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To investigate the influences of host genotype and environment on Bifidobacterium longum subsp. longum inhabiting human
intestines at the strain level, six pairs of twins, divided into two groups (children and adults), were recruited. Each group con-
sisted of two monozygotic (MZ) twin pairs and one dizygotic (DZ) twin pair. Child twins had been living together from birth,
while adult twins had been living separately for 5 to 10 years. A total of 345 B. longum subsp. longum isolates obtained from 60
fecal samples from these twins were analyzed by multilocus sequence typing (MLST), and 35 sequence types (STs) were finally
acquired. Comparison of strains within and between the twin pairs showed that no strains with identical STs were observed be-
tween unrelated individuals or within adult DZ twin pairs. Eight ST's were found to be monophyletic, existing within MZ twins
and child DZ twins. The similarity of strain types within child cotwins was significantly higher than that within adult cotwins,
which indicated that environment was one of the important determinants in B. longum subsp. longum strain types inhabiting
human intestines. However, although these differences between MZ and DZ twins were observed, it is still difficult to reach an
exact conclusion about the impact of host genotype. This is mainly because of the limited number of subjects tested in the pres-
ent study and the lack of strain types tracing in the same twin pairs from birth until adulthood.

he human intestine is a complex microbial ecosystem. Recent

research has shown that gut microbes control or influence
many metabolic pathways in the human host (1, 2, 3). Bifidobac-
teria, which are naturally present in the colonic microbiota, rep-
resent up to 25% of the cultivable fecal bacteria in adults and 80%
in infants (4). The interest in bifidobacteria has grown signifi-
cantly, mainly because their presence has been associated with a
healthy microbiota, which has led to their widespread use as func-
tional ingredients in food and pharmaceutical products (4, 5, 6).
Considering the rapidly increasing number of commercial and
technological strains, it has been reported that probiotic charac-
teristics such as antioxidant potential are strongly strain depen-
dent (7). The FAO/WHO Guidelines for the Evaluation of Probiotics
in Food reports the following: “The current state of evidence sug-
gests that probiotic effects are strain specific” (8). Therefore, the
health effects of probiotics as well as successful colonization and
studies of their mechanism of action should be linked to a specific
strain rather than be at species level. However, it is not clear what
kinds of Bifidobacterium strains colonize a person, and little is
known about the factors that exert an influence on the various
strains.

The drivers of intestinal bacteria are multiple and can be cate-
gorized as environment associated and host associated. Environ-
ment-associated factors include diet, geographical location, and
the maternal source in early life (9, 10, 11, 12). A recent study
implies that the first bacteria entering the intestine of an infant
may be derived from his/her mother’s placenta (9). Dietary intake
and lifestyle habits were also demonstrated to be associated with
the composition of the stool microbiota in humans (13). The im-
pacts on the intestinal bacterial community of host-associated fac-
tors, including disease, gender, age, and host genotype, have been
discussed previously (14, 15, 16, 17, 18). These studies mainly
focused on the general composition of intestinal flora using 16S
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rRNA gene analysis, with the classification at genus level and only
occasionally to species level.

Bifidobacterium longum subsp. longum is the most common
species of Bifidobacterium and can be detected in the intestinal
tracts of both adults and infants (4, 19). In the present study, in
order to describe the amounts of Bifidobacterium spp. and the
strain diversity of B. longum subsp. longum in human hosts, as well
as to explore the effects of environment and host genotype on the
B. longum subsp. longum strain types inhabiting the intestines of
different people, two groups of child and adult twin pairs were set
up as twins living in the same environment or in different envi-
ronment, respectively. Moreover, both monozygotic (MZ) and
dizygotic (DZ) twin pairs were selected in each group to provide a
model for dissecting the influences of host genotype and environ-
mental exposures. Feces from each subject were collected for enu-
meration and isolation of Bifidobacterium, and a recently estab-
lished method, multilocus sequence typing (MLST), was adopted
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TABLE 1 Information on twins participating in the study

Twin pair Subjects Age” Twin type
CMA CMA1, CMA2 3yr MZ
CMB CMB1, CMB2 6 mo MZ
CDC CDC1, CDC2 2yr DZ
AMD AMD1, AMD2 32yr MZ
AME AME1, AME2 30 yr MZ
ADF ADF1, ADF2 25yr DZ

@ Age at the beginning of this study.

for the analysis of B. longum subsp. longum isolates from these
twins.

MATERIALS AND METHODS

Twin participants and sample collection. Six pairs of twins were re-
cruited for the current study. The three pairs in the child group were all
under 3 years old, and the three pairs in the adult group were between 25
and 35 years old. Each group consisted of two MZ twin pairs and one DZ
twin pair. Child twins had been living together from birth until the end of
the present study, while adult twins had been living separately for 5 to 10
years. All the participants were healthy and reported no use of antibiotics
or other drugs influencing the gut microbiota for at least 6 months. They
consumed a mixed diet without any restrictions, except that the con-
sumption of probiotics was restricted 2 weeks before fecal sampling. In-
formation on the twin participants is shown in Table 1. The first letter, “C”
or “A,” in the code name means child or adult, respectively; the second
letter, “M” or “D,” means monozygotic or dizygotic twins, respectively;
and the third letter, “A” to “F,” represents different twin pairs. The num-
bers “1” and “2” represent the two individuals in a twin pair.

Approximately 2 g of fecal samples was collected with a sterile spatula
and transferred to a sterile centrifuge tube containing 25 ml anaerobic
transport medium. All the samples were kept at 0 to 4°C and delivered to
the laboratory within 24 h for subsequent procedures. The anaerobic
transport medium (per 1000 ml) contained 0.225 g KH,PO,, 0.225 g
NaCl, 0.225 g (NH,),SO,, 0.0225 g CaCl,, 0.0225 g MgSO,, 0.5 g L-cys-
teine hydrochloride, 0.001 g resazurin, 0.5 g agar, 10 g Lab Lemco powder,
100 ml glycerol, and 2.1 ml 8% Na,CO; (11). Five fecal samples were
collected from each participant at time zero (time of the first sampling)
and at 2, 4, 6, and 8 months thereafter. A total of 60 samples were obtained
and analyzed.

The study was approved by the Research Ethics Committee of Shang-
hai Jiao Tong University, China. Written informed consent was obtained
from all participants or their legal guardians.

Enumeration and isolation of Bifidobacterium. The centrifuge tubes
containing 25 ml anaerobic transport medium for sample collection were
weighed before and after sampling, and recorded as F, and F,, respec-
tively. F,, is the weight of the sample (F,, = F,, — F,). Each sample was
homogenized with a vortex mixer to make a fecal suspension. The fecal
suspensions were serially diluted with phosphate-buffered saline (PBS)
(pH 7.2), and then 1 ml was inoculated onto Bifidobacterium genus-spe-
cific TOS propionate agar (Merck, Germany) containing 50 pg/ml mupi-
rocin at an appropriate dilution series and incubated anaerobically
(GENbag Anaer; Bio Mérieux) at 37°C for 72 h (11). Plates that displayed
30 to 300 colonies were selected for calculation of the total cell count of
Bifidobacterium (recorded as B) in the samples: B = X-10" - (F,, +25)/F,,
where X is the number of colonies on the plate and 7 is the corresponding
dilution series.

Ten to 15 colonies were randomly selected from each plate, transferred
into 15-ml tubes containing 10 ml sterile TOS broth, and then incubated
anaerobically at 37°C for 24 to 48 h. The cell pellets were collected and
stored in 20% glycerol for subsequent analysis.

DNA extraction and identification of Bifidobacterium isolates.
Genomic DNA of isolates from the fecal samples was extracted as previ-
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ously described (20). Briefly, overnight cultures were harvested by centrif-
ugation, washed, and lysed. Then DNA was extracted with phenol-chlo-
roform-isoamyl alcohol (25:24:1) and precipitated with sodium acetate
solution and cold ethanol.

Identification of the isolates at species level was carried out by PCR and
sequencing of the partial 16S rRNA gene. The genus-specific primers (5'-
ATA ATG CGG CCG CAC GGG CGG TGT GTRC-3" and 5'-TAA TAG
CGG CCG CAG CMG CCG CGG TAA TWC-3') were used to amplify a
900-bp fragment of the partial 16S rRNA gene as previously described
(21). All the amplifications were performed with the T100 thermal cycler
(Bio-Rad), and the nucleotide sequencing was done by the BGI Company
(Shanghai, China). The resulting sequences were used to search for iden-
tical sequences deposited in the GenBank database using the BLAST algo-
rithm, and the identities of the isolates were determined on the basis of the
highest scores.

Amplification of housekeeping genes and sequencing. Ten genes
proposed in several references describing the Bifidobacterium MLST
scheme were initially evaluated in this study (data not shown) (11,22, 23),
and seven loci of housekeeping genes were finally selected for analysis of
the B. longum subsp. longum isolates obtained. Six genes were based on the
B. longum subsp. longum genome NC_004307 already described: purF,
encoding amido phosphoribosyl transferase; rpoB, encoding a beta sub-
unit of RNA polymerase; fusA, encoding GTP-binding elongation factor
EF-G; ileS, encoding isoleucyl-tRNA synthetase; clpC, encoding a pro-
tease; and gyrB, encoding the beta subunit of DNA gyrase. The dnajl gene
was based on the genome of Bifidobacterium breve UCC2003, encoding a
chaperone protein. Primers for amplification were chosen as previously
described and are shown in Table 2 (11, 22, 23).

The PCR was carried out in 50-pl final volumes containing 10 mM
Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 200 M each deoxy-
nucleoside triphosphate (ANTP), 0.5 U Taq DNA polymerase (TaKaRa,
Dalian, China), 0.4 uM each primer, and 10 ng DNA template. The PCR
amplification program consisted of an initial heating step at 94°C for 10
min, 35 cycles of 94°C for 1 min, 52°C for 1 min, and 72°C for 2 min, and
a final extension step at 72°C for 4 min. The amplicons were separated on
a 1.2% agarose gel, followed by ethidium bromide staining. The PCR
fragments were purified using a PCR purification spin kit (Qiagen, Ger-
many) and were subsequently sequenced by the BGI Company (Shanghai,
China).

Data analysis. Sequence data were edited using Chromas 2.4.1 soft-
ware, and then aligned in MEGAS5.0 software using CLUSTAL W.
Analyses of allele sequences and MLST were conducted in Software
BioNumerics 6.0, eBURST v3, and Sequence Type Analysis and Re-
combinational Tests version 2 (START 2.0). The statistical test was
performed in the software SPSS version 20 to assess the significance of
the differences between twin groups.

Nucleotide sequence accession numbers. All of the allele sequences
were deposited in the GenBank database under accession numbers
KP420237 to KP420284.

RESULTS

Enumeration of bifidobacteria in the intestinal tracts of child
and adult twins. To observe the number of bifidobacteria present
in the intestines of participants in this study, a viable cell count was
carried out for all 60 fecal samples (Table 3). The count varied
from 8.77 log CFU/g (5.9 X 10® CFU/g; CMB2, 0 month) to 10.50
log CFU/g (3.02 X 10'° CFU/g; CDC1, 6 months) in children and
from 8.02 log CFU/g (1.05 X 10° CFU/g; ADF1, 4 months) to 9.38
log CFU/g (2.40 X 10° CFU/g; AME1, 6 months) in adults. The
mean value and the standard deviation of the bifidobacterial cell
count, as well as the variation range between the largest and the
smallest amounts in one subject at different sampling times, were
calculated and are displayed in Table 3. For the three adult twin
pairs, the amount of bifidobacteria in the feces remained stable
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TABLE 2 Primers for amplification of housekeeping genes

Amplified position ~ Amplicon  Gene position on

Target gene  Primer  Sequence on gene size (bp) template genome ~ Template

purF Fu 5'-CATTCGAACTCCGACACCGA-3’ 400-1376 976 962003-963514 B. longum NC_004307
Fr 5'-GTGGGGTAGTCGCCGTTG-3’

dnajl Ju 5'-GAGAAGTTCAAGGACATCTC-3’ 99-639 540 191597-192610 B. breve UCC2003
Jr 5'-GCTTGCCCTTGCCGG-3'

rpoB Rbu 5'-GGCGAGCTGATCCAGAACCA-3' 1135-2192 1,057 1083395-1086958  B. longum NC_004307
Rbr 5'-GCATCCTCGTAGTTGTAsCC-3'

fusA Au 5'-ATCGGCATCATGGCyCACATyGAT-3' 40-824 784 931890-934013 B. longum NC_004307
Ar 5'-CCAGCATCGGCTGmACrCCCTT-3’

ileS Lu 5'-ATCCCGCGyTACCAGACSATG-3’ 253-1042 789 2210396-2213707  B. longum NC_004307
Lr 5'-CGGTGTCGACGTAGTCGGCG-3’

clpC Cu 5'-GAGTACCGCAAGTACATCGAG-3' 991-1735 744 9047-11656 B. longum NC_004307
Cr 5'-CATCCTCATCGTCGAACAGGAGGAAC-3’

gyrB Yu 5'-AAGTGCGCCGTCAGGGCTT-3' 1109-1601 492 1618399-1620489  B. longum NC_004307

Yr 5'-GTGTTCGCGAAGGTGTGCAC-3'

when sampled at 2-month intervals. However, the count varied
much more in the children. Twin pair CMB possessed a bifido-
bacterial count of less than 10° CFU/g at the beginning of the
study, which increased up to 10'© CFU/g after 8 months. The
variation range for participant CMB1 (aged 6 months when
the research started) reached 1.21 log CFU/g (approximately 16-
fold). Twin pairs CMA and CDC, who were already over 2 years
old when sampled, showed a relatively stable amount of bifido-
bacteria. The mean counts of bifidobacteria in children were 10
times higher than those in adults, although they remained stable in
adults while varying widely in children as they grew. No significant
difference was observed between DZ twins and MZ twins con-
cerning the similarity of bifidobacterial counts within twin pairs.

Strain isolation and identification. A total of 577 Bifidobacte-
rium isolates were obtained, with 30 to 49 isolates from each par-
ticipant. The identities of these isolates were determined on the

TABLE 3 Enumeration of bifidobacteria in twins’ feces at different
sampling times

Log CFU/g
At mo:
mo Variation
Subject 0 2 4 6 8 Mean = SD  range”

CMA1 9.63 9.82 921 981 941
CMA2 946 9.65 972 939 9.54
CMB1 889 981 991 993 10.10
CMB2 877 938 9.66 972 9.95
CDCI  10.40 10.00 10.30 10.50 10.30
CDhC2 1030 10.70 10.30 10.20 10.40
AMD1 871 882 857 866 879
AMD2 873 888 849 858 851
AME1 920 9.07 9.08 9.38 9.23
AME2 883 835 8.61 877 8.62
ADF1 8.62 856 8.02 825 831
ADF2 857 834 854 842 8.10

9.63 = 0.26  0.61
9.57 £0.13  0.33
9.95 = 0.48 1.21
9.64 =045  0.57
10.32 £ 0.19 0.64
10.40 = 0.19 0.40
8.72 £0.10 0.25
8.66 * 0.16  0.39
9.21 £0.13 031
8.67 £ 0.19 048
8.40 = 0.24  0.60
8.42 £0.19 047

“ The difference between the largest and the smallest amounts of bifidobacteria in one
subject at different sampling times.
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basis of partial 16S rRNA gene sequence Blast searching in the
GenBank database. Finally, 345 isolates were identified as B.
longum subsp. longum, 58 isolates as B. breve, 52 isolates as B.
adolescentis, 26 isolates as B. longum subsp. infantis, 47 isolates as
B. animalis, and 19 isolates as B. bifidum, and 30 isolates could not
be identified precisely. These 345 isolates of B. longum subsp.
longum were subsequently analyzed by MLST. The origin and dis-
tribution of these B. longum subsp. longum isolates are shown in
Table 4.

Housekeeping gene amplification and sequence analysis. All
seven housekeeping genes were successfully amplified for 345 B.
longum subsp. longum isolates, and the sequences of the fragments
of the expected sizes were determined. The fragment sizes of the
amplicons varied from 492 bp (gyrB) to 1,057 bp (rpoB). Original
peaks on the sequencing charts were scanned to remove those
nucleotides with low specificity on both sides. The remaining pre-
cise sequences, ranging in length from 387 bp (dnaj1) to 860 bp

TABLE 4 Origin and distribution of B. longum subsp. longum isolates
used for MLST analysis

No. of isolates from samples at mo:

Subject 0 2 4 6 8 Total
CMA1 3 2 10 3 5 23
CMA2 2 3 8 3 7 23
CMBI1 14 11 8 5 8 46
CMB2 9 4 5 3 7 28
CDC1 5 7 7 4 10 33
CDC2 4 9 6 1 6 26
AMDI1 6 3 6 7 1 23
AMD2 8 6 1 6 4 25
AMEL1 4 5 5 6 5 25
AME2 10 3 6 5 3 27
ADF1 9 6 9 8 5 37
ADF2 5 10 4 6 4 29
Total 345
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FIG 1 An E-Burst diagram of 82 B. longum subsp. longum individual strains based on STs was generated in eBURST v3. Each filled circle corresponds to a ST,
and the circle area denotes the number of individual strains sharing the same ST. The designations of individuals from whom the ST was obtained are indicated

to illustrate the relationships between different STs and the hosts.

(rpoB), were submitted for MLST analysis. Finally we submitted a
total of 4,116 bp (25.36% coverage of the seven complete coding
sequences [CDSs]) for the MLST protocol, whereas B. longum
subsp. longum has a genome that is approximately 2.26 Mb long.

The sequences obtained from the seven genes of all isolates
were imported into BioNumerics software (version 6.0). Poly-
morphic sites and the guanine-cytosine content for each locus
were analyzed and determined to evaluate the reliability of this
MLST set (see Table S1 in the supplemental material). Every
unique sequence of each locus was assigned an allele number. The
number of alleles per locus ranged from 4 (cIpC) to 10 (ileS) (see
Table S1 in the supplemental material). The allelic profiles of all
isolates then were determined (data not shown).

Identification of STs and individual strains. Each unique al-
lele profile could be perceived as a sequence type (ST) and was
assigned a unique ST number in the software START 2.0. By com-
bining the allelic profiles of the seven gene loci, 35 distinct STs
were identified in the 345 isolates (see Table S2 in the supplemen-
tal material). The isolates that generated the same STs and were
isolated from the same participant at the same sampling point
were defined as the same individual strains (9); consequently, out
of the 345 B. longum subsp. longum isolates, we finally obtained 82
individual strains.

After that, an e-Burst analysis was conducted using the soft-
ware e-BURST version 3.0. A diagram showing the origins and
relationships of different STs is given in Fig. 1. A total of 35 STs
were divided into 5 groups (A to E) and 17 single STs. Among the
14 STs from child twins, 11 STs were clustered in four groups and
3 were identified as single STs; among the 21 ST's from adult twins,
7 STswere clustered in four groups and 14 were identified as single

STs. It seems that the sequence types from children are more likely
to cluster together (especially in group A), while sequence types
from adults displayed lower relatedness with each other.

Comparison of the B. longum subsp. longum strains present
in twins. Genetic relatedness among the 82 individual strains was
assessed with a phylogenetic tree generated from the allelic profiles
using the neighbor-joining method (Fig. 2). The results demon-
strated that B. longum subsp. longum strains present in the intes-
tines of different participants displayed high diversity and speci-
ficity. In this research, no identical ST was observed in unrelated
individuals; i.e., no identical strains were found in participants
belonging to different twin pairs. The number of STs isolated from
one individual participant ranged from two to seven, and no sig-
nificant difference was observed in the number of STs between the
children and adults. By comparing the identity of STs between two
participants within the cotwins of both groups, a total of eight STs
was found to be monophyletic, existing within cotwins (ST22 and
ST23 within CMA twins; ST25, ST26, and ST30 within CMB
twins; ST31 within CDC twins; ST3 within AMD twins; and ST9
within AME twins).

The STs and the number of isolates identified as same individ-
ual strains in every sample are displayed in Table 5. In child twin
pairs, both MZ and DZ, there were more identical B. longum
subsp. longum isolates within cotwins (100% and 91.30% in twins
CMAI1 and CMA2, 95.65% and 92.85% in twins CMB1 and
CMB2, and 57.58% and 88.46% in twins CDC1 and CDC2). In the
adult twin group, the two MZ twin pairs possessed fewer mono-
phyletic isolates than the child twin pairs (26.09% and 44% in
twins AMD1 and AMD?2 and 32.00% and 18.52% in twins AME1
and AME2). Moreover, in the adult DZ twins ADF1 and ADF2, a
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FIG 2 A phylogenetic tree of 82 individual strains was generated using phylogenetic analysis with START 2.0 software based on a neighbor-joining algorithm.
Individual strains found monophyletically present within cotwins are marked with blocks.
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FIG 3 Comparison of the rate of overlapping isolates within cotwins. The
black parts of the bars indicate the numbers of overlapping isolates, and the
gray parts indicate the numbers of unique isolates that occurred in only one
individual. *, P < 0.05; **, P < 0.01.

total of 66 isolates were acquired, but no identical isolate was
found among them.

The statistical  test was performed in SPSS to assess the differ-
ences in the rate of overlapping isolates between different twin
groups (Fig. 3). The rate of overlapping isolates between the child
group and adult group was significantly different (P = 0.001).
Differences between MZ and DZ twins in both the child and adult
groups were also calculated. Interestingly, the rate of overlapping
isolates within child MZ cotwins was not significantly different
from that within the child DZ cotwins (P = 0.09); however, the
rate within adult MZ cotwins was significantly different from that
within adult DZ cotwins (P = 0.02).

DISCUSSION

It has been suggested that the host genotype, the physiology of the
host, and environmental factors may affect the composition and
function of the bacterial community in the intestine (16). How-
ever, opinions vary, and understanding of the main factors exert-
ing an impact on the diversity of the intestinal inhabitants at strain
level is currently deficient. This is mainly because methods used in
previous studies, such as randomly amplified polymorphic DNA-
PCR, ribotyping, and pulsed-field gel electrophoresis (PFGE),
were considered not robust enough for strain delineation and
phylogenetic analysis of large numbers of isolates (24, 25, 26).
Kohara et al. (24) carried out PFGE on human fecal B. longum
isolates and revealed that 12 participants harbored strains of
unique PFGE types or subtypes over a 68-week period. Aires et al.
(25) compared three human B. longum isolates with the sequenced
model strain B. longum NCC2705 by PFGE and two-dimensional
gel electrophoresis, and 37 proteins were found to differ between
these strains. McCartney et al. (27) used ribotyping and PFGE to
differentiate between Bifidobacterium strains in two participants
during a 12-month period, finding that subject 1 and subject 2
harbored different Bifidobacterium strains, and strains common to
both participants were not detected. However, these assays were
less convenient for large numbers of isolates and could not be
standardized between laboratories. More recently, MLST has been
used as a novel method to discriminate Bifidobacterium isolates
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(11,21, 22,28). MLST is a technique for accurately distinguishing
different isolates within species. It involves determining the se-
quences of several housekeeping genes, which provides unambig-
uous genotype nomenclature that can easily be shared between
laboratories and provides precise information on strain evolution
(7,29, 30, 31, 32, 33). Therefore, in the current study we adopted
the MLST protocol for strain-level classification and observation
of intraspecies diversity. All the allele sequences have been submit-
ted to the GenBank database for global overview and comparison.
This will provide a better understanding of the strain diversity of
Bifidobacterium spp. in human hosts.

The number of animal trials and clinical studies designed to
investigate the interactions among the intestinal microbiota, the
host, and the environment has increased rapidly (4). Even so, it is
difficult to design an experiment to distinguish the influences of
environment and host genotype because of the wide differences
between laboratory animals and humans, as well as the complexity
and specificity of individuals. Also, it is impractical to carry out a
long-term follow-up of human intestinal microbiota from birth to
adulthood because of the limited experiment period. Twins have
been recruited as models in some previous studies on this topic.
Zoetendal et al. (16) studied the bacterial community using fecal
16S rRNA gene amplicons from three pairs of adult MZ twins by
denatured gradient gel electrophoresis (DGGE); their results
showed greater similarity within than between twin pairs. In con-
trast, fecal profiles of a married couple, who lived in the same
environment, showed as low similarity as that for unrelated indi-
viduals, indicating that the host genotype has an important effect
on the bacterial composition (16). Research on child twins was
also carried out by Stewart et al. (14); comparison of identical twin
pairs, fraternal twin pairs, and unrelated control pairs showed that
the highest level of similarity was found in identical twins, indi-
cating that host genetics influenced the composition of the dom-
inant eubacterial population in children. Florin et al. (34) re-
cruited adolescent twin pairs and their families to ascertain the
relative contributions of genetics and environment in determin-
ing methane emission; the results implied that shared and unique
environmental factors are the main determinants of microbial
methane emission. Another study, by Hansen et al. (35), in adult
female MZ and DZ twin pairs demonstrated that MZ twins have
greater concordance for carriage and levels of methanogens in
their fecal microbiota than DZ twins. Several studies have also
adopted twin models to determine the impact of diet, obesity, or
body mass index (BMI) on intestinal flora (13, 15, 36, 37, 38, 39).
Most of the above-mentioned studies have focused on the bacte-
rial composition, except for one report on methanogenic strains.
Controversial results were suggested for the effects of host geno-
type and environment on intestinal bacterial composition or
methanogenic strains. The current study for the first time used the
twin model to investigate the influences of host genotype and
environments on B. longum subsp. longum strain types, rather
than on bacterial composition, in children and adults.

In this study, more identical STs were detected within child
cotwins living in a shared environment than within adult twin
pairs living in a separated environment. In addition, the rate of
overlapping isolates within child cotwins was significantly higher
than that within adult cotwins, who had experienced shared de-
livery, feeding, and living conditions in their early lives but had
been living separately for at least 5 years before this study started.
This indicated that environmental exposure could be an impor-

4780 aem.asm.org

Applied and Environmental Microbiology

tant determinant on strain types of B. longum subsp. longum in-
habiting the intestinal tracts. However, although the differences
were observed between MZ and DZ twins, it is still difficult to
draw an exact conclusion about the influences of the host geno-
type on B. longum subsp. longum strains types inhabiting human
intestines. This is mainly because of the limited number of sub-
jects in the present study and the lack of strain type tracing in the
same twin pairs from birth until adulthood. Moreover, it could
not be ascertained how the occurrence of identical strains within
adult MZ cotwins rather than adult DZ twins originated in the
present study.

ACKNOWLEDGMENTS

This work was supported by the National Basic Research Program of
China (973 Program) (no. 2012CB720802) and the National High Tech-
nology Research and Development Program of China (863 Program) (no.
2011AA100901).

REFERENCES

1. Ventura M, Turroni F, Motherway MO, MacSharry J, van Sinderen D.
2012. Host-microbe interactions that facilitate gut colonization by com-
mensal bifidobacteria. Trends Microbiol 20:467—476. http://dx.doi.org
/10.1016/j.tim.2012.07.002.

2. Mitsuoka T. 1990. Bifidobacteria and their role in human health. J Ind
Microbiol 6:263-268. http://dx.doi.org/10.1007/BF01575871.

3. Ishibashi N, Yaeshima T, Hayasawa H. 1997. Bifidobacteria: their sig-
nificance in human intestinal health. Mal ] Nutr 3:149-159.

4. Picard C, Fioramonti J, Francois A, Robinson T, Neant F, Matuchansky
CC. 2005. Bifidobacteria as probiotic agents—physiological effects and
clinical benefits. Aliment Pharmacol Ther 22:495-512. http://dx.doi.org
/10.1111/j.1365-2036.2005.02615.x.

5. Chermesh I, Eliakim R. 2006. Probiotics and the gastrointestinal tract:
where are we in 20052 World J Gastroenterol 12:853—857. http://dx.doi
.org/10.3748/wjg.v12.i6.853.

6. Szajewska H, Setty M, Mrukowicz J, Guandalini S. 2006. Probiotics in
gastrointestinal diseases in children: hard and not-so-hard evidence of
efficacy. J Pediatr Gastroenterol Nutr 42:454—475. http://dx.doi.org/10
.1097/01.mpg.0000221913.88511.72.

7. Picozzi C, Bomacina G, Vigentini I, Foschino R. 2010. Genetic diversity
in Italian Lactobacillus sanfranciscensis strains assessed by multilocus se-
quence typing and pulsed-field gel electrophoresis analyses. Microbiology
156:2035-2045. http://dx.doi.org/10.1099/mic.0.037341-0.

8. Joint FAO/ WHO Working Group. 2002. Guidelines for the evaluation of
probiotics in food, London, Ontario, Canada, 30 April to 1 May 2002.
FAO, Rome, Italy.

9. Aagaard K, Ma J, Antony KM, Ganu R, Petrosino J, Versalovic J. 2014.
The placenta harbors a unique microbiome. Sci Transl Med 6:237ra65.
http://dx.doi.org/10.1126/scitranslmed.3008599.

10. Palmer C, Bik EM, DiGiulio DB, Relman DA, Browm PO. 2007.
Development of the human infant intestinal microbiota. PLoS Biol
5:1556—1573. http://dx.doi.org/10.1371/journal.pbio.0050177.

11. Makino H, Kushiro A, Ishikawa E, Muylaert D, Kubota H, Sakai T,
Qishi K, Martin R, Ben Amor K, Oozeer R, Knol J, Tanaka R. 2011.
Transmission of intestinal Bifidobacterium longum subsp. longum strains
from mother to infant, determined by multilocus sequencing typing and
amplified fragment length polymorphism. Appl Environ Microbiol 77:
6788—6793. http://dx.doi.org/10.1128/AEM.05346-11.

12. Jost T, Lacroix C, Braegger CP, Rochat F, Chassard C. 2014. Vertical
mother-neonate transfer of maternal gut bacteria via breast-feeding. Environ
Microbiol 16:2891-2904. http://dx.doi.org/10.1111/1462-2920.12238.

13. Simdes CD, Maukonen J, Kaprio J, Rissanen A, Pietildinen KH, Saarela
M. 2013. Habitual dietary intake is associated with stool microbiota com-
position in monozygotic twins. ] Nutr 143:417—423. http://dx.doi.org/10
.3945/jn.112.166322.

14. Stewart JA, Chadwick VS, Murray A. 2005. Investigations into the influ-
ence of host genetics on the predominant eubacteria in the faecal micro-
flora of children. ] Med Microbiol 54:1239-1242. http://dx.doi.org/10
.1099/jmm.0.46189-0.

15. Dicksved J, Halfvarson J, Rosenquist M, Jarnerot G, Tysk C, Apajalahti

July 2015 Volume 81 Number 14

ALISHAAINN ONOLOVIC IVHONVHS Ad GT0Z ‘02 aunr uo /Bio wse wae//:dny woly papeojumod


http://dx.doi.org/10.1016/j.tim.2012.07.002
http://dx.doi.org/10.1016/j.tim.2012.07.002
http://dx.doi.org/10.1007/BF01575871
http://dx.doi.org/10.1111/j.1365-2036.2005.02615.x
http://dx.doi.org/10.1111/j.1365-2036.2005.02615.x
http://dx.doi.org/10.3748/wjg.v12.i6.853
http://dx.doi.org/10.3748/wjg.v12.i6.853
http://dx.doi.org/10.1097/01.mpg.0000221913.88511.72
http://dx.doi.org/10.1097/01.mpg.0000221913.88511.72
http://dx.doi.org/10.1099/mic.0.037341-0
http://dx.doi.org/10.1126/scitranslmed.3008599
http://dx.doi.org/10.1371/journal.pbio.0050177
http://dx.doi.org/10.1128/AEM.05346-11
http://dx.doi.org/10.1111/1462-2920.12238
http://dx.doi.org/10.3945/jn.112.166322
http://dx.doi.org/10.3945/jn.112.166322
http://dx.doi.org/10.1099/jmm.0.46189-0
http://dx.doi.org/10.1099/jmm.0.46189-0
http://aem.asm.org
http://aem.asm.org/

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

July 2015 Volume 81

J, Engstrand L, Jansson JK. 2008. Molecular analysis of the gut microbi-
ota of identical twins with Crohn’s disease. ISME J 2:716-727. http://dx
.doi.org/10.1038/isme;j.2008.37.

Zoetendal EG, Akkermans ADL, Akkermans-van Vliet WM, de Visser
GMJA, de Vos MW. 2001 The host genotype affects the bacterial com-
munity in the human gastrointestinal tract. Microb Ecol Health Dis 13:
129-134. http://dx.doi.org/10.1080/089106001750462669.

Wacklin P, Tuimala J, Nikkila J, Tims S, Miakivuokko H, Alakulppi N,
Laine P, Stojanovic MR, Paulin L, de Vos MW, Mitto J. 2014. Faecal
microbiota composition in adults is associated with the FUT2 gene deter-
mining the secretor status. PLoS One 9:¢94863. http://dx.doi.org/10.1371
/journal.pone.0094863.

Lee S, Sung J, Lee J, Ko G. 2011. Comparison of the gut microbiotas of
healthy adult twins living in South Korea and the United States. Appl
Environ Microbiol 77:7433-7437. http://dx.doi.org/10.1128/AEM.05490
-11.

Matsuki T, Watanabe K, Tanaka R, Fukuda M, Oyaizu H. 1999.
Distribution of Bifidobacteria species in human intestinal microflora ex-
amined with 16S rRNA-gene-targeted species-specific primers. Appl En-
viron Microbiol 65:4506—4512.

Vincent D, Roy D, Mondou F, Déry C. 1998. Characterization of bifi-
dobacteria by random DNA amplification. Int ] Food Microbiol 43:185—
193. http://dx.doi.org/10.1016/S0168-1605(98)00109-3.

Vaugien L, Prevots F, Roques C. 2002. Bifidobacteria identification
based on 16S rRNA and pyruvate kinase partial gene sequence analysis.
Anaerobe 8:341-344. http://dx.doi.org/10.1016/S1075-9964(03)00025-8.
Delétoile A, Passet V, Aires J, Chambaud I, Butel MJ, Amokvina T,
Brisse S. 2010. Species delination and clonal diversity in four Bifidobacte-
rium species as revealed by multilocus sequencing. Res Microbiol 161:82—
90. http://dx.doi.org/10.1016/j.resmic.2009.12.006.

Ventura M, Canchaya C, Del Casale A, Dellaglio F, Neviani E, Fitzger-
ald GF, van Sinderen D. 2006. Analysis of bifidobacteria evolution using
a multilocus approach. Int J Syst Evol Microbiol 56:2783-2792. http://dx
.doi.org/10.1099/ijs.0.64233-0.

Kohara T, Hayashi S, Hamatsuka J, Nishitani Y, Masuda Y, Osawa R.
2007. Intra-specific composition and succession of Bifidobacterium
longum in human feces. Syst Appl Microbiol 30:165-168. http://dx.doi.org
/10.1016/j.syapm.2006.06.005.

Aires J, Anglade P, Baraige F, Zagorec M, Champomier-Verges MC,
Butel MJ. 2010. Proteomic comparison of the cytosolic proteins of three
Bifidobacterium longum human isolates and B. longum NCC2705. BMC
Microbiol 10:29. http://dx.doi.org/10.1186/1471-2180-10-29.

Fujimoto J, Tanigawa K, Ykudo Makino H, Watanabe K. 2011.
Identification and quantification of viable Bifidobacterium breve strain
Yakult in human faeces by using strain-specific primers and propidium
monoazide. ] Appl Microbiol 110:209-217. http://dx.doi.org/10.1111/j
.1365-2672.2010.04873 .x.

McCartney AL, Wenzhi W, Tannock GW. 1996. Molecular analysis of
the composition of the bifidobacteria and lactobacillus microflora of hu-
mans. Appl Environ Microbiol 62:4608—4613.

Germond JE, Mamin O, Mollet B. 2002. Species specific identification of

Number 14

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Applied and Environmental Microbiology

Host Genotype and Environment Affect B. longum Strains

nine human Bifidobacterium spp. in feces. Syst Appl Microbiol 25:536—
543. http://dx.doi.org/10.1078/07232020260517670.

Diancourt L, Passet V, Chervaux C, Garault P, Smokvina T, Brisse S. 2007.
Multilocus sequence typing of Lactobacillus casei reveals a clonal population
structure with low levels of homologous recombination. Appl Environ
Microbiol 73:6601-6611. http://dx.doi.org/10.1128/ AEM.01095-07.
Tanigawa K, Watanabe K. 2011. Multilocus sequence typing reveals a
novel subspeciation of Lactobacillus delbrueckii. Microbiology 157:727—
738. http://dx.doi.org/10.1099/mic.0.043240-0.

Dan T, Liu W, Sun Z, Lv Q, Xu H, Song Y, Zhang H. 2014. A novel
multi-locus sequence typing (MLST) protocol for Leuconostoc lactis iso-
lates from traditional dairy products in China and Mongolia. BMC Mi-
crobiol 14:150—-159. http://dx.doi.org/10.1186/1471-2180-14-150.
Khemariya P, Singh S, Nath G, Gulati AK. 2013. Diversity analysis of
dairy and non-dairy strains of Lactococcus lactis ssp. lactis by multilocus
sequence analysis (MLSA). Ann Microbiol 63:1065-1074. http://dx.doi
.org/10.1007/s13213-012-0563-z.

Ramachandran P, Lacher DW, Pfeiler EA, Elkins CA. 2013. Develop-
ment of tiered multilocus sequence typing scheme for members of the
Lactobacillus acidophilus complex. Appl Environ Microbiol 79:7220—
7228. http://dx.doi.org/10.1128/ AEM.02257-13.

Florin THJ, Kirk KM, Martin NG. 2000. Shared and unique environ-
mental factors determine the ecology of methanogens in humans and rats.
Am ] Gastroenterol 95:2872-2879. http://dx.doi.org/10.1111/j.1572-0241
.2000.02319.x.

Hansen EE, Lozupone CA, Rey FE, Wu M, Guruge JL, Narra A,
Goodfellow ], Zaneveld JR, McDonald DT, Goodrich JA, Heath AC,
Knight R, Gordon JI. 2011. Pan-genome of the dominant human gut-
associated archaeon, Methanobrevibacter amithii, studied in twins. Proc
Natl Acad Sci U S A 108(Suppl 1):4599-4606. http://dx.doi.org/10.1073
/pnas.1000071108.

Ridaura VK, Faith JJ, Rey FE, Cheng J, Duncan AE, Kau AL, Griffin
NW, Lombard V, Henrissat B, Bain JR, Muehlbauer MJ, Ilkayeva O,
Semenkovich CF, Funai K, Hayashi DK, Lyle BJ, Martini MC, Ursell
LK, Clemente JC, Treuren WV, Walters WA, Knight R, Newgard CB,
Heath AC, Gordon JI. 2013. Gut microbiota from twins discordant for
obesity modulate metabolism in mice. Science 341:1241214. http://dx.doi
.org/10.1126/science.1241214.

Tims S, Derom C, Jonkers DM, Vlietinck R, Saris WH, Kleerebezem M,
de Vos MW, Zoetendal EG. 2013. Microbiota conservation and BMI
signatures in adult monozygotic twins. ISME ] 7:707-717. http://dx.doi
.org/10.1038/ismej.2012.146.

Turnbaugh PJ, Quince C, Faith JJ, McHardy AC, Yatsunenko T, Niazi
F, Affourtit J, Egholm M, Henrissat B, Knight R, Gordon JI. 2010.
Organismal, genetic, and transcriptional variation in the deeply se-
quenced gut miacrobiomes of identical twins. Proc Natl Acad Sci U S A
107:7503-7508. http://dx.doi.org/10.1073/pnas.1002355107.

Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE,
Sogin ML, Jones WJ, Roe BA, Affourtit JP, Egholm M, Henrissat B, Health AC,
Knight R, Gordon JI. 2009. A core gut microbiome in obese and lean twins.
Nature 457:480—484. http://dx.doi.org/10.1038/nature07540.

aem.asm.org 4781

ALISHAAINN ONOLOVIC IVHONVHS Ad GT0Z ‘02 aunr uo /Bio wse wae//:dny woly papeojumod


http://dx.doi.org/10.1038/ismej.2008.37
http://dx.doi.org/10.1038/ismej.2008.37
http://dx.doi.org/10.1080/089106001750462669
http://dx.doi.org/10.1371/journal.pone.0094863
http://dx.doi.org/10.1371/journal.pone.0094863
http://dx.doi.org/10.1128/AEM.05490-11
http://dx.doi.org/10.1128/AEM.05490-11
http://dx.doi.org/10.1016/S0168-1605(98)00109-3
http://dx.doi.org/10.1016/S1075-9964(03)00025-8
http://dx.doi.org/10.1016/j.resmic.2009.12.006
http://dx.doi.org/10.1099/ijs.0.64233-0
http://dx.doi.org/10.1099/ijs.0.64233-0
http://dx.doi.org/10.1016/j.syapm.2006.06.005
http://dx.doi.org/10.1016/j.syapm.2006.06.005
http://dx.doi.org/10.1186/1471-2180-10-29
http://dx.doi.org/10.1111/j.1365-2672.2010.04873.x
http://dx.doi.org/10.1111/j.1365-2672.2010.04873.x
http://dx.doi.org/10.1078/07232020260517670
http://dx.doi.org/10.1128/AEM.01095-07
http://dx.doi.org/10.1099/mic.0.043240-0
http://dx.doi.org/10.1186/1471-2180-14-150
http://dx.doi.org/10.1007/s13213-012-0563-z
http://dx.doi.org/10.1007/s13213-012-0563-z
http://dx.doi.org/10.1128/AEM.02257-13
http://dx.doi.org/10.1111/j.1572-0241.2000.02319.x
http://dx.doi.org/10.1111/j.1572-0241.2000.02319.x
http://dx.doi.org/10.1073/pnas.1000071108
http://dx.doi.org/10.1073/pnas.1000071108
http://dx.doi.org/10.1126/science.1241214
http://dx.doi.org/10.1126/science.1241214
http://dx.doi.org/10.1038/ismej.2012.146
http://dx.doi.org/10.1038/ismej.2012.146
http://dx.doi.org/10.1073/pnas.1002355107
http://dx.doi.org/10.1038/nature07540
http://aem.asm.org
http://aem.asm.org/

	The Host Genotype and Environment Affect Strain Types of Bifidobacterium longum subsp. longum Inhabiting the Intestinal Tracts of Twins
	MATERIALS AND METHODS
	Twin participants and sample collection.
	Enumeration and isolation of Bifidobacterium.
	DNA extraction and identification of Bifidobacterium isolates.
	Amplification of housekeeping genes and sequencing.
	Data analysis.
	Nucleotide sequence accession numbers.

	RESULTS
	Enumeration of bifidobacteria in the intestinal tracts of child and adult twins.
	Strain isolation and identification.
	Housekeeping gene amplification and sequence analysis.
	Identification of STs and individual strains.
	Comparison of the B. longum subsp. longum strains present in twins.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


