the links between group and alpha diversity at 12 months could be
explained by lower intake of fruit and vegetables and dietary fiber in the BLISS group
at 7 months.

Alpha diversity increased from 7 months to 12 months of age in both groups, as
expected due to the introduction of sources of food for the gut microbiota other than
milk (13, 25). We also noted decreases in the relative abundances of Bifidobacteriaceae,
Enterobacteriaceae, and Veillonellaceae and increases in the relative abundances of
Lachnospiraceae and Ruminococcaceae from 7 to 12 months. This is in agreement with
data from previous studies (3, 26, 27). The substantial decrease in infant milk intake
from 7 to 12 months likely explains the relative decreases in the abundances of
Bifidobacteriaceae, which utilize lactose and human milk oligosaccharides that are
found in milks (28), and Veillonellaceae, which have species that are able to utilize
lactate, a fermentation product of Bifidobacteriaceae (29). The relative increases in the
abundances of Lachnospiraceae and Ruminococcaceae at 12 months can be attributed
to the introduction of solid foods, as both Lachnospiraceae and Ruminococcaceae have
species that are known to play a role in polysaccharide (i.e., “complex carbohydrate”)
degradation (30). They form the most abundant bacterial families of the adult fecal
microbiota in Western populations.

At 12 months of age, infants in the BLISS group had lower bacterial alpha diversity
than those in the control group. This was explained, at least in part, by the differential
prevalence of OTUs representing members of the genus Roseburia, a taxon whose
abundance in the bowel is known to be associated with the amount of dietary fiber
consumed by the human host (31, 32). This observation therefore supported the
association between alpha diversity and dietary fiber that was revealed by mediation
analysis. The BLISS infants were encouraged to eat the same foods as the rest of the
family (i.e, a more adult diet) from the start of complementary feeding, and we
expected that this would result in greater alpha diversity because a recent study
showed that the progression to family foods was strongly associated with increased
alpha diversity (observed species and Shannon index) (19). Our results were sustained
even after adjustment for parity, which has been found to be significantly associated
with alpha diversity in the present study and elsewhere (33), presumably as a result of
exposure to a wider range of bacteria from the range of education and other environ-
ments with which siblings interact, nor can these findings be explained by mode of
delivery (34), breast milk intake, or recent use of antibiotics (35) which were shown
previously to be associated with lower alpha diversity but were not significant predic-
tors of alpha diversity in our study.

To reveal the mechanism by which the BLISS intervention was associated with lower
alpha diversity, we conducted mediation analyses. Mediation analysis is increasingly
being encouraged in the health literature to elucidate the underlying pathways of
effects on health outcomes (36, 37). Mediation analysis enhances causal inference and
allows the identification of specific components of an intervention that were effective.
Mediation analysis has been used in previous randomized controlled trials, where an
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intervention that involved changing behaviors (such as a way of eating) was associated
with an outcome (such as a difference in food intake) (38, 39). To then understand why
the intervention affected the outcome, mediation analysis was used to identify the
mediators (such as the use of certain maternal feeding practices or a child’s access to
noncore food) (36-39). Mediation analysis is therefore well suited to evaluate the
specific dietary mechanisms that might explain a difference in the gut microbiota as the
result of a complex behavioral intervention, such as in the BLISS study. For mediation
to be present, the independent variable (in this case, randomized group) must affect
both the outcome (in this case, alpha diversity) and the mediating variable (e.g., food
intake), the mediating variable must affect the outcome, and the relationship between
the independent variable and the outcome must be reduced in magnitude when the
mediating variable is controlled for (40, 41). Temporal ordering should be present. In
our study, we found that intakes of fruit and vegetables and dietary fiber were
mediators explaining 29% and 25%, respectively, of the links between group and alpha
diversity. Even though the intake of breads and cereals was associated with alpha
diversity, the control and BLISS groups did not have significantly different intakes of this
group, meaning that it was not a mediator of the association between group and alpha
diversity. These findings suggest that at least one-quarter of the impact of the BLISS
intervention on alpha diversity can be explained by the lower intake of fruit, vegetables,
and dietary fiber in the BLISS group at 7 months of age. Dietary fiber has been shown
to be positively associated with alpha diversity measures in this age group (19),
presumably because the range of polysaccharides that are indigestible to the host (i.e.,
dietary fiber) provide growth substrates for a range of gut microbes.

The significantly lower intake of fruit and vegetables and of dietary fiber among the
BLISS infants is an interesting finding. Although there has been an expectation that
following a baby-led approach to infant feeding would result in the consumption of a
wider variety of healthy foods (18), concerns have been expressed that the handheld
foods eaten by adults are not necessarily “healthier” (42). The infants in the BLISS group
were introduced to solids approximately 3 weeks later than the control infants, so at 7
months of age, they were earlier in their complementary feeding journey than controls;
perhaps this resulted in them being offered less fruit and vegetables. Moreover, one
small pilot study reported that parents who were following BLW with their infant had
higher-than-recommended intakes of saturated fat, sodium, and sugar (43), suggesting
that if infants were being given the foods that their parents were eating, they may be
offered a diet that is less healthy and therefore probably lower in fruit and vegetables.
However, a more likely explanation for the lower intake of fruit, vegetables, and dietary
fiber is that infants who are being traditionally weaned are usually spoon-fed purées in
the early months of complementary feeding, and these are commonly based on fruit
and vegetables because they can be blended to a smooth consistency and are often
sweet and therefore highly palatable. In fact, in the United Kingdom, about two-thirds
of all baby foods have been reported to contain fruit, vegetables, or both (44).

Major strengths of our study were the use of a randomized controlled design that
ensured that differences between the groups were due to the intervention rather than
differences in participant characteristics and the use of 3-day weighed-diet records to
provide detailed high-quality dietary data.

This study shows that infants following BLW consume a more adult-type diet and
have a fecal microbiota with a less complex composition at 12 months than infants
following traditional spoon-feeding. Lower intakes of fruit and vegetables and of
dietary fiber are partially responsible for this lower alpha diversity. The difference in
alpha diversity between groups is modest and, at this stage, cannot be related to
changes in child development or health. Larger, longer-term studies are required
before any conclusions can be made about the possible impact of these differences or
whether infant feeding guidelines should recommend that infants following BLW
consume more fruit and vegetables or dietary fiber than is currently the case.
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MATERIALS AND METHODS

Study design. The BLISS study was a 2-year randomized controlled human intervention trial
(Australian New Zealand Clinical Trials Registry number ACTRN12612001133820) that compared a
version of BLW (the infants feed themselves family foods) modified to address concerns about choking,
iron deficiency, and growth faltering (42) with a control group (receiving usual care, predominantly
traditional spoon-feeding). Because the protocol (21), pilot study (20), and main-outcomes paper (22)
have been reported, only relevant information is included here. The Lower South Regional Ethics
Committee of New Zealand and the University of Otago Human Ethics Committee approved the study,
and written informed consent was obtained from all adult participants before randomization and before
collection of the fecal samples for gut microbiota analysis. Fecal samples collected at 7 and 12 months
of age and a 3-day weighed-diet record collected at 7 months were used to determine the impact of the
BLISS intervention on changes in alpha diversity and the relative abundances of bacterial families in the
infant gut microbiota.

Participants. All women in late pregnancy who were booked into the only maternity hospital in
Dunedin, New Zealand, from December 2012 to March 2014 were eligible to participate in the BLISS
study if they were at least 16 years old and booked before 34 weeks of gestation. Infants were excluded
if they were born preterm or had a congenital abnormality likely to affect feeding or growth. Participants
were randomized to the control (n = 106) or BLISS (n = 108) group via random-length blocks (maximum
of 7) after stratification for parity (first child or subsequent child) and maternal education (nontertiary or
tertiary). Allocation was concealed by using opaque presealed envelopes. After birth, 8 infants were
excluded, so the final samples included 101 control and 105 BLISS participants (Fig. 1).

Fecal samples for microbiota analysis were collected from a subset of the infants (Fig. 1). Of the 165
participants in the BLISS study at the time of fecal collection, 86 were 7 months of age or younger, 74
(86%) of whom had parents who agreed to provide a fecal sample for microbiota analysis. There were
no significant differences in maternal age, body mass index (BMI), parity, or education; household
deprivation; or the sex or birth weight of the child between participants who did (n = 74) and those who
did not (n = 132) provide a fecal sample (statistical tests for groups as stated in “Statistical analysis,”
below). Therefore, the subset was representative of the BLISS study cohort as a whole.

Intervention. Both the control group and the BLISS group had access to government-funded routine
midwifery and well-child care (45, 46). The BLISS group had eight additional contacts from pregnancy to
9 months of age. These contacts provided education and support to prolong milk feeding (ideally
exclusive breastfeeding) and delay the introduction of complementary foods until 6 months of age
(provided by an international board-certified lactation consultant) and specific advice at 5.5, 7, and 9
months on how to follow the BLISS approach to infant feeding (provided by trained researchers) (20, 21).
The key components of the BLISS approach were to provide foods in a form that the babies can pick up
themselves; to let babies feed themselves; to offer an iron-rich food, an energy-rich food, and an
easy-to-eat food with every meal; and to eat as a family whenever possible (20, 21). Adherence to a
baby-led approach was defined as the infants feeding themselves most or all their food in the previous
week (21) and was measured by questionnaire at 6, 7, 8, 9, and 12 months of age.

Demographic data. Information on infant sex, birth weight, parity, and level of household depri-
vation (47) was obtained from hospital records. Self-reported prepregnancy height and weight, maternal
education attainment, and maternal age were obtained from baseline questionnaires that were com-
pleted before randomization in late pregnancy. The age when complementary foods were first intro-
duced was determined prospectively by using data from brief feeding questionnaires administered at 2,
4,6,7,8,9,and 12 months of age (21).

Gut microbiota data. Parents were asked to collect a fecal sample from their infant’s diaper at 7 and
12 months of age. The sample was then stored in the home freezer (—18°C) in study-provided freezer
containers before collection and delivery to the University of Otago Department of Microbiology and
Immunology, where they were stored at —80°C until DNA extraction. DNA was extracted from 250 mg
feces according to the kit protocol provided by the manufacturer (PowerSoil DNA isolation kit, catalog
number 12855-100; Mo Bio). Amplification of the 16S rRNA gene V4 region, library preparation, and
sequencing were carried out at Argonne National Laboratories (University of Chicago) using 2- by 250-bp
paired-end reads on an lllumina MiSeq instrument. Sequences were analyzed by using a combination of
QIIME version 1.9.1 (48) and vsearch version 1.9.5 (49). Taxonomy classifications were made by using the
SILVA version 123 database (50).

Microbiota composition was described by using five alpha diversity measures: the number of
operational taxonomic units (OTUs) (a proxy for observed species), phylogenetic diversity, the Chao1l
estimator, the Simpson index, and the Shannon index. Therefore, three indices described microbial
richness alone (i.e., number of species), observed species, phylogenetic diversity, and the Chao1l
estimator, and two indices described richness and evenness (i.e., the equality of distribution of the
species’ frequencies), the Simpson index and Shannon index. The OTU table was rarefied to the minimum
sample count (30,000 sequences) for calculation of the alpha diversity measures. Relative abundance at
the family level was calculated by collapsing the raw OTU table based on seven-level taxonomy strings
obtained from the SILVA version 123 database.

Beta diversity metrics (Bray-Curtis index, unweighted UniFrac, weighted UniFrac, and Jaccard dis-
tance) were applied by using the QIIME2 (https://qiime2.org/) command line interface (v.2018.4) and the
core-metrics-phylogenetic plug-in with a sampling depth of 30,000 sequences. Group significance for
each metric was measured with PERMANOVA (51).

Differential abundance testing was carried out on the full OTU table and on OTU tables that were
filtered to contain data from either the 7-month samples or the 12-month samples in order to
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concentrate on differences between the dietary groups at distinct time points. ANCOM (52) and GNEISS
(53) tests were run through the QIIME2 command line interface using default parameters. More
specifically, the diet metadata group was analyzed for ANCOM, and for GNEISS analysis, “Diet+Time" was
used for modeling ordinary least-squares regression (OLS-regression) on the full OTU table.

Differential abundance was also tested by using MaAsLin v.0.0.5 (54) using OTU tables filtered to
7-month and 12-month time points and on the full OTU table with “time” included as a forced predictor.

Dietary data. Parents completed a 3-day weighed-diet record on 3 randomly assigned nonconsec-
utive days (1 weekend day and 2 weekdays) over 3 weeks. Parents were taught how to complete the
weighed-diet record by an interviewer, given an opportunity to practice weighing a food with the
interviewer’s support, given detailed written instructions and examples to take home with them, and
instructed to contact the researchers if they had any questions while completing the record. Breast milk
intake was estimated by using total daily volumes of 750 g/day at 7 months of age and 448 g/day at 12
months (55). For infants who were fed both breast milk and infant formula, the amount of infant formula
consumed was subtracted from 750 g/day at 7 months and 448 g/day at 12 months, with the remainder
being entered as breast milk. Diet records were analyzed by using the Kai-culator program (version 1.13s;
University of Otago), which uses data from the New Zealand Food Composition Database (FOODfiles
2010), nutrient data for commonly consumed recipes from national nutrition survey data, and nutrient
data for commercial infant foods collected by the research team (21).

Nine food groups were defined based on food groups from the New Zealand Ministry of Health Food
and Nutrition Guidelines for Healthy Infants and Toddlers (1) and the number of consumers (i.e., at least
eight consumers were required in each food group so that there was sufficient power to perform the
food group analyses): “breast milk,” “infant formula,” “dairy,” “fruit and vegetables,” “breads and cereals,”
“meat, fish, and poultry,” “sweet food,” “savory food,” and “miscellaneous.” Ingredients in recipes were
coded into their specific food groups instead of the whole recipe being assigned to a diverse “mixed
dishes” category.

Statistical analysis. Data were analyzed by using Stata software (version 13; StataCorp). To compare
antibiotic use, feeding behaviors, and infant formula consumption at 7 months of age between randomized
groups, a chi-squared test was used. A log rank test (i.e., time to events) was used to compare the ages of
introduction of formula, solids, and infant cereal (Table 2). To determine differences in alpha diversity between
groups at both 7 and 12 months, linear regression was used, with adjustment for parity and maternal
education (i.e, the stratification variables). Mean differences, 95% confidence intervals (Cl), and P values were
calculated along with the proportion of variance explained (R?) by the independent variables (Fig. 2 and Table
3). Subsequent analyses for alpha diversity were then limited to one measure that described richness only and
one measure that described richness and evenness. The two measures (number of OTUs and Shannon index)
were chosen because they had the highest R? values (i.e, they explained the highest proportion of the
variance) and had the strongest association with randomized group (Table 3).

Group and age differences with respect to the relative abundances of bacterial families for which the
median relative abundance was >1% were determined by using median regression (Fig. 3; see also
Tables S1 and S2 in the supplemental material).

Linear regression was also used to assess whether demographic and feeding variables and antibiotic use
in the week before fecal sampling were related to alpha diversity, with adjustment for randomized group
(Table 6). Thereafter, the factor that was found to be significantly associated with alpha diversity was
considered a confounder and adjusted for in subsequent analyses. To explore whether dietary components
at 7 months of age predicted alpha diversity at 12 months, regression models were generated and adjusted
for randomized group, parity (confounder from Table 5), and maternal education (Table 5).

Mediation analysis was then used to determine the extent to which the association between
randomized group and alpha diversity was due to differences in food group intake; i.e., food group intake
“mediated” the association (Fig. S1). The requirements for mediation were considered to exist (36) if
randomized group predicted alpha diversity at 12 months of age, and food group intake at 7 months was
both related to alpha diversity at 12 months and different between the randomized groups. The
“proportion mediated” was the proportion of the effect size without the mediator (“total effect”) that was
reduced when the mediator was included in the regression (“direct effect”). Decisions and explanations
for mediation analysis were based on both effect sizes and P values. Residuals for all linear regression
models were plotted and visually assessed for homogeneity of variance and normality.

Accession number(s). The DNA sequence data have been deposited in the NCBI database under
BioProject accession number PRINA419227.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.00914-18.

SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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