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ABSTRACT

Infants experience a dramatic change in their food in the first year after birth when they shift from breast milk to solid
food. This results in a large change in presence of indigestible polysaccharides, a primary energy resource of gut microbes.
How the gut microbiota adapts to this dietary shift has not been well examined. Here, by using metagenomics data, we
studied carbohydrate-active enzymes (CAZymes) of gut microbiota, which are essential enzymes catalyzing the breakdown
of polysaccharides, during this dietary shift. We developed a new approach to categorize CAZyme families by food intake
and found CAZyme families associated with milk or solid food. We also found CAZymes with most abundance in 12 months
infants that are not associated with solid food or milk but may be related to modulating carbohydrates in the mucus.
Additionally, the abundance of gut CAZymes were found to be affected by many other factors, including delivery modes and
life style in adults. Taken together, our findings provide novel insights into the dynamic change of gut CAZymes in early
human life and provide potential markers for food interference or gut microbiota restoration.
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INTRODUCTION

Gut microbes have long been proposed to play crucial role
in human health, and dysbiosis of the gut microbiota have
been associated with multiple diseases, including inflammatory
bowel disease, obesity, diabetes, autism, etc. (Mishina et al. 1996;
Ley et al. 2006; Cryan and Dinan 2012; Karlsson et al. ; Karlsson
et al. 2013). Knowledge of the molecular mechanism on how gut
microbiota maintain balance in healthy status could possible aid

in preventing these diseases. To achieve this, large-scale studies
have been conducted to parse the variety of human gut micro-
biota and their relationship to human health (Lozupone et al.
2012; Karlsson et al. 2013; Ji and Nielsen 2015; Kumar et al. 2018).
Remarkably, the maturation of gut microbiota in the early life
is extremely important, as gut microbiota gained their compo-
sition and function gradually during the first year of human life
(Bäckhed et al. 2015; Robertson et al. 2019). Moreover, it has been
found that abnormality of the gut microbiota in early life could
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lead to various diseases (Moya-Pérez et al. 2017). Knowledge of
the processes associated with maturation of the gut microbiota
in infants, can therefore assist in understanding what drives
dysbiosis of the gut microbiota and hereby possibly lead to iden-
tification of new therapies that can prevent disease.

One way to understand what ensures a stable gut microbiota
is to study the carbon and energy resources, as these are essen-
tial for their survival and reproduction. Human indigestible
polysaccharides are major energy resources for the gut micro-
biota, and therefore have a major impact on the constitution of
gut microbes. In early human life, human milk oligosaccharides
(HMOs), the third most abundant solid component in human
milk, are indigestible for infants (Bode 2012). These polysaccha-
rides are digested by diversified carbohydrate-active enzymes
(CAZymes) expressed by gut microbes, and hereby enable uti-
lization of these carbon sources (El Kaoutari et al. 2013). With the
large variability of human indigestible polysaccharides present
in our foods it has been found that the gut microbiota express a
large number of different CAZymes (El Kaoutari et al. 2013).

Because of the variety and complexity of CAZymes, their
families have been introduced to categorize these enzymes
based on sequence similarities (Cantarel et al. 2009; Yin et al.
2012). These families are then annotated by some well-studied
members (Cantarel et al. 2009; Cantarel, Lombard and Henrissat
2012). Recently, although considerable efforts have focused on
CAZymes in gut metagenome research (Cantarel, Lombard and
Henrissat 2012; Bäckhed et al. 2015; Yang et al. 2016; Al-Masaudi
et al. 2017; Smits et al. 2017), the abundance of CAZyme fami-
lies in human early life has not been thoroughly analyzed. Pre-
vious research have found that HMOs played a role in developing
the gut microbiota in infants, although their impact on the gut
CAZyme families has not been examined (Ackerman, Craft and
Townsend 2017). Additionally, in order to study the effect of food
on CAZyme abundance in the gut microbiota, it could be help-
ful to categorize CAZyme families based on food association of
gut bacteria. However, CAZyme families are categorized accord-
ing to substrate usage of the enzymes and comparing the abun-
dance of these categories between individuals having different
food intake (Cantarel, Lombard and Henrissat 2012; El Kaoutari
et al. 2013; Bäckhed et al. 2015; Smits et al. 2017) is therefore not
straight forward. This is particular the case as many CAZyme
families have multiple functions, e.g. some of them can digest
fibers of both plant and animal origin (El Kaoutari et al. 2013) and
abundance data of these categories may therefore not reflect
variations in food intake.

Here, we analyzed publicly available metagenomics data on
fecal samples from infants and adults to study the abundance
of CAZyme families in the human gut. We re-categorize the
CAZyme families according to their association with different
foods. Additionally, we systematically studied the change of
CAZyme abundance with the transition of diet from milk to
solid food in infants, and identified factors that could influence
changes in abundance of these CAZymes. Our work represents
a new method to annotate CAZyme families and this may facil-
itate a better understanding of how CAZyme family abundance
may be associated with malfunction of energy control, as occur-
ring in obesity and diabetes.

RESULTS

Maturation of gut microbiota and CAZymes

To study the transformation and maturation of gut CAZymes,
we used publicly available metagenomic sequencing samples

from four age groups, new-borns, 4-months infants, 12-months
infants and adults (Bäckhed et al. 2015). Each age group con-
tains 98 samples. In 4-month-old infants, there are 66 exclusive
breastfeeding, 11 exclusive formula feeding, 19 mixed feeding; in
12-month-old infants, there are 84 without breastfeeding and 14
still took breast milk as part of their diets. We focused on abun-
dant genera in our analysis, which include 16 genera from Acti-
nobacteria, Bacteroidetes, Firmicutes or Proteobacteria phylum,
which had mean percentage higher than 1% (Table S1, Support-
ing Information).

The 4-months infants had milk as the main food, whereas
adults represents a group having solid food. First, we inves-
tigated which gut bacteria are associated with differences in
food intake and therefore compared the solid food group, i.e.
adults, with the milk group and 4-months old infants, to identify
genera having different abundance. Abundant genera could be
exactly divided into two groups based on food intake, four gen-
era were significantly enriched in 4-month-old infants (Fig. 1A)
and another 12 genera were significantly enriched in adults
(Fig. 1B) (Wilcoxon signed-sum test, adjusted P-value <= 0.01).
Microenvironment characteristics such as oxygen availability
impact establishment of a stable gut microbiota and aerobes are
enriched in the gut of infants but decrease later in life (Gos-
albes et al. 2019). In order to remove effects of aerobes, we
searched for genera having increased abundance in 4-months-
old infants compared with new-born infants and hereby iden-
tified Bifidobacterium and Veillonella as distinct for the milk
group (Fig. 1A) (Wilcoxon signed-sum test, adjusted P-value <=
0.01). Bifidobacterium and Veillonella are all well known for their
ability to utilize lactose (natural compound of milk) (Distler
and Kröncke 1981; Gosalbes et al. 2019), and Bifidobacterium is
also capable of digest HMOs (Marcobal and Sonnenburg 2012).
Among the 12 genera identified in the solid-food group, three
genera: Bacteroides, Blautia and Clostridium were found to be
more enriched in 12-months-old infants compared to adults
(Fig. 1B) (Wilcoxon signed-sum test, adjusted P-value <= 0.01).
The enrichment of Bacteroides in 12 months makes the whole
abundance of Bacteroidetes phylum higher than adults and 4
months, which is consistent with previous findings (Kumar
et al. 2016).

Samples in the three age groups of infants were from infants
at various time, and adult samples were from their mothers.
Because mothers were different individuals from the infants, the
gut microbiome could be affected by other factors than diet. In
order to verify that the categorization of food association was
truly linked with diet, we repeated the above food association
tests by using 12 months infants instead of adults in the solid
food group. With this new difference test on genera, Veillonella
and Streptococcus were not significantly different between groups
but food preferences for the other 14 genera were consistent
with the former results.

In order to study the carbohydrate utilization abilities in
these genera, we focused on two different kind of carbohy-
drate enzyme families, Glycoside Hydrolases and Polysaccha-
ride Lyases (GH/PL) that cleave glycosidic bonds between car-
bohydrates or between a carbohydrate and a non-carbohydrate
moiety, which are directly related to carbohydrate digestion. We
also focused on carbohydrate-binding modules (CBM), which are
non-catalytic modules within larger enzymes that bind to car-
bohydrates. CAZymes families distribute differently in metage-
nomics level between genera (Fig. 1C; Table S1, Supporting Infor-
mation). Bacteroides contains by far the most CAZyme families,
including 80 GH/PL and 13 CBM families. Some genera con-
tain very few CAZyme families. Veillonella contains no CBM and
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Figure 1. Overview of gut microbiome and CAZymes. Relative genus abundance of each age group in milk-associated genera (A), and solid-food-associated genera
(B). For the milk-associated genera, genera with name start with an asterisk (Bifidobacterium, Veillonella) were significantly more abundant in 4-months-old infants
compared with newborns (A). In solid food-associated genera, genera which name start with an asterisk (Bacteroides, Blautia, Clostridium) were found to be significantly

more abundant in 12 months babies compared with adults (B). Glycoside hydrolases and Polysaccharide lyases (GH/PL) family number, carbohydrate-binding Modules
(CBM) family number and average percentage of each genus showed in (C). Abundance divergency of CAZyme families of each age group showed in (D).

only 2 GH/PL, and is therefore more likely not able to use com-
plex polysaccharides as a main energy source (Table S1, Sup-
porting Information). In Subdoligranulum genus, we could not
find any information about its CAZyme in the dbCAN database
nor CAZy website version 2018-09-12 (Cantarel et al. 2009; Yin
et al. 2012).

It has been found that the heterogeneity of the gut micro-
biota decreases with age (Bäckhed et al. 2015). We also found
decreased heterogeneity in gut CAZymes with age. The median
value of standard deviation of each CAZyme family in GH/PL
and CBM was lower in adults compared with the infants but
also decreases with age in the infants (Fig. 1D). We suggest that
diet plays an important part in this process and we, therefore
compared CAZyme families in different age group in infants and
adults.

Food-associated CAZymes

Currently, a widely used CAZyme family categorization is by
using CAZyme substrate specificity. (Cantarel, Lombard and
Henrissat 2012; El Kaoutari et al. 2013; Bäckhed et al. 2015; Smits

et al. 2017). We tested if CAZyme substrate categorization based
on substrate specificity can truly reflect diet (Smits et al. 2017)
(Tables S2, Supporting Information) and found that the abun-
dance of plant CAZymes in 4 months infants is higher than
in adults, inconsistent with the fact that no or few plant fiber
intake by 4 months infants (Fig. S1, Supporting Information). It is
possible that multifunctional CAZyme families caused this bias.
CAZyme families with capability to digest plant glycans, which
categorized into plant CAZyme, may also capable of digesting
animal glycans (El Kaoutari et al. 2013).

To improve the prediction with better specificity, we cate-
gorized the CAZyme families based on food groups. CAZyme
families with significantly abundant in specific food will be cat-
egorized into this food group. CAZyme families of each genus
categorize separately. We categorized the groups in the follow-
ing way: (i) CAZyme families that were enriched in 4-month-
old infants in comparison to new-borns and adults were cate-
gorized as ‘milk’ group; (ii) CAZyme families that were enriched
in adults in comparison to 4-months of age were categorized as
‘solid-food’ group; (iii) CAZyme families that were enriched in 12
months of age in comparison to adults and 4 months of age were
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categorized as ‘transition’ group. In transition group, the infants
are in the transition period, with the diet changing from milk to
solid food.

Most of the CAZyme families were categorized into multi-
ple food groups in different genera (Fig. 2A). For example, GH2
is associated with transition in Bacteroides, associated with milk
in Bifidobacterium and associated with solid food in many other
genera (Fig. 2A). It could be explained by the multifunctionality
of these CAZyme families and similarity of carbohydrate bonds
contained in different foods (Cantarel, Lombard and Henrissat
2012). Similarly, GH13 is an example of multifunctional CAZyme
family, which is very general among gut bacteria (El Kaoutari
et al. 2013). CAZyme families in most genera of Bacteroidetes and
Firmicutes phylum were categorized into the solid-food group;
CAZyme families in Bifidobacterium were mostly grouped into the
milk group, whereas CAZyme families in the Bacteroides were
mostly grouped into the transition group (Fig. 2A; Table S3, Sup-
porting Information).

Only a few CAZyme families belong to a single food group
among all the abundant genera. These CAZyme families are
more likely to be markers of food types. We name CAZymes
belonging to these families as food-type related CAZymes (ftr-
CAZymes). These ftrCAZyme families are comprised of 3 milk-
, 12 transition- and 22 solid-food-associated-CAZyme families
(Fig. 2B, C, Table S3 and S4, Supporting Information).

The majority of CBM families of ftrCAZymes are solid food
associated, which may be because of the difficulty with solid
food fiber attachment (Fig. 2B, C; Table S4, Supporting Infor-
mation) (Cantarel et al. 2009). In the milk group, only 2 GH/PL
families, i.e. GH101 and GH129, are ftrCAZyme families, both of
them are galactose related, which is consistent with the fact that
there is a high proportion of galactose compounds in milk. In the
transition group, ftrCAZymes were involved in the degradation
of diverse polysaccharides. For instance, GH139 and GH141 are
fucose related, which is enriched in mucus and GH142 is arabi-
nose related, which is enriched in plants (Koropatkin, Cameron
and Martens 2012). Multifunctionality of these CAZyme families
raise the possibility that transition-associated CAZymes may
not depend on some specific food original fiber. GH/PL fami-
lies exists in all three ftrCAZyme groups (2 in milk, 8 in solid
food, 12 in transition related) and were used to measure influ-
ences of other factors on CAZymes. We calculated the over-
all abundance of food-associated CAZyme family categories for
each age stage, and the distribution was found to be consis-
tent with the food intake at each stage (Fig. S2, Supporting
Information).

As mentioned above, the adult group came from different
individuals. CAZymes in adults could be affected by other fac-
tors than diet. In order to prove that ftrCAZymes were truly
related to food, we tested milk and solid-food related ftr-
CAZyme families by comparing 4-months-old with 12-months-
old infants (Table S4, Supporting Information). The result of
all three milk-associated CAZyme families were still signifi-
cant (Wilcoxon signed-sum test, adjusted P-value <= 0.0001);
Most of the 21 solid-food associated CAZyme families were also
still significant, with adjusted P-value < 0.05, except CBM26
(adjusted P-value = 0.068), GH59 (adjected P-value = 0.068), PL21
(adjected P-value = 0.061) with adjected P-value little higher
than 0.05 (Wilcoxon signed-sum test). For transition-associated
ftCAZymes, more than 90% of their source came from the Bac-
teroides genus, which is consistent with the highest abundance
of Bacteroides in 12-months-old infants among the four age
stages (Fig. 1B). The relative abundance of ftrCAZymes in dif-
ferent source genera are shown in Fig. 2D. While Bifidobacterium

dominated in milk-associated food category, Bacteroides dom-
inated in transition- and solid-food-associated CAZyme fam-
ilies. The solid food category was found to be comprized of
CAZyme families from diverse genera, of which approximately
20% of them came from unknown genera (Fig. 2D). Adaptation
of Bacteroides in both solid-food and transition groups may be
explained by the fact that species in this genus utilize a diverse
range of polysaccharides as an energy source and participates in
various niches of the human gut ecosystem (Wexler 2007).

Between diet of breastfeeding and formula feeding infants,
a major difference was that there are HMOs in human milk.
To test the potential effect of HMOs on CAZymes, we com-
pared ftrCAZymes of 59 exclusive breastfeeding infants with
8 exclusive formula feeding infants. In order to remove the
effect of delivery method on the result, only vaginal born
infants were chosen. To our surprise, there were no signifi-
cant differences in all three ftrCAZyme groups (Fig. 3A). We
further looked into each CAZyme family and also no signif-
icant differences were detected (Wilcoxon signed-sum test,
adjusted P-value). It is possible that the effect of HMOs could
not affect CAZyme abundance at the CAZyme family level or
sample size was not large enough to detect the differences.
In 12-month-old infants, infants with breastfeeding have sig-
nificantly higher milk-associated ftrCAZymes, which may have
been caused by higher proportion of milk intake in these infants
(Fig. 3B).

In order to identify any possible HMO effect on each indi-
vidual, especially long-term effects, we traced ftrCAZyme abun-
dance of each infant throughout the 12 months (Fig. S3A, Sup-
porting Information). Individuals with different food intake at
4 months were displayed with different color. The ftrCAZyme
abundance in most individuals follow similar trend as they grow
despite the different food intake at their 4th month (Fig. S3A,
Supporting Information). We also found that the difference of
feeding history at 4 months of age did not cause significant dif-
ferences of ftrCAZyme abundance in their 12 months, which
means that there was no long-term effect of being exposed to
HMOs (Fig. S3B, Supporting Information).

Transition-associated CAZymes may be not related to
carbohydrate in food

From the taxonomy comparison, we found that some genera
are significantly abundant in 12 months infants (Fig. 1B). We
also identified some CAZyme families belonging to the tran-
sition group in ftrCAZymes, which means that these fami-
lies were significantly abundant in the 12 months infants in
these abundant genera. Since this group is experiencing food
transition from milk to solid food, it is interesting to know
if the transition group CAZymes were associated with carbo-
hydrate sources in the food or whether this finding is due to
some other factors. We therefore chose the CAZyme families in
the transition group of ftrCAZymes to evaluate their substrate
preference.

First of all, none of these transition-associated CAZymes
families belonged to the milk-associated or solid-food-
associated category of enzymes by our definition (Fig. 2B).
This means that these families are not significantly abundant in
adult (solid-food) compared with 4-months-old infants (milk),
nor significantly abundant in 4-months-old infants (milk)
compared with adults (solid-food). Differentiated carbohydrates
of food intake between 4-months-old infants and adults imply
that the transition-associated CAZyme families do not have
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Figure 2. Food-associated CAZyme families. (A), food association of CAZyme families in each abundant genus. (B), CAZyme families, which are associated to only
one kind of food. (C), family number of CAZymes with multiple food association and single food association in abundant genera. (D), relative abundance of genera in
food-associated CAZyme families in (B). Other Genus in (D) is sum of genera with less than 4% of abundance.

Figure 3. Food effects on abundance of ftrCAZyme GH/PL families in infants. Food effects on ftrCAZyme abundance in 4 months (A), and 12 months infants (B).
Differences are tested by Wilcoxon signed-sum test. Symbols were used to indicating statistical significance, ns: P value > 0.05, ∗ : P < = 0.05, ∗∗: P < = 0.01, ∗∗∗ : P < =
0.001.

preference for these two food groups. Since the group of
12-month-old infants is not likely to consume carbohydrates
totally different from adult food and milk, these CAZymes are
unlikely associated with some special carbohydrates in baby
food.

In the transition period, i.e. the group of 12-month-old
infants, carbohydrates were mainly from solid food but some
individual still had breast milk as part of their diets, hence
have a more diversified carbohydrate intake (carbohydrate
from both breast-milk and solid-food). To test if transition-
associated CAZyme families are caused by more diversi-
fied carbohydrates in the 12-month-old infants, we divide
this group into two, with breastfeeding group and a with-
out breastfeeding group. If transition-associated CAZyme fam-
ilies are caused by more diversified carbohydrate intake, these
CAZymes would be more abundant in with breastfeeding group.
However, we found no significant difference of transition-
associated CAZymes between these two groups, and the median
value of transition-associated CAZymes abundance in with

breastfeeding group is even lower than in the control (Fig. 3B).
On the contrary, milk-associated CAZyme families are signifi-
cantly more abundant in the with breastfeeding group (Fig. 3B).
Based on this, we can conclude that the abundance of transition-
associated CAZymes are not caused by more diversified food in
12 months.

After we excluded the possibilities of food carbohydrate
influenced transition-associated CAZymes, we further looked
into taxonomic information of these enzymes. About 90% of
the transition-associated CAZyme families belong to Bacteroides
(Fig. 2D). We observed that Bacteroides are most abundant in 12-
months-old infants (Fig. 1B). Furthermore, Bacteroides are found
to be more abundant with diets containing high fat, choline
and amino acids but low fiber content (Wu and Chen 2011).
Bacteroides contains the largest number of CAZyme families
(Fig. 1C) but are associated with low fiber diet. We also found
that transition-associated CAZymes can digest multi sources
including mucus carbohydrate (Table S4, Supporting Informa-
tion). Based on this, we suggest that these CAZymes may not
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be associated with carbohydrates in food but may be related to
carbohydrates in mucus.

Factors that influence gut CAZymes

As mentioned earlier, we found that there is decrease variability
among CAZymes with age (Fig. 1D). Apparently, some initial fac-
tors besides food impact the gut CAZymes present in new born
infants but as age grow these factors have less influence. Also,
food with different kinds of nutrients other than carbohydrates
may impact the presence of CAZymes in adults too. Information
of these factors could be helpful for us to evaluate how life style
affect human health and to avoid diseases like obesity and dia-
betes, as carbohydrate is one of the main resources of gut bac-
teria.

We found the delivery mode can affect the abundance of
CAZymes (Fig. 4; Fig. S4, Supporting Information). In new-borns,
there is significant differences between C-section and vagi-
nal born infants for all three CAZyme categories. From the
heatmap of new-born infants, we can see samples from all
C-section born and part of vaginal born infants are clustered
together, with most CAZyme families being lowly abundant
in these samples (Fig. S4, Supporting Information). When the
infants grow, the food intake reduced the effect of this impact.
After 4 months of milk intake, the difference of milk-associated
CAZymes became insignificant between the two groups of deliv-
ery mode. In the group of 12-month-old infants, where food
intake had changed to solid food, the difference of solid food-
associated CAZymes was also insignificant (Fig. 4). Interestingly,
transition-associated CAZymes remained significantly different
between these two delivery modes in 12 months infants, which
can imply that transition-associated CAZymes are less influ-
enced by food intake (Fig. 4).

Besides factors influence gut CAZymes in infants, life style
can also impact the abundance of CAZymes in adults. The milk
and solid food ftrCAZyme that we have found were used to
study these impacts. By using diet with different proportion of
meat and plant, we can also divide solid food ftrCAZyme fur-
ther into subgroups. Here, we used the gut metagenomics data
from Hadza hunter-gatherers as ancient life style and Swedish
adults as one kind of modern life style (Bäckhed et al. 2015; Smits
et al. 2017). The main food of Hadza are fiber-enriched tubers and
baobab, and in the dry season with more meat, wet season with
some berries and honey (Smits et al. 2017). The Hadza individu-
als were divided into two groups depending on the season, and
compared with Swedish adults.

In the milk-associated category of ftrCAZymes, Hadza had
low abundance of CAZymes, which may because of lack of dairy
intake. Also, the abundance of milk ftrCAZyme was significantly
higher in the Hadza wet season compared with the dry season,
which may be due to a more simpler sugar intake in the wet sea-
son (berries and honey) and these simpler sugars are more like
the ingredients of milk (Fig. 5A). In the solid food-associated cat-
egory of ftrCAZymes, Hadza also had significantly lower abun-
dance of CAZymes than the Swedes (Fig. 5B). This may because
of lack of the genus Bacteroides, which have large CAZyme genes
in the genome, in Hadza (Schnorr et al. 2014). But there were no
significant difference between Hadza dry season and wet season
in solid food ftrCAZymes.

To find out the candidates CAZyme families that related to
animal food or plant food, we compared each solid food ftr-
CAZymes abundance between dry and wet season, and no sig-
nificant differences were found, possibly because of the small
sample size. Another way of categorizing CAZyme by enzyme

substrates (Table S2, Supporting Information) were used in a pre-
views study (Smits et al. 2017), where the abundance of animal
CAZymes was higher in the dry season, which was consistent
with a higher meat intake in this season but abundance of plant
CAZymes was also higher in the dry season and there were no
evidence that Hadza people ate more plant food than in the wet
season. Possibly the abundance of plant CAZymes in the dry sea-
son was caused by multifunctionality of these CAZyme families
(Table S2, Supporting Information), just like the high abundance
of plant CAZymes in infants (Fig. S1, Supporting Information).

By comparing Swedish and Hadza, we also find that the
genera origin of food CAZymes are different. Bifidobacterium are
dominant in the Swedish milk category (Fig. 5A), whereas there
is a more abundance of Ruminococcus in the Hadza solid-food cat-
egory, which may because Ruminococcus are more capable of
utilizing fiber-enriched food (Fig. 5B).

DISCUSSION

Our study shows a new approach of categorizing CAZyme fam-
ilies. Previous research use discovered CAZyme family sub-
strate to categorize CAZyme families (El Kaoutari et al. 2013;
Smits et al. 2017) but abundance of these categories determined
from gut metagenomic sequencing data did not reflect the food
intake. Here, by comparing infants mainly having milk intake
and adults mainly eating solid food, we categorized CAZyme
families into three categories, solid food associated, milk asso-
ciated and transition associated. To avoid ambiguity, we only
use CAZyme families with the same preferences in all abun-
dant genera. Compared with previous methods, our approach
gives better link between food intake and abundance of
CAZymes.

Different from milk and solid-food-related CAZymes, there
were transition-related CAZymes, which may not be related
to carbohydrates in food but may be related to modulation of
carbohydrates in the mucus layer. They can be influenced by
factors other than carbohydrates in the food, which include
animal fat and protein and the way infants were delivered.
Since most C-section born infants lack transition-associated
CAZyme and they also have higher probability of developing
obesity or diabetes, this CAZyme group may have some connec-
tions with these diseases. One possibility is without transition-
associated CAZymes, glycans in the mucus are not sufficiently
consumed by bacteria, which may affect the ‘microbiota-gut-
brain-axis’ (Moya-Pérez et al. 2017), disturb the regulation of food
desire and food intake amount of these individuals and cause
disease.

The reason for presence of the so-called transition-
associated CAZymes is still unknown. One reason could be
that 12-months-old infants have a higher intake of animal
fat and animal protein compared with adults, which caused
a rise of Bacteroides abundance, and in turn rise the level of
CAZymes from Bacteroides. Another possible reason is that the
abundance of milk-associated CAZymes decrease but solid
food-associated CAZymes have not yet reached their maximum
abundance. The blank of the niche is temporarily taken place by
transition-associated CAZymes because they are able to digest
different type of carbohydrates including carbohydrates from
the mucus layer in this period. But later in life this niche is
occupied by solid-food-associated CAZymes, which are better
at digesting solid-food.

C-section born infants had significant lower gut CAZymes
than vaginal born infants. It is interesting to know if food
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Figure 4. The association between delivery mode and abundance of ftrCAZyme GH/PL families. Differences are tested by Wilcoxon signed-sum test. Symbols were
used to indicating statistical significance, ns: P-value > 0.05, ∗ : P <= 0.05, ∗∗: P <= 0.01, ∗∗∗ : P <= 0.001.

Figure 5. The association between life style and abundance of ftrCAZyme GH/PL families. Profile of ftrCAZymes in Swedish life style (SWD), Hadza dry season (DRY) and
Hadza wet season (WET) in each food-associated CAZyme category: (A), milk associated and (B), solid food associated. Left panel are boxplot of CAZyme abundance,

differences are tested by Wilcoxon signed-sum test; Right panel are relative abundance of genera in each CAZyme category. Symbols were used to indicating statistical
significance, ns: P value > 0.05, ∗: P <= 0.05, ∗∗ : P <= 0.01, ∗∗∗ : P <= 0.001.

can remove these effects. We found the deficiency of milk-
associated CAZymes in C-section born infants became insignif-
icant after few months of milk intake, and the low abun-
dant of solid-associated CAZymes also became insignificant in
12 months. However, transition-associated CAZymes deficiency
still existed in 12 months. Also, HMOs were important to gut
microbiota and human health (Marcobal and Sonnenburg 2012),
we also tested if the effects of HMOs could remove the impact of
delivery mode. We compared the CAZyme differences between
C-section and vaginal born in breastfeeding infants and the sig-
nificant differences can still be observed (Fig. S5, Supporting
Information), which means that C-section impacts still existed.
Since transition-associated CAZymes were difficult to be

influenced by food in infants, we suggest that other strategies
such as probiotics, prebiotics could be considered to be used to
restore the gut ecosystem (Lozupone et al. 2012).

Overall, our study categorized CAZyme families based on
food intake. Besides solid-food-associated and milk-associated
CAZymes, we found CAZymes associated with food transition
period of infants. The transition-associated CAZymes are most
abundant with 12 months infants, not associated with solid food
or milk but may be related to modulating carbohydrates in the
mucus. The genera origin of CAZyme categories vary within
different life style of food intake. The CAZyme categories can
roughly reflect the food intake, have the potential to be used as
markers for disease diagnosis and beneficial food interventions.
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MATERIALS AND METHODS

Data set information

The metagenomics data set we used were downloaded from
NCBI. The data set we used to compare gut microbiota of infants
and adults is PRJEB6456, which includes DNA sequencing data
from 392 fecal samples. These samples collected from mothers
at birth and infants at three time points, were classified into
new-born, 4 months, 12 months and adult age group, respec-
tively, each age group contains 98 samples. (Table S5, Supporting
Information). We used Hadza hunter-gatherer gut metagenomic
data in PRJNA392180 together with Swedish adults in PRJEB6456
to analyze food impacts on adult CAZymes (Table S6, Supporting
Information). Hadza data includes 21 samples from dry season,
19 samples from wet season.

Ethics approval was not required.

Low quality and contamination reads filter

We used fastq quality trimmer from FASTX-Toolkit to trim reads
of low sequencing quality with parameter -Q 33 -v -t 20 -l 70 (Gor-
don and Hannon 2010). BWA was used to map reads the human
reference genome (GRCh38) and to remove human-origin con-
taminant (Li and Durbin 2009). Reads which could be mapped to
human genome are removed.

CAZymes abundance calculation

Reference CAZymes were protein sequences downloaded from
dbCAN, version 07–20-2017 (Yin et al. 2012). Bacterial CAZymes
belong to Glycoside Hydrolases and Polysaccharide Lyases
(GH/PL) families and carbohydrate-binding modules (CBMs) are
kept for analysis (Fig. S6; Table S7, Supporting Information). We
focused on these discovered CAZymes (292,033 GH/PL, 75,828
CBM) to study the CAZyme families (Table S7, Supporting Infor-
mation).

DNA sequencing reads were mapped to CAZymes to get
the DNA abundance. Diamond BLASTX is used to map reads
to protein sequences of CAZyme, and get the hit information
(Buchfink, Xie and Huson 2014). In order to calculate abundance
data from diamond mapping info, we filtered reads with map-
ping E value less than 1e-05, bit-score per alignment length
more than 1.0, query coverage no less than 75%. Only the best
hit would be summarized to get the total hit count of a given
CAZyme. DNA hit count of each CAZyme were normalized into
FPKM value. FPKM of each CAZyme = hit count / (total reads
number × protein length) × thousand million.

To assign taxonomy to the sequencing data, we used a strat-
egy similar to a previous study (Das et al. 2019). The NCBI acces-
sion number of reference CAZymes were retrieved from dbCAN
(Yin et al. 2012). These NCBI accession number for each protein
was used to assign taxonomy of each protein by using the R
package taxonomizr. With the taxonomy information of each
reference CAZymes, the FPKM of CAZymes calculated by reads
mapping results were then added up to calculate the FPKM of
CAZymes of each genus. The gene abundance of each CAZyme
family for each genus, were the sum of gene abundance of all
protein that belong to this CAZyme family and genus.

In order to assign reads to the correct genus, we made sure
that each read could only map to CAZymes, which belong to only
one genus. In the above mapping step, if a read map has best hits
with the same score to multiple CAZymes of the same genus, the

hit count would divide equally into these CAZymes. Read has
best hits on CAZymes of multiple genus would be removed.

For each genus, if a CAZyme family with FPKM larger than 1
in more than 10 samples within this genus, this CAZyme family
is deemed to be existed in this genus.

CAZyme family categorizing strategy

CAZyme families are categorized in abundant genus in human
gut (Table S1, Supporting Information). CAZyme families that
more enriched in 4 months infants compared to new-borns
and adults are categorized into milk-associated CAZymes
group. CAZyme families that enriched in adults compared with
4 months infants are categorized into solid-food-associated
CAZymes. CAZymes most abundant in 12 months compared to
4 months and adults are categorized into transition-associated
CAZymes.

Milk- and solid-food-associated CAZymes were verified by
comparing 4 months infants with 12 months infants.

Taxonomy percentage calculation

CAZyme gene numbers were different between bacteria, and
hard to be used to calculate taxonomy abundance (El Kaoutari
et al. 2013), so we use marker genes by utilizing MetaPhlAn v2.0
to calculate taxonomy percentage instead (Truong et al. 2015).
The MetaPhlAn parameter ‘bowtie2’ was set to very-sensitive-
local, and ‘min alignment len’ was set to 100. These genera were
categorized by food association by comparing 12 months infants
(milk group) and adults (solid-food group). The categorization
was verified by using 12 months infants as solid-food group to
compare with 4 months infants as milk group.

Statistical analysis

The R packages Stats and rstatix were used to perform statis-
tical analysis. To compare taxonomy and CAZyme abundance
among different age groups or populations, we used Wilcoxon
signed-sum tests, and corrected for multiple comparisons using
the Benjamini–Hochberg method. Adjusted P-value < 0.05 was
considered as statistically significant. Standard deviation of log2
transformed FPKMs of each CAZyme family were used to mea-
sure abundance divergency. In abundance heatmap of new born
infants, abundance data were log2 and Z-score transformed
FPKMs, Ward2 method were used for clustering.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Bäckhed F, Roswall J, Peng Y et al. Dynamics and stabilization of
the human gut microbiome during the first year of life. Cell
Host Microbe 2015;17:690–703.

Bode L. Human milk oligosaccharides: every baby needs a sugar
mama. Glycobiology 2012;22:1147–62.

Buchfink B, Xie C, Huson DH. Fast and sensitive protein align-
ment using DIAMOND. Nat Methods 2014;12:59–60.

Cantarel BI, Coutinho PM, Rancurel C et al. The carbohydrate-
active enzymes database (CAZy): an expert resource for
glycogenomics. Nucleic Acids Res 2009;37:233–8.

Cantarel BL, Lombard V, Henrissat B. Complex carbohydrate
utilization by the healthy human microbiome. PLoS One
2012;7:e28742. doi:10.1371/journal.pone.0028742.

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact
of the gut microbiota on brain and behaviour. Nat Rev Neu-
rosci 2012;13:701–12.
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