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Abstract: The human milk (HM) microbiota is a significant source of microbes that colonize the
infant gut early in life. The aim of this study was to compare transient and mature HM virome
compositions, and also possible changes related to the mode of delivery, gestational age, and weight
for gestational age. Overall, in the 81 samples analyzed in this study, reads matching bacteriophages
accounted for 79.5% (mainly Podoviridae, Myoviridae, and Siphoviridae) of the reads, far more abundant
than those classified as eukaryotic viruses (20.5%, mainly Herpesviridae). In the whole study group of
transient human milk, the most abundant families were Podoviridae and Myoviridae. In mature human
milk, Podoviridae decreased, and Siphoviridae became the most abundant family. Bacteriophages were
predominant in transient HM samples (98.4% in the normal spontaneous vaginal delivery group,
92.1% in the premature group, 89.9% in the C-section group, and 68.3% in the large for gestational
age group), except in the small for gestational age group (only ~45% bacteriophages in transient
HM samples). Bacteriophages were also predominant in mature HM; however, they were lower in
mature HM than in transient HM (71.7% in the normal spontaneous vaginal delivery group, 60.8% in
the C-section group, 56% in the premature group, and 80.6% in the large for gestational age group).
Bacteriophages still represented 45% of mature HM in the small for gestational age group. In the
transient HM of the normal spontaneous vaginal delivery group, the most abundant family was
Podoviridae; however, in mature HM, Podoviridae became less prominent than Siphoviridae. Myoviridae
was predominant in both transient and mature HM in the premature group (all C-section), and
Podoviridae was predominant in transient HM, while Siphoviridae and Herpesviridae were predominant
in mature HM. In the small for gestational age group, the most abundant taxa in transient HM were
the family Herpesviridae and a species of the genus Roseolovirus. Bacteriophages constituted the major
component of the HM virome, and we showed changes regarding the lactation period, preterm birth,
delivery mode, and birth weight. Early in life, the HM virome may influence the composition of
an infant’s gut microbiome, which could have short- and long-term health implications. Further
longitudinal mother–newborn pair studies are required to understand the effects of these variations
on the composition of the HM and the infant gut virome.
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1. Introduction

Breastfeeding is considered a gold standard in infant nutrition, as it has been adapted
to provide for the demanding growth of the newborn in a time-dependent way with a
wide range of components including macronutrients (fat, proteins, and carbohydrates),
micronutrients, and bioactives [1,2]. Breastfeeding has positive effects on infants from
nutritional, physiological, and developmental viewpoints [1]. Breastfeeding boosts the
immune system, enhances neurodevelopment, and can have an effect on the development
of noncommunicable diseases and conditions later in life [1,3].

Human milk (HM) bioactives such as the HM microbiota have been shown to provide
healthy gastrointestinal mucosal stimuli, influence the gut microbiota composition, and
promote the development of the infant’s immune system [4,5]. The gut microbiota of
an infant is formed during the first thousand days of life. Changes in the microbial
composition during this period can affect health later in life [2]. The HM microbiota is a
significant source of microbes that colonize the infant gut early in life, promote the growth
of beneficial microbiota, aid in the maturation of the innate and adaptive immune systems,
provide protection against gastrointestinal infections, and may help to form both short- and
long-term infant health outcomes through metabolic programming, immunomodulation,
and neuromodulation [4–8]. Breastfeeding affects the regulation of intestinal, neurological,
and behavioral functions via the gut–brain axis in early life, which may imprint on the
central nervous system and immune system throughout the lifespan. The HM microbiota
is an infinite source for the infant gut microbiota as long as breastfeeding is maintained [1].

While the microbial communities are dominated by bacteria, viruses, archaea, and
fungi may play a key role in maintaining gut homeostasis and are able to directly affect the
host’s health [9]. While the early establishment and development of the HM and infant’s
intestinal bacterial components of the microbiome have been well documented [10–12],
knowledge about the acquisition of gut virome communities is limited [13,14]. Lim
et al. [14] characterized changes in the gut virome and found that the gut bacteriophage
population structure consisted primarily of a rich and diverse set of phages; richness
decreased with age since birth. The first process of viral colonization in early life is char-
acterized by the induction of prophages from pioneer bacteria, followed by colonization
with viruses infecting human cells, the latter of which is modulated by breastfeeding [15].
Recent evidence suggests that breastfeeding affects the neonatal virome. HM viruses are
transmitted from mother to infant through breastfeeding, and HM and infant stool viromes
from a mother–infant dyad share substantial bacteriophage homology [16,17]. As a result,
the virome transmitted by HM to the child could have a substantial effect on the infant’s
long-term health [5].

The HM composition, as well as the microbiota composition, is influenced by maternal
factors during pregnancy and lactation including geography, maternal diet and maternal
psychosocial status, the mode of delivery and gestational age, intrapartum antibiotic use,
lactation period (colostrum, transitional, and mature HM), and length of gestation [2,9,11].
Potential changes or alterations in the HM virome due to maternal/perinatal factors might
play a role in defining the gut virome during the early life period, which could have long-
term health implications. While most research has focused on the bacterial communities
in HM, relatively little is known about the community of viruses in HM. This study aims
to evaluate the HM virome composition with detailed metagenomic analysis, to compare
transient and mature human milk, and also to evaluate possible changes related to preterm
birth, delivery mode, and birth weight for gestational age.
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2. Material and Methods

This is a prospective study which was performed in two university hospitals in Turkey.
All women delivered in the two hospitals where they were assessed after birth as part of
the study protocol. The study’s design included five separate groups. Normal spontaneous
vaginal delivery at term or C-section (emergency or elective) at term was the mode of
delivery. Prematurity was described as a gestational age of less than 37 weeks [18], and
premature infants aged less than 37 weeks but more than 32 weeks were included in
the study. According to the InterGrowth-21st map [19], small for gestational age (SGA)
newborns have a birth weight (BW) below the 10th percentile and high for gestational age
(LGA) newborns have a BW above the 90th percentile for gestational age.

Multiple pregnancies, maternal age <18 years or >45 years, maternal BMI > 30 kg/m2,
use of antibiotics and/or probiotics during pregnancy or lactation, intrapartum antibiotic
prophylaxis, and mothers with gastrointestinal system disorder or psychiatric disorders
were all criteria for exclusion from the study group. The following information was
collected: maternal age, parity, mode of delivery, gestational age, birth weight, and in-
fant gender.

Human milk collection and storage: All mothers gave their informed consent, which
included signing a consent form authorizing the collection of milk samples and subsequent
examination. HM samples were obtained from mothers recruited from two university
hospitals in Turkey at two separate times: transient human milk samples (TMS; postpartum
7–15 days) and mature human milk samples (MMS; postpartum 45–90 days). All HM
samples were foremilk and were collected in the morning at the hospital. Mothers were
asked to clean their nipples and surrounding areas with sterile saline before collecting
3–5 mL of HM in sterile tubes. Hand expression was used to collect all HM samples. Until
DNA extraction, all samples were held at −20 ◦C.

DNA extraction: DNA extraction was performed with QuickGene DNA tissue kit
S (DT-S; Kurabo, Osaka, Japan) according to the manufacturer’s protocol. After first
thawing on ice, the 1.5 mL milk sample was transferred to a 2 mL microtube. It was
centrifuged at 5000 g for 7 min. Fat and the supernatant component of the milk were
carefully removed. An MDT solution of 180 µL and a 25 µL EDT solution were added
onto the pellet, and the pellet was left to incubate at 56 ◦C for 15 min after pipetting
until dispersed. An LDT solution of 180 µL was added to the microtube and vortexed
for 15 s. After that, the microtube was left to incubate at 70 ◦C for 10 min. In the next
step, 240 µL of 99% cold ethanol was added and vortexed for 15 s. All the contents of
the microtube were transferred to the QuickGene (Kurabo, Osaka, Japan) filter cassette,
and the washing and elution process was performed following the instrument’s protocol.
Washing was performed three times using a 750 µL washing solution. At the end of
the extraction process, an average of 30–40 ng of genomic DNA was obtained, diluted
with 50 µL of elution. Extracted DNA concentrations were measured using a Qubit 3.0
Fluorometer (Thermo Fisher Scientific; Life Technologies, Carlsbad, CA, USA), shotgun
libraries were prepared from 1 ng of each sample using the Nextera XT DNA Library
Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s instructions, and
paired-end sequencing was carried out in the NextSeq 500 sequencer (Illumina, San Diego,
CA, USA).

Sequencing data and statistical analysis. The resulting reads were trimmed and quality
and length filtered with the PRINSEQ-lite program [20]. Paired reads were joined using
the FLASH program [21] with default parameters, and human-origin reads were removed
by mapping against the human genome database (GRCh38.p11, reference human genome,
December 2013) using Bowtie 2 [22] with local and very sensitive options. Next, two further
mapping steps against bacterial and fungal reference genome datasets (downloaded from
the NCBI FTP site in August 2016 and January 2018, respectively) with local and very
sensitive options were also carried out using Bowtie 2, in order to remove those reads
from the analysis of the virome. Only those reads that did not map were used for the
BLAST algorithm search, using a tBLASTx strategy (e-value < 10−5, with identities ≥50%,
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60% and 70%, ≥65% of the read length) against a customized viral database (March 2018),
consisting of 99% identity clusters of complete viral genomes from the EBI and NCBI sites,
plus all available viral sequences from the International Nucleotide Sequence Database
Collaboration. It also included prophages from the PHAge Search Tool [23]. The minimum
identity cutoff used was 65% for amino acids because viral genomes are more variable than
bacterial and eukaryotic genomes, which evolve and diverge faster, leading to relatively
low similarities compared with those seen in other organisms. Taxonomy was added to the
BLAST results, and a lowest common ancestor strategy was used to assign the taxonomy
to the hits using R v3.1.0 [24] customized scripts. These were also used for counting the
reads abundance and constructing a taxonomically assigned reads abundance matrix for
all samples. This matrix was converted into the Biological Observation Matrix format
using the QIIME pipeline v1.9.0 for composition, abundance, and diversity analyses [25].
The presence or absence of viral taxa in the samples was analyzed at different taxonomic
levels to determine their prevalence. Data were presented as mean ± standard deviation
or median (range) for samples according to the collection time and delivery group, or
both. In addition, the abundance of different viral reads at the species and family levels
was calculated for all samples and group combinations. The Shannon diversity index
was used to estimate the diversity within samples by using 1000 replicates of randomly
chosen subsets of 18 reads per sample. Boxplots were created using R v3.1.0 and compared
using two-tailed t-tests. The diversity between samples was analyzed using Bray–Curtis
dissimilarity obtained with the QIIME pipeline for principal coordinate analysis. The
nonparametric statistical method for multivariate analysis of variance Adonis was used for
comparisons between categories [26]. Other statistical analyses, such as the nonparametric
Wilcoxon–Mann–Whitney test for pairwise comparisons, were conducted with R scripts,
while Kruskal–Wallis tests were implemented by the QIIME group_significance.py script.

3. Results

A total of 88 HM samples were obtained from 44 mothers. The entire study group’s
maternal age, mode of delivery, gestational age, birth weight, gender, and human milk
sampling time are summarized in Table 1. In this study, viruses were detected in 81 of 88
samples. The number of reads between TMS and MMS was similar, as was the Shannon
index between the groups at different sampling times.

Table 1. Maternal age, mode of delivery, gestational age, birth weight, gender, and human milk sampling time of entire
study group and subgroups.

Maternal Age
(Years) *

Delivery
Mode

(SV/CS)

Gestational
Age

(Weeks) *

Birth Weight
(Gram) *

Gender
(Boys/Girls)

Transient HM
Sampling Time

(Days) *

Mature HM
Sampling Time

(Days) *

Total 30
9/35

38 2840
18/26

8 51.5

(n = 44) (18–44) (32–41) (1200–4600) (7–14) (45–70)

NS-T 33
8/0

38.5 3225
1/7

12 53.5

(n = 8) (20–41) (37–40) (2880–3600) (8–14) (47–70)

CS-T 35
0/9

38 3080
5/8

8 55

(n = 9) (25–44) (37–41) (2730–3600) (7–13) (45–70)

PT 30
0/13

35 2255
3/6

8 50

(n = 13) (18–43) (32–37) (1200–2700) (7–14) (45–62)

SGA 34
1/6

37 2225
3/4

8 49

(n = 7) (22–38) (34–41) (1670–2500) (7–12) (45–63)

LGA 30
0/7

39 4120
6/1

8 51

(n = 7) (23–39) (37–41) (3505–4600) (7–13) (45–63)

* median (minimum–maximum). NS-T: normal spontaneous vaginal delivery-term; CS-T: cesarean delivery-term; PT: premature; SGA:
small for gestational age; LGA: large for gestational age; SV: spontaneous vaginally; CS: cesarean delivery.
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Overall, in the 81 samples analyzed in this study, reads matching bacteriophages
accounted for 79.5% (mainly Podoviridae, Myoviridae, and Siphoviridae) of the reads, far more
abundant than those classified as eukaryotic viruses (20.5%, mainly Herpesviridae). The
most abundant bacteriophage reads matched with members from the order Caudovirales
(74.8%), particularly families Siphoviridae (34.6%), Podoviridae (24.6%), and Myoviridae
(14.4%), with species Staphylococcus phage St 134 (1.9%), Streptococcus phage IPP62 (1.2%),
Staphylococcus phage Andhra (1.2%), Acinetobacter virus 133 (1.1%), Staphylococcus virus SEP
(1%), Enterococcus phage EFC-1 (0.91%), Streptococcus phage YMC-2011 (0.85%), Staphylococcus
virus IPLAC1C (0.7%), Staphylococcus virus Sextaec (0.67%), and Clostridium phage vB_CpeS-
CP51 18 (0.54%) being the most abundant ones. As for eukaryotic viruses, the most
abundant order was Herpesviridae (18.0%), with Human betaherpesvirus 5 (11.4%), Human
betaherpesvirus 6A (0.63%), and Human endogenous retrovirus K (0.546%) as the most abundant
species (Table 2, Figure 1).

Comparison of transient and mature milk samples.
While bacteriophages were predominant in TMS at 87.6%, they dropped to 67% in

MMS. In TMS, the most abundant taxa were as follows: at the family level, Podoviridae
(45.9%), Myoviridae (22.5%), Siphoviridae (13.7%), and Herpesviridae (8.8%); and at the species
level, Picovirinae_uc (32.7%), Sep1virus_uc (13.6%), Siphoviridae_n_n__uc (4.6%), Siphoviri-
dae_n__uc (4.2%), Roseolovirus__uc (4.2%), Cp1virus__uc (4.0%), Staphylococcus phage St 134
(4.0%), and Human betaherpesvirus 5 (3.3%). In MMS, the most abundant taxa were as
follows: at the family level, Siphoviridae (52.6%), Herpesviridae (26.0%), and Myoviridae
(7.4%), with Podoviridae decreasing to 6.8%; and at the species level, Human betaherpesvirus
5 and Siphoviridae_n__uc (both 18.4%) (Table 2, Figure 1).

Comparison regarding delivery mode, gestational age, and birth weight for gesta-
tional age.

Bacteriophages were predominant in transient HM samples: in the vaginal delivery
group at 98.4%, at 92.1% in the premature group, at 89.9% in the C-section group, and at
68.3% in the LGA group, except in the SGA group (only ~45% bacteriophages in TMS).
Bacteriophages were also predominant in mature HM samples; however, their appearance
was lower than that in transient HM (71.7% in the vaginal delivery group, 60.8% in
the C-section-term group, 56% in the premature group, and 80.6% in the LGA group).
Bacteriophages, which were still lower than other groups, represented 45% of mature HM
samples in the SGA group.

In the NS-T group, the most abundant taxa were as follows: at the family level,
Podoviridae (84.9%) in TMS and Siphoviridae (76.7%) in MMS, with Podoviridae dropping to
8.5% in MMS; and at the species level, in TMS, Picovirinae_uc (55.5%), Cp1virus_uc (13.2%),
and five bacteriophage strains, Staphylococcus phage Andhra, Staphylococcus phage St 134,
Halomonas phage phiHAP-1, Streptococcus virus Cp1, and Vibrio phage VP882, and in MMS,
Siphoviridae_n__uc and Siphoviridae_n_n__uc, accounting for half of the total viral reads
(Table 2, Figure 1). While Podoviridae was the most abundant family in TMS in the NS-T
group, this family accounted for 15.8% in the CS-T group, and Myoviridae was predominant
(48.6%). In MMS of the CS-T group, Myoviridae was still the most abundant (37.4%),
followed by Herpesviridae (32.5%), which accounted for only 1.5% of the reads in TMS of
this group. Sep1virus__uc was the most abundant species in TMS (36.2%), and the second
most abundant species (27.5%) in MMS of the CS-T group and the predominant species
of MMS of the CS-T group was Human betaherpesvirus 5 (30.0%). While approximately all
premature newborns in the PT group were born via C-section, the most abundant taxa in
the PT group in TMS and MMS were not similar to C-section-term newborns. In the PT
group, the family Podoviridae (57.8%) was the most abundant in TMS, similar to the NS-T
group, whereas Siphoviridae (53.2%) and Herpesviridae (24.7) were predominant in MMS. At
the species level, the most abundant taxa were Picovirinae__uc in TMS (45.0%), similar to
the NS-T group, and Human betaherpesvirus 5 in MMS of the PT group (53.2%), similar to the
CS-T group. In the SGA group, the most abundant taxa in TMS were Herpesviridae (44.8%) at
the family level and Roseolovirus_uc (36.3%) and Acinetobacter virus 133 (19.9%) at the species
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level, and in MMS, Herpesviridae (48.8%) at the family level and Human betaherpesvirus 5
(27.6%) at the species level. In the LGA group, Siphoviridae was the predominant family
in both TMS (41.6%) and MMS (65.8%), and Siphoviridae_n_n__uc was the most abundant
species in both TMS (26.6%) and MMS (44.9%) (Table 2, Figure 1).

Table 2. Most abundant viruses at species level in transient and mature human milk samples based on delivery type,
prematurity, and birth weight for gestational age.

Transient Human Milk (7–15 Days) Mature Human Milk (45–90 Days)

Group Species n % Group Species n %

NS-T
(n = 432)

Picornavirinae 240 55.5

NS-T
(n = 482)

Siphoviridae_n__uc 170 35.2

Cp1virus__uc 57 13.2 Siphoviridae_n_n__uc 69 14.3

Staphylococcus phage Andhra 27 6.25 Enterococcus phage EFC-1 30 6.2

Staphylococcus phage St 134 23 5.32 Picovirinae__uc 29 6.0

Halomonas phage phiHAP-1 14 3.24 Human betaherpesvirus 5 25 5.2

Streptococcus virus Cp1 13 3.0 Clostridium phage vB_CpeS-CP51 17 3.5

Vibrio phage VP882 9 2.0 Brochothrix phage NF5 16 3.3

Human betaherpesvirus 5 9 2.0 Sextaecvirus__uc 14 2.9

CS-T
(n = 397)

Sep1virus__uc 144 36.2

CS-T
(n = 243)

Human betaherpesvirus 5 73 30.0

Picovirinae__uc 51 12.8 Sep1virus__uc 67 27.5

Siphoviridae_n_n__uc32 32 8.1 Siphoviridae_n_n__uc 19 7.8

Streptococcus phage IPP62 25 6.3 Myoviridae__uc 8 3.2

Staphylococcus virus SEP1 20 5.0 Staphylococcus virus SEP1 8 3.2

Siphoviridae_n__uc 19 4.8 Podoviridae__uc 7 2.9

Myoviridae__uc 13 3.2 Staphylococcus virus IPLAC1C 5 2.0

Staphylococcus virus IPLAC1C 11 2.7 Picovirinae__uc 5 2.0

PT
(n = 462)

Picovirinae__uc 208 45.0

PT
(n = 404)

Human betaherpesvirus 5 85 21.0

Sep1virus__uc 60 12.9 Siphoviridae_n__uc 57 14.1

Staphylococcus phage St 134 34 7.35 Siphoviridae_n_n__uc 41 10.1

Human betaherpesvirus 5 26 5.6 Picovirinae__uc 19 4.7

Siphoviridae_n__uc 24 5.2 Lactobacillus phage iLp1308 17 17 4.2

Podoviridae__uc 13 2.8 Staphylococcus virus Sextaec 15 3.7

Siphoviridae_n_n__uc 13 2.8 Listeria phage B054 12 2.9

Pseudomonas phage phiAH14b 10 2.1 Herpesviridae__uc 12 2.9

SGA
(n = 176)

Roseolovirus__uc 64 36.3

SGA
(n = 481)

Human betaherpesvirus 5 133 27.6

Acinetobacter virus 133 35 19.8 Siphoviridae_n_n__uc 98 20.3

Siphoviridae_n__uc 18 10.2 Roseolovirus__uc 84 17.4

Siphoviridae_n_n__uc 10 5.7 Siphoviridae_n__uc 76 15.8

Human betaherpesvirus 6A 8 4.5 Streptococcus phage YMC-2011 15 3.1

Human betaherpesvirus 5 5 2.8 Streptococcus phage 7201 10 2.0

Serratia phage BF 4 2.3 Human betaherpesvirus 6A 10 2.0

LGA
(n = 60)

Siphoviridae_n_n__uc 16 26.6

LGA
(n = 158)

Siphoviridae_n_n__uc 71 44.9

Lactobacillus phage phi jlb1 7 11.6 Siphoviridae_n__uc 18 11.3

Human betaherpesvirus 5 7 11.6 Sep1virus__uc 10 6.3

Lactobacillus phage phiPYB5 5 8.3 Human betaherpesvirus 5 8 5.0

Lactobacillus phage KC5a 4 6.6 Streptococcus phage YMC-2011 5 3.1

NS-T: normal spontaneous vaginal delivery-term; CS-T: cesarean delivery-term; PT: premature; SGA: small for gestational age; LGA: large
for gestational age (LGA); n: reads.
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Figure 1. In transient and mature human milk samples, the most abundant taxa in terms of mode of delivery form, prematurity, and birth weight for gestational age. Bacteriophages 
were predominant in transient human milk samples: in the vaginal delivery group at 98.4%, at 92.1% in the premature group, at 89.9% in the C-section group, and at 68.3% in the LGA 
group, except in the SGA group (only ~45% bacteriophages in TMS). Bacteriophages were also predominant in mature human milk samples; however, they were lower in mature human 
milk samples than in transient human milk samples (71.7% in the vaginal delivery group, 60.8% in the C-section-term group, 56% in the premature group, and 80.6% in the LGA group). 
Bacteriophages accounted for 45% of mature human milk samples in the SGA group. NS-T: normal spontaneous vaginal delivery-term; CS-T: cesarean delivery-term; PT: premature; 
SGA: small for gestational age; LGA: large for gestational age for all groups; 1: transient milk; 2: mature milk.
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Figure 1. In transient and mature human milk samples, the most abundant taxa in terms of mode of delivery form, prematurity, and birth weight for gestational age. Bacteriophages were
predominant in transient human milk samples: in the vaginal delivery group at 98.4%, at 92.1% in the premature group, at 89.9% in the C-section group, and at 68.3% in the LGA group,
except in the SGA group (only ~45% bacteriophages in TMS). Bacteriophages were also predominant in mature human milk samples; however, they were lower in mature human milk
samples than in transient human milk samples (71.7% in the vaginal delivery group, 60.8% in the C-section-term group, 56% in the premature group, and 80.6% in the LGA group).
Bacteriophages accounted for 45% of mature human milk samples in the SGA group. NS-T: normal spontaneous vaginal delivery-term; CS-T: cesarean delivery-term; PT: premature; SGA:
small for gestational age; LGA: large for gestational age for all groups; 1: transient milk; 2: mature milk.
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4. Discussion

This is a detailed metagenomic study of the HM virome in which we first demon-
strated the impact of the delivery mode, prematurity, birth weight for gestational age,
and lactation period (transient or mature milk) on the composition of HM viruses. We
detected viruses (bacteriophages and eukaryotic viruses) in 92.0% of all HM samples, and,
as in other HM microbiome studies, the virome composition was distinguished by certain
interindividual variability; each mother harbored a morphologically distinct bacteriophage
population [8]. Viromes have been found in the gut, skin, respiratory tract, blood, and
cerebrospinal fluid. The gut virome is dominated by bacteriophages [9]. The HM virome,
which contains eukaryotic viruses, bacteriophages, and viral elements incorporated in the
host chromosomes, has been discovered to be distinct from adult stool and other body
anatomical sites [5]. Human milk has been shown to be one of the earliest influences in the
transmission of bacteriophages and eukaryotic viruses [27].

In this study, overall, the most abundant taxa were bacteriophages (79.5%; mainly
Podoviridae, Myoviridae, and Siphoviridae), and the remaining taxa were eukaryotic viruses
(20.5%, mainly Herpesviridae). While bacteriophages were predominant in TMS at 87.6%,
they dropped to 67% in MMS. Bacteriophage predominance also varies according to
preterm birth, mode of delivery, and birth weight for gestational age. Both pathogenic
and non-pathogenic viruses (HIV, cytomegalovirus, Ebola, and Zika) can be transmitted
to infants through HM [8,9,17,28]. Pannaraj et al. [16] analyzed the HM virome and
found that bacteriophages (Myoviridae, Siphoviridae, and Podoviridae families) made up a
substantial part (95%) of the viruses present in HM, with only a few eukaryotic viruses.
Duranti et al. [17] analyzed HM and infant stool samples (postpartum 7 days and 1 month)
and concluded that the bifidophage (Bifidobacterium longum phage 10029) was transmitted
by the HM as part of the bifidobacterial host. Via their lytic and lysogenic cycles, HM
bacteriophages can influence and modulate bacterial ecology [5]. Bacteriophages have the
ability to destroy bacteria or provide them with potentially beneficial genes, thus forming
the early life human microbiome [3,5,29]. Though HM bacteriophages have an effect on
bacterial ecology in the infant gut, eukaryotic viruses can have a direct impact on infant
health. The Herpesviridae, Poxviridae, Mimiviridae, and Iridoviridae families are the most
common eukaryotic viruses [5]. The Herpesviridae family of eukaryotic viruses was found
to be the most prevalent in our study, accounting for 8.8% of transient HM samples and
26% of mature HM samples.

There are some differences regarding the percentage of the bacteriophage composition
in HM between our study and a previous study [9]. Siphoviridae and Podoviridae were the
most abundant taxa in both studies. Pannaraj et al. [9] evaluated transient HM samples
(4–10 days of infant age) of 10 healthy Hispanic mother–infant pairs (seven were vaginally
delivered, four mothers received intrapartum antibiotics, and seven infants received HM
and formula) in the United States. They showed that most viruses in HM (95.2%) were
predicted to be bacteriophages. In our study, bacteriophages were also predominant in
transient human milk samples (in the vaginal delivery group at 98.4%, at 92.1% in the
premature group, and at 89.9% in the C-section group); however, they lower in the LGA
group at 68.3% and in the SGA group at ~45%. Pannaraj et al. [9]. showed that the most
abundant viruses in TMS were from the Myoviridae family. In our study, Podoviridae and
Myoviridae were the most abundant families, similar to Pannaraj et al.’s study [9]. However,
in MMS, Podoviridae became less abundant, with Siphoviridae being the most abundant
family, followed by Herpesviridae. The percentage and distribution of the bacteriophage
composition of Pannaraj et al. [9] are similar to our normal spontaneous vaginal delivery
group; however, our lower rate in the whole study group might be related to the SGA
group. The mother’s geographical location might also play a direct or indirect role in the
HM microbiota composition. The influence of lifestyle, maternal diet, and environment
on the composition of the HM microbiota has been suggested [2,8]. Recently, Maqsood
et al. [30] found that cytomegalovirus (found in 98% of human milk samples) dominated the
HM virome of HIV-positive mothers in Kenya, with the bacteriophage families Myoviridae,
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Siphoviridae, and Podoviridae; virome profiles and diversity were not substantially altered
by HIV immunosuppression or associated with infant mortality.

In the present study, we showed some alterations/changes in the HM virome com-
position according to the gestational age, birth weight, and delivery mode. Previous
studies on the HM bacterial microbiota have shown differences according to ethnicity,
genetic background, maternal body mass index, gestational age, intrapartum antibiotics,
delivery mode, infant sex, lactation stage, and method of collection [4,8,11,31,32]. We
recently found that the composition of the HM mycobiota varies depending on preterm
birth, delivery mode, and birth weight for gestational age, as well as between transient
and mature HM [33]. However, the current knowledge of the impact of maternal, infant,
and environmental factors on the HM virome is very limited [5]. While we observed some
changes according to delivery mode, C-section is not a single factor on the HM virome
composition. While nearly all premature babies were born via C-section, the most abun-
dant taxa in transient and mature HM samples were not similar to those in the C-section
group, which, in turn, closely resembled those of the normal spontaneous vaginal delivery
group. The composition of HM is dynamic, changing with each feeding, diurnally, during
lactation, and between mothers. The composition of the body significantly changes during
the first month of life in order to meet the needs of the newborn [1]. When compared to
milk from full-term mothers, premature birth changes the composition of HM, resulting in
substantially higher levels of protein and immunological components [1]. These changes
can influence the HM virome composition and vice versa. For this reason, it is difficult to
explain HM virome changes with only the delivery mode, and gestational age and factors
associated with preterm labor might affect the HM virome composition. In our study,
we showed that low birth weight according to gestational age (SGA) also affects the HM
virome composition. In the SGA group, the most abundant family was Herpesviridae in
transient and mature HM samples (44.8% and 48.8, respectively). At the species level,
Roseolovirus_uc and Acinetobacter virus 133 were predominant in transient HM samples,
and Human betaherpesvirus 5 was predominant in mature HM samples. The effects of
the predominance of Herpesviridae in HM samples of the SGA group on the infant gut
microbiota composition is unknown. Further studies focusing on mother–SGA infant pairs
are required to analyze the relationship between perinatal infections with these viruses
and SGA birth or intrauterine growth retardation.

In the first month of life, babies that are predominantly breastfed have been shown to
have a significant correlation between the intestinal and HM bacterial microbiota [12,34].
There is no information about an infant’s gut virome or when infant gut viral colonization
begins. Some pathogenic viruses have been detected in amniotic fluid and are also thought
to be transmitted transplacentally. After delivery, transmission of HM bacteriophages
can contribute to the formation of the infant gut microbiome [5,17]. When comparing
older children and adults, bacteriophages dominate the early infant virome, leading to
a highly dynamic microbiome in early life [5]. Lim et al. [14] studied changes in the gut
virome during the first few months of life and found that the gut bacteriophage population
structure was predominantly made up of a rich and diverse group of phages, mostly from
the Caudovirales order. They also found that bacteriophage richness decreased with age
after birth, with an increased relative abundance of Microviridae at 24 months, resulting
in a population with low bacteriophage–high bacterial diversity [9,13,14,35]. Owing to a
lack of longitudinal studies, the virome dynamics in HM are unknown. Regarding the
changes in the virome from transient milk to mature milk, breastfeeding might play a role
in defining the intestinal virome during infancy. In this study, we did not evaluate infants’
stool virome composition.

The exact origin of the HM virome remains unclear. The bacterial content might
be generated from the maternal skin microbiota, entero-mammary pathway, commensal
microbiota inhabiting human breast tissue, or the infant’s oral cavity, whereas the origin
of the viral content remains unknown [30]. Regardless of the sources of the microbiome
composition, infants received these microbial communities regularly during breastfeeding.
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Human milk microbiota including viruses are among the first microbes to enter the infant’s
gastrointestinal tract and play an important role in the development of a healthy microbiota,
and in rapid maturation of immunological, metabolic, and neural pathways, and a pioneer
role in shaping infant health [3,8,36–38]. The effects of the HM virome on infants are
not known yet, and further studies are warranted to elucidate its effects on an infant’s
gastrointestinal system, immune system, and gut–brain axis. Virome composition changes
can either benefit the host or pose a risk of disease. Several studies reported gut virome
alterations associated with diseases including infants with diarrhea and malnutrition,
and adults with HIV infection, inflammatory bowel disease, colorectal cancer, and type 1
diabetes [5].

Our study has some limitations. A low number of viral reads, unlike bacterial reads,
precludes statistical analysis. Most viral sequences are unknown and would not be cate-
gorized by a BLAST search, and for this reason, we might have underestimated the viral
diversity. We can describe our observations, but the scarcity of data will make intergroup
comparisons unreliable. We evaluated the transient and mature HM samples but not the
colostrum samples. Detailed metagenomic analysis of human colostrum will complete
the trajectory of the HM virome composition. Placenta or amniotic fluid abnormalities,
drug treatment other than antibiotics (e.g., acid inhibitors) or vitamin supplementation
during lactation might affect the microbiota composition, however, we did not evaluate
these factors. Many factors that have the ability to influence the composition of the milk
microbiome interact, making it difficult to assess their true impact [39]. We did not collect
infants’ stool samples, and also we have no information about the long-term follow-up
of the infants. Several studies have confirmed the relationship between maternal dietary
intake and the milk microbiota composition. We did not assess maternal dietary intake
from the time of birth to the time of milk sampling in our research. Intervention studies
need to evaluate the mother’s eating habits throughout both pregnancy and lactation, and
food questionnaires to obtain a full understanding of the human milk and the infant gut
microbiota are required [2]. The existence of human milk oligosaccharides (HMOs) has
been due to the beneficial effects of HM on gut microbiota growth [3,4,40]. The HMO
composition was not evaluated in this analysis. There is no detail on the interactions of
HMOs with the HM virome. More research is needed to determine how HMOs influence
the virome composition of HM.

5. Conclusions

In addition to bacteria and fungi, human milk contains eukaryotic viruses and a large
number of bacteriophages, which can affect the composition of infants’ gut microbiome [2,16].
Human milk is a complex and dynamic mechanism that allows mothers and babies to
communicate with and signal to each other. Every variation of the mother–human milk–
infant triad could affect the trajectory of infant development [9]. Our study showed some
differences related to preterm birth, birth weight for gestational age, and delivery mode
between transient and mature human milk samples, and these factors might affect infants’
intestinal microbiota and also have effects on their health status. The microbial community is
dynamic and regulated by cross-kingdom interactions, and any imbalance can impact overall
human health [9]. The interconnectivity of the virome with members of the microbiome can
have an effect on the health and disease of the host [13,41]. More longitudinal metagenomic,
metatranscriptomic, and metabolomic studies involving mother and newborn pairs would
help to better define the HM virome and its functional effect on the development of the
developing child.

Author Contributions: M.D., A.M., and E.C.D. conceptualized and designed the study; M.D., E.C.D.,
V.P.-B., and Y.V. interpreted the analyses; E.C.D. drafted the manuscript; S.A., O.A., S.S.O., and N.T.
recruited participants, collected samples, and critically reviewed the manuscript; V.P.-B. and A.M.
conducted and interpreted analyses; all authors contributed to the drafting and critical review of
the manuscript; Y.V. critically reviewed the manuscript. All authors have read and agreed to the
published version of the manuscript.



Nutrients 2021, 13, 1779 11 of 12

Funding: This study was financially supported by the Eskisehir Osmangazi University Research
Grant (2018/2148). This work was also supported by grants to AM from the Spanish Ministry of Sci-
ence and Innovation (PID2019-105969GB-I00), Generalitat Valenciana (project Prometeo/2018/A/133)
and co-financed by the European Regional Development Fund (ERDF).

Institutional Review Board Statement: This study was approved by the Eskisehir Osmangazi
University Faculty of Medicine Local Ethical Committee (80558721/239; 15 November 2016). All
procedures performed in this trial were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The metagenome datasets from this study are available in the EBI
Short Read Archive under the study accession number PRJEB26810 (accession numbers: ERS2488898
and ERS24888985).

Acknowledgments: This study has been submitted to the Nutrition and Growth-2020 conference
and has been presented as an oral presentation.

Conflicts of Interest: The authors have indicated they have no potential conflict of interest to disclose.

References
1. Ratsika, A.; Codagnone, M.C.; O’Mahony, S.; Stanton, C.; Cryan, J.F. Priming for Life: Early Life Nutrition and the Microbiota-

Gut-Brain Axis. Nutrients 2021, 13, 423. [CrossRef] [PubMed]
2. Boudry, G.; Charton, E.; Le Huerou-Luron, I.; Ferret-Bernard, S.; Le Gall, S.; Even, S.; Blat, S. The Relationship between Breast

Milk Components and the Infant Gut Microbiota. Front. Nutr. 2021, 8, 629740. [CrossRef] [PubMed]
3. Moubareck, C.A. Human Milk Microbiota and Oligosaccharides: A Glimpse into Benefits, Diversity, and Correlations. Nutrients

2021, 13, 1123. [CrossRef] [PubMed]
4. Carr, L.E.; Virmani, M.D.; Rosa, F.; Munblit, D.; Matazel, K.S.; Elolimy, A.A.; Yeruva, L. Role of Human Milk Bioactives on Infants’

Gut and Immune Health. Front. Immunol. 2021, 12, 604080. [CrossRef] [PubMed]
5. Mohandas, S.; Pannaraj, P.S. Beyond the Bacterial Microbiome: Virome of Human Milk and Effects on the Developing Infant.

Nestle Nutr. Inst. Workshop Ser. 2020, 94, 86–93.
6. Stewart, C.J.; Ajami, N.J.; O’Brien, J.L.; Hutchinson, D.S.; Smith, D.P.; Wong, M.C.; Ross, M.C.; Lloyd, R.E.; Doddapaneni, H.;

Metcalf, G.A.; et al. Temporal development of the gut microbiome in early childhood from the TEDDY study. Nature 2018, 562,
583–588. [CrossRef]

7. Ho, N.T.; Li, F.; Lee-Sarwar, K.A.; Tun, H.M.; Brown, B.P.; Pannaraj, P.S.; Bender, J.M.; Azad, M.B.; Thompson, A.L.; Weiss, S.T.;
et al. Meta-analysis of effects of exclusive breastfeeding on infant gut microbiota across populations. Nat. Commun. 2018, 9, 4169.
[CrossRef]

8. Fernández, L.; Pannaraj, P.S.; Rautava, S.; Rodríguez, J.M. The Microbiota of the Human Mammary Ecosystem. Front. Cell Infect.
Microbiol. 2020, 10, 586667. [CrossRef]

9. Vemuri, R.; Shankar, E.M.; Chieppa, M.; Eri, R.; Kavanagh, K. Beyond Just Bacteria: Functional Biomes in the Gut Ecosystem
Including Virome, Mycobiome, Archaeome and Helminths. Microorganisms 2020, 8, 483. [CrossRef] [PubMed]

10. Amenyogbe, N.; Kollmann, T.R.; Ben-Othman, R. Early-life host-microbiome Interphase: The key frontier for immune develop-
ment. Front. Pediatr. 2017, 5, 111. [CrossRef]

11. Moossavi, S.; Sepehri, S.; Robertson, B.; Bode, L.; Goruk, S.; Field, C.J.; Lix, L.M.; de Souza, R.J.; Becker, A.B.; Mandhane, P.J.; et al.
Composition and Variation of the Human Milk Microbiota Are Influenced by Maternal and Early-Life Factors. Cell Host Microbe
2019, 25, 324–335. [CrossRef] [PubMed]

12. Pannaraj, P.S.; Li, F.; Cerini, C.; Bender, J.M.; Yang, S.; Rollie, A.; Adisetiyo, H.; Zabih, S.; Lincez, P.J.; Bittinger, K.; et al. Association
Between Breast Milk Bacterial Communities and Establishment and Development of the Infant Gut Microbiome. JAMA Pediatr.
2017, 171, 647–654. [CrossRef] [PubMed]

13. Mukhopadhya, I.; Segal, J.P.; Carding, S.R.; Hart, A.L.; Hold, G.L. The gut virome: The ‘missing link’ between gut bacteria and
host immunity? Therap. Adv. Gastroenterol. 2019, 12, 1756284819836620. [CrossRef]

14. Lim, E.S.; Zhou, Y.; Zhao, G.; Bauer, I.K.; Droit, L.; Ndao, I.M.; Warner, B.B.; Tarr, P.I.; Wang, D.; Holtz, L.R. Early life dynamics of
the human gut virome and bacterial microbiome in infants. Nat. Med. 2015, 21, 1228–1234. [CrossRef]

15. Liang, G.; Zhao, C.; Zhang, H.; Mattei, L.; Sherrill-Mix, S.; Bittinger, K.; Kessler, L.R.; Wu, G.D.; Baldassano, R.N.; DeRusso, P.;
et al. The stepwise assembly of the neonatal virome is modulated by breastfeeding. Nature 2020, 581, 470–474. [CrossRef]

16. Pannaraj, P.S.; Ly, M.; Cerini, C.; Saavedra, M.; Aldrovandi, G.M.; Saboory, A.A.; Johnson, K.M.; Pride, D.T. Shared and Distinct
Features of Human Milk and Infant Stool Viromes. Front. Microbiol. 2018, 9, 1162. [CrossRef] [PubMed]

http://doi.org/10.3390/nu13020423
http://www.ncbi.nlm.nih.gov/pubmed/33525617
http://doi.org/10.3389/fnut.2021.629740
http://www.ncbi.nlm.nih.gov/pubmed/33829032
http://doi.org/10.3390/nu13041123
http://www.ncbi.nlm.nih.gov/pubmed/33805503
http://doi.org/10.3389/fimmu.2021.604080
http://www.ncbi.nlm.nih.gov/pubmed/33643310
http://doi.org/10.1038/s41586-018-0617-x
http://doi.org/10.1038/s41467-018-06473-x
http://doi.org/10.3389/fcimb.2020.586667
http://doi.org/10.3390/microorganisms8040483
http://www.ncbi.nlm.nih.gov/pubmed/32231141
http://doi.org/10.3389/fped.2017.00111
http://doi.org/10.1016/j.chom.2019.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30763539
http://doi.org/10.1001/jamapediatrics.2017.0378
http://www.ncbi.nlm.nih.gov/pubmed/28492938
http://doi.org/10.1177/1756284819836620
http://doi.org/10.1038/nm.3950
http://doi.org/10.1038/s41586-020-2192-1
http://doi.org/10.3389/fmicb.2018.01162
http://www.ncbi.nlm.nih.gov/pubmed/29910789


Nutrients 2021, 13, 1779 12 of 12

17. Duranti, S.; Lugli, G.A.; Mancabelli, L.; Armanini, F.; Turroni, F.; James, K.; Ferretti, P.; Gorfer, V.; Ferrario, C.; Milani, C.; et al.
Maternal inheritance of bifidobacterial communities and bifidophages in infants through vertical transmission. Microbiome 2017,
5, 66. [CrossRef] [PubMed]

18. Quinn, J.A.; Munoz, F.M.; Gonik, B.; Frau, L.; Cutland, C.; Mallett-Moore, T.; Kissou, A.; Wittke, F.; Das, M.; Nunes, T.; et al.
Preterm birth: Case definition & guidelines for data collection, analysis, and presentation of immunisation safety data. Vaccine
2016, 34, 6047–6056.

19. Villar, J.; Cheikh Ismail, L.; Victora, C.G.; Ohuma, E.O.; Bertino, E.; Altman, D.G.; Lambert, A.; Papageorghiou, A.T.; Carvalho, M.;
Jaffer, Y.A.; et al. International standards for newborn weight, length, and head circumference by gestational age and sex: The
Newborn Cross-Sectional Study of the INTERGROWTH-21st Project. Lancet 2014, 384, 857–868. [CrossRef]

20. Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 2011, 2, 863–864. [CrossRef]
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