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ABSTRACT Differences in individual host responses have emerged as an issue
regarding the health benefits of probiotics. Here, we applied ribosome engineer-
ing (RE) technology, developed in an actinomycete study, to Lacticaseibacillus rh-
amnosus GG (LGG). RE can effectively enhance microbial potential by using anti-
biotics to induce spontaneous mutations in the ribosome and/or RNA
polymerase. In this study, we identified eight types of streptomycin resistance muta-
tions in the LGG rpsL gene, which encodes ribosomal protein S12. Notably, LGG har-
boring the K56N mutant (LGG-MTK56N) expressed high levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) on the cell surface compared with the LGG wild
type (LGG-WT). GAPDH plays a key role in colonic mucin adhesion. Indeed, LGG-
MTK56N significantly increased type A human colonic mucin adhesion compared to
LGG-WT in experiments using the Biacore system. The ability to adhere to the colon
is an important property of probiotics; thus, these results suggest that RE is an effec-
tive breeding strategy for probiotic lactic acid bacteria.

IMPORTANCE We sought to apply ribosome engineering (RE) to probiotic lactic acid
bacteria and to verify RE’s impact. Here, we showed that one mutant of RE Lactica-
seibacillus rhamnosus GG (LGG-MTK56N) bore a GAPDH on the cell surface; the
GAPDH was exported via an ABC transporter. Compared to the wild-type parent,
LGG-MTK56N adhered more strongly to human colonic mucin and exhibited a distinct
cell size and shape. These findings demonstrate that RE in LGG-MTK56N yielded dra-
matic changes in protein synthesis, protein transport, and cell morphology and af-
fected adherence to human colonic mucin.

KEYWORDS GAPDH, human colonic mucin, Lacticaseibacillus rhamnosus GG,
ribosome engineering

Lactic acid bacteria (LAB) have been human commensals since ancient times. In light
of their long history of use in food processing, certain lactobacillus strains have

been classified by the Food and Drug Administration (FDA) as generally recognized as
safe (GRAS) (1). The functionality of LAB, such as immunoregulatory and metabolic
promoting effects, has been studied worldwide (2, 3). Kalliomaki et al. reported that
Lactobacillus rhamnosus, or Lacticaseibacillus rhamnosus GG (LGG) according to the
recent Lactobacillus taxonomy change (4), intake during pregnancy resulted in a lower
incidence of atopic dermatitis in infants than placebo (5). However, a 2006 study by
Fölster-Holst et al. identified no significant differences in severity scoring of atopic
dermatitis (SCORAD) when comparing infants who consumed LGG to those who
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consumed a placebo (6). In addition, the administration of LGG in adults with hay fever
or food allergy did not demonstrate efficacy in the palliation of symptoms (7). The
populations in these studies, which showed different outcomes, varied in age (includ-
ing pregnant women, young children, and adults) and ethnicity. Thus, it has been
pointed out that even effective probiotic strains show variability in efficacy depending
on the administration method (administration timing and dose) and host background
(ethnicity and living conditions) (8, 9).

To improve the quality of life (QOL) of humans, exploratory studies of robust
functional LAB are increasingly favored. In this context, screening tests have been
widely conducted to identify new and useful probiotic strains; however, this is a
time-consuming and laborious process. On the other hand, microbial breeding tech-
nology has been concurrently developed, permitting the production of bacterial mu-
tants by various methods such as gene editing and engineering, UV irradiation (10), and
chemical mutagenesis (11–13). However, gene editing and engineering are controver-
sial in food-grade applications, while some other technologies are known to pose risks
to handlers. Therefore, we employed ribosome engineering (RE) as a simpler and safer
breeding strategy for probiotic LAB. RE has been studied in actinomycetes, Bacillus
subtilis, and Escherichia coli and has been shown to be an effective technique for
enhancing microbial potential (14–16). This method targets ribosomal proteins and/or
RNA polymerase and has been used to enhance the production of secondary metab-
olites by microorganisms (17). Antibiotic-resistant variants have been reported to
harbor mutations in specific genes, depending on the selective antibiotic used; notably,
streptomycin often selects for strains harboring mutations in the rpsL gene, which
encodes ribosomal protein S12 (18). Although RE is a simple and effective microbial
breeding strategy, to the best of our knowledge there have been no reports of its
application to LAB. The purpose of this study was to investigate RE as a breeding
strategy for probiotic LAB, by applying RE to LGG and evaluating the characteristics of
the resultant mutants.

RESULTS
Isolation of LGG-MTs. Individual colonies were identified on medium containing

256 �g/ml streptomycin, suggesting that the mutants possessed streptomycin MICs
that exceed the 256-�g/ml MIC of the parent (referred to as wild-type LGG [LGG-WT]).
The colonies (145 in total) that retained the ability to grow on de Man, Rogosa, and
Sharpe (MRS) agar containing streptomycin (256 �g/ml) upon restreaking were as-
signed numbers (see Table S1 in the supplemental material) and then reinoculated on
MRS agar containing streptomycin (256 �g/ml). Satellite colonies and streptomycin-
requiring strains were excluded, and the remaining isolates (designated LGG-MTs; 132
in total) were collected. To characterize the LGG-MTs, the rpsL gene (encoding ribo-
somal protein S12) was amplified by direct colony PCR and then subjected to DNA
sequencing. This analysis confirmed the presence of rpsL mutations in 125 of 132
LGG-MTs; a total of 10 distinct nucleotide mutations were detected. At the protein level,
these base substitutions corresponded to 8 distinct amino acid substitutions, such that
(in total) 124 of 132 LGG-MTs could be demonstrated to encode mutant S12 proteins
with specific amino acid changes (Table 1). Seven of the 8 amino acid substitutions
corresponded to replacement of Lys residues, either Lys56 (4 of 8) or Lys101 (3 of 8).
The remaining amino acid substitution corresponded to an Arg-to-Cys replacement at
residue 99. The frequency of each mutant is shown in Table 1. In particular, LGG-MTK56N

was the most abundant, accounting for 46.0% of the colonies isolated. The 4 LGG-MTs
harboring mutations at rpsL codon 56 (LGG-MTK56N, LGG-MTK56T, LGG-MTK56M, and
LGG-MTK56R) were able to grow at streptomycin concentrations as high as 65,536 �g/
ml. The three LGG-MTs harboring mutations at rpsL codon 101 (LGG-MTK101E, LGG-
MTK101R, and LGG-MTK101M) exhibited streptomycin MICs of 2,048 to 4,096 �g/ml. The
LGG-MT harboring a mutation at rpsL codon 99 (LGG-MTR99C) had a streptomycin MIC
of 512 �g/ml (Table 1).
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Identification of secreted protein with a mass of approximately 40 kDa.
LGG-WT and LGG-MTs were cultured in MRS without streptomycin for 24 h. After
incubation, the spent medium and bacteria from individual cultures were separated;
each was subjected to protein precipitation to facilitate characterization of secreted
proteins and cellular proteins, respectively. The resulting protein preparations were
analyzed by SDS-PAGE and Coomassie brilliant blue (CBB) staining. The secreted protein
preparations from LGG-WT and LGG-MTs differed in the level of a protein (designated
protein X) that migrated as a polypeptide of approximately 40 kDa (Fig. 1A). Specifically,
protein X levels in LGG-MTK56N and LGG-MTK56T were significantly increased compared
to those in LGG-WT (Fig. 1B), while the corresponding band could not be detected in
the secreted-protein preparation obtained from LGG-MTR99C. Peptide mass fingerprint-
ing (PMF) analysis by matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS), which was performed to identify secreted proteins in
bands that migrated at approximately 40 kDa, revealed that protein X was in fact
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

Characterization of LGG-MTs: morphological observations and growth rates.
Morphological observations of LGG-WT and LGG-MTK56N were performed by scanning
electron microscopy (SEM) (Fig. 1C). Cells of LGG-MTK56N were found to have a smaller
diameter than those of LGG-WT and were curvilinear, in contrast to the linear shape of
LGG-WT (Fig. 1C). Growth curves indicated that LGG-WT, LGG-MTK56R, and LGG-MTR99C

had comparable growth rates, while the other LGG-MTs had reduced growth rates
compared to LGG-WT (data not shown). The largest effect appeared to be a decreased
growth rate in LGG-MTK56N compared to the parent strain (Fig. 1D).

Detection of GAPDH. Western blotting using an anti-GAPDH antibody was per-
formed to confirm the results of the PMF analysis. Preparations of secreted cellular
proteins and bacterial lavage fluid (BLF) were obtained following bacterial growth in
MRS broth for 24 h (Fig. 2A). No differences in the intensities of the GAPDH bands were
seen between LGG-WT and LGG-MTs in the cellular protein preparations (Fig. 2B). In
contrast, the GAPDH band intensities were significantly elevated in the culture super-
natants (SUPs) of LGG-MTK56N, LGG-MTK56T, and LGG-MTK56M compared to LGG-WT (Fig.
2C). To address the time course of GAPDH expression, cultures of LGG-WT and a
representative mutant (LGG-MTK56N) were incubated at 37°C; proteins from the SUP
and BLF (obtained by washing the cell pellet with phosphate-buffered saline [PBS], pH
7.3) were prepared at 8, 12, 24, and 48 h (Fig. 2D and E). The GAPDH band intensities
in the SUP and BLF of LGG-MTK56N were nominally greater than those of LGG-WT (Fig.
2F and G), with significant differences observed for SUP at 12, 24, and 48 h (Fig. 2F).

GAPDH displayed on the cell surface. Next, we repeated the time course analysis
of SUPs and BLFs from LGG-WT and LGG-MTK56N. BLF was generated by rinsing with PBS
at either of two pHs (4.2 or 7.3) to characterize GAPDH binding to the LGG cell surface
(Fig. 3A to D). For both LGG-WT and LGG-MTK56N of BLF, various sizes of proteins were
observed by CBB staining (Fig. 3A). The difference between LGG-WT and LGG-MTK56N

was particularly apparent for BLF obtained by rinsing with PBS at pH 7.3. In contrast,
extracellular proteins that were eluted by rinsing with PBS at pH 7.3 appeared to be

TABLE 1 Profiles of LGG-MTs isolated from RE for streptomycin resistance

Colony no. Relevant genotype Frequency of mutantsa MIC (�g/ml)

Wild type (WT) 256
001 rpsL(K56N) 57 �65,536
006 rpsL(K101E) 35 4,096
010 rpsL(K56T) 8 �65,536
022 rpsL(K101R) 3 2,048
027 rpsL(K56M) 5 �65,536
045 rpsL(K56R) 14 �65,536
112 rpsL(K101M) 1 4,096
134 rpsL(R99C) 1 512
aNumber of events among the 124 confirmed LGG-MTs that were isolated.
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retained by the cells during rinsing with PBS at pH 4.2 (Fig. 3B and C). Notably, the
GAPDH levels in the 24-h BLF (pH 7.3) from LGG-MTK56N were significantly elevated
compared to those from LGG-WT and those in the 24-h BLF (pH 4.3) from LGG-WT and
LGG-MTK56N (Fig. 3D). Bacterial surface display of GAPDH was also observed by fluo-
rescence microscopy (Fig. 3E). For this purpose, bacterial pellets were washed with PBS
at pH 4.2 to detect extracellular proteins. The cell surface area labeled with fluorescent
antibody was significantly greater in LGG-MTK56N than LGG-WT, indicating that the
GAPDH level was increased on the cell surface of the mutant compared to that of the
parent (Fig. 3F).

Adherence to human colonic mucin. Next, we conducted experiments using
Biacore to verify whether an increased display of GAPDH on the bacterial surface affects

FIG 1 (A) The secreted proteins present in culture supernatants (spent medium) were analyzed by SDS-PAGE with
CBB staining. The arrow indicates the 40-kDa protein (X) that appears to accumulate in the LGG-MTs but not in the
parent. A representative image from one of three independent experiments is shown. (B) Densitometric analysis of
gels from three independent SDS-PAGE experiments was used to quantitate protein X production; protein levels
are normalized to that in the LGG-WT parent. Letters (i.e., a, b, and c) represent significant differences (P � 0.05)
by a two-tailed one-way ANOVA. Data are means and SD (n � 3). n.d., not detected. (C) SEM photographs of
LGG-WT and LGG-MTK56N cells. Images on the right are greater magnifications of the indicated areas in the middle
panels. Bar � 5 �m. (D) Growth curves of LGG-WT and LGG-MTK56N.
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adherence to human colonic mucin. Biacore is a monitoring system that measures
interactions between biomolecules in real time by biophysical interaction analyses
(BIAs). Lyophilisates of LGG-WT and LGG-MTK56N were suspended in HBS-EP buffer (GE
Healthcare) to total lyophilized bacteria concentrations of 1.0 mg/ml. Purified type A
human colonic mucin (immobilized on a CM5 sensor chip via amino-coupling reactions)
was subjected to analysis using a Biacore 1000 system, and resonance unit (RU) values
were determined. Significantly higher RU values were observed with LGG-MTK56N than
LGG-WT (Fig. 4).

DISCUSSION

RE can effectively enhance microbial potential by using antibiotics to induce spon-
taneous mutations in the ribosome and/or RNA polymerase (17). Streptomycin, an

FIG 2 (A) Scheme of the sample preparation procedure. (B and C) GAPDH production by LGG-WT and LGG-
MTK56N was determined by Western blot analysis of bacterial cell lysates (B) or supernatants (spent culture
medium) (C). (D and E) Time-dependent display of GAPDH in LGG-WT and LGG-MTK56N was monitored at 8, 12,
24, and 48 h in supernatants (spent culture medium) (D) and in BLF (obtained by rinsing the bacterial cell pellet
with PBS at pH 7.3) (E). Arrows indicate GAPDH (B, C, D, and E). (F and G) Densitometric analysis of Western blots
from three independent experiments was used to quantity GAPDH. Letters (i.e., a, b, and c) represent significant
differences (P � 0.05) by two-tailed one-way ANOVA. Data are means and SD (n � 3). CELL, bacterial cells; SUP,
culture supernatant; BLF, bacterial lavage fluid.
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aminoglycoside antibiotic often used in RE, binds to the ribosomal 30S subunit and
inhibits the initiation of protein synthesis (19). Bacterial mutants resistant to high
concentrations of streptomycin have been reported to harbor mutations in the rpsL
gene, which encodes the 30S ribosomal protein S12 (18). LGG-MTs with rpsL mutations
were obtained by selecting for spontaneous mutants able to grow with streptomycin
at the MIC. Interestingly, the protein preparations from culture supernatants revealed
that LGG-WT and the LGG-MTs differed in the density of a band at approximately

FIG 3 BLFs obtained by rinsing of cell pellets with PBS (at pH 4.2 or 7.3) were analyzed by SDS-PAGE (A), GAPDH
Western blotting (B and C), and an EVOS FL imaging system (E). Arrows indicate GAPDH (B and C). Densitometric
analysis of Western blots from three independent experiments was used to quantify GAPDH (D). Alexa Fluor
488-GAPDH-stained LGG was analyzed under visible light and fluorescence and as a merged image with an FL
imaging system (E). Bar � 100 �m. Fluorescence index values are displayed relative to those obtained from LGG-WT
(F). Statistical analysis was performed by a Student’s t test. Data are means and SD (n � 3). BLF, bacterial lavage
fluid.
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40 kDa, which accumulated to significantly higher levels in LGG-MTK56N and LGG-
MTK56T than in LGG-WT. In a previous study of LGG-secreted soluble proteins, Shen et al.
reported that oral administration of p40 molecules purified from the LGG supernatant
to neonatal mice resulted in decreased colitis in adulthood (20). When screening other
proteins, Gao et al. detected intestinal barrier-protective effects associated with a novel
protein (HM0539) present in the culture supernatant of LGG (21). In addition, Sánchez
et al. observed that LGG secreted phosphoglycerate kinase, GAPDH, and transcriptional
regulators (22). In the present study, we performed PMF analysis and Western blotting
to identify GAPDH as the approximately 40-kDa molecule enriched in the spent
medium of the LGG-MTs.

Although GAPDH serves primarily as a metabolic enzyme in cells, it is also a
multifunctional “moonlighting protein” (23) that is capable of effecting the transport of
tRNA out of the nucleus (24, 25) and shows transfer-regulating activity (26). Notably, in
LAB, GAPDH has also been shown to serve as an adhesion factor for human colonic
mucin (27). A test to verify the attachment to type A, B, and H blood group antigens
showed that GAPDH displayed on the cell surface recognized and bound to the
conformation of mucin blood group antigens, exhibiting adhesion (28). Thus, we
investigated the amount of GAPDH on the cell surface, hypothesizing that the in-
creased expression of GAPDH led to the enhanced adhesion to mucin. GAPDH is known
to be negatively charged in a LAB medium under acidic conditions and is electrostat-
ically bound to the cell wall. Washing cells with a buffer solution above the isoelectric
point (IEP) dissociates this bond and releases GAPDH (29). Indeed, work with Lactiplan-
tibacillus plantarum LA318 demonstrated that PBS-washed cells showed reduced ad-
herence to human colonic mucin (27). The IEP of GAPDH is 5.3 in L. plantarum (29) and
5.53 in LGG (as calculated from the protein structure [data not shown]). Therefore, in
both strains, GAPDH is expected to be negatively charged when washed with buffer at
pH 7.3, which would cause the protein to be liberated from the outer surface of the cell.

We detected a large amount of GAPDH in the BLF of LGG-MTK56N washed with PBS
(pH 7.3) compared with LGG-WT. This GAPDH level was decreased when the BLF was
washed with PBS at pH 4.2. Furthermore, imaging following staining with fluorescently
labeled anti-GAPDH antibody revealed that GAPDH remained associated with the cell
surface following washing with buffer at pH 4.2 but was depleted following washing
with buffer at pH 7.3, which corresponds to the data obtained by Saad et al. for L.
plantarum 299v (30). These results indicated that LGG-MTK56N expressed a large amount
of GAPDH on the cell surface compared with LGG-WT. It is reported that ATP-binding
cassette (ABC) transporters are involved in the multidrug resistance of LAB (31). In
addition, Kinoshita et al. reported that GAPDH produced in L. plantarum LA318 may be
transported out of the cell via ABC transporters (27). Therefore, ABC transporter
expression is considered to affect the increase in GAPDH on the cell surface of

FIG 4 Test of binding of LGG-WT and LGG-MTK56N to human colonic mucin using Biacore analysis. The
adhesion values are expressed as RUs (resonance units) at 200 s after cessation of sample addition. Data
are expressed as means and SD (n � 3).
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LGG-MTK56N. In fact, the functional inhibition of ABC transporters decreased the GAPDH
level in the SUP and BLF of LGG-MTK56N (Fig. S1).

Next, we assessed whether the enhanced display of GAPDH on the cell surface
influenced the adhesion to human colonic mucin. In this study, we chose to employ the
Biacore system, which has the advantage of high reproducibility, given that the
procedure (from the addition of the bacteria through cleaning) is carried out consis-
tently in all machines (32). Specifically, we evaluated adherence to purified type A
human colonic mucin by LGG-WT and LGG-MTK56N. Results of the Biacore assay
indicated that LGG-MTK56N enhanced adhesion to purified human type A colonic mucin
compared with the parent, which strongly indicates that LGG-MTK56N improved the
binding ability to the human intestinal tract. In contrast, Sánchez et al. reported that
GAPDH secreted by LGG did not bind with mucin and fibronectin (22). However, these
results are controversial, given that the origin of the mucin is unknown, the SDS-PAGE
sensitivity is very low, and the adherence of bacterial cells was not examined. In the
present study, RE altered the BLF protein profile as well as GAPDH production and cell
morphology. Further research is necessary to identify other factors that affect the
adhesive ability of LGG-MTK56N.

In conclusion, we applied RE to the LAB LGG and found that the resulting mutant
LGG-MTK56N showed enhanced adhesion to human colonic mucin. The frequency of
obtaining high-GAPDH-expression mutants of LGG using streptomycin was 46.0%. The
accumulation of GAPDH on the cell surface was suggested to be involved in the
improved adhesiveness. Considering the randomness of mutations and ethical issues,
there are obstacles to applying conventional microbial breeding technologies such as
UV irradiation, chemical mutagenesis, and gene editing and engineering to probiotics.
In contrast, RE has a great advantage as a breeding strategy for food-grade probiotics,
in that it induces spontaneous mutations mainly in rpsL gene. However, given that it is
not enough to validate the impact of RE on LGG by evaluating the protein expression,
a more detailed impact assessment is needed. We anticipate that this technology will
contribute to improving the QOL of humans around the world.

MATERIALS AND METHODS
Ribosome engineering of LGG. Lacticaseibacillus rhamnosus GG (LGG; ATCC 53103; ATCC, Manassas,

VA, USA) was the wild-type parent (also referred to as LGG-WT) for this experiment. Cultures were grown
in de Man, Rogosa, and Sharpe (MRS) broth or agar, supplemented with streptomycin where indicated.
For the RE selection, LGG was grown in MRS as a static broth culture overnight at 37°C. The resulting
culture was adjusted (using fresh MRS) to 2 � 108 CFU per ml; an aliquot (500 �l, 1 � 108 CFU) was then
plated to MRS broth containing streptomycin at 0, 2, 4, 8, 16, 32, 64, 128, 256, 512, and 1,024 �g/ml. The
resulting plates were grown as static cultures at 37°C for 3 days. All individual colonies from the
256-�g/ml plate were assigned an identification number, cultured on MRS agar containing 0 �g/ml
streptomycin, and incubated at 37°C for 3 days. Isolates that were subsequently cultured on MRS agar
containing 256 �g/ml streptomycin and confirmed to grow were considered streptomycin resistant
(LGG-MT). The rpsL gene was amplified from each isolate and subjected to DNA sequencing using
originally designed primers: sense primer, 5=-GGC TGA CGC ATA TTC TGT CTA TAC CG-3=; antisense
primer, 5=-GTT GTC CGG ACG TGC TGA CT-3=. Sequencing analysis showed that the amplified products
were identical to the rpsL gene, and the presence of 8 distinct missense mutations was observed.

Growth curve and streptomycin sensitivity. Growth of LGG-WT and LGG-MTs was monitored by
optical density measurement at a wavelength of 660 nm (OD660) using a spectrophotometer. The OD660

was determined at 0, 12, 24, and 48 h for cultures grown in MRS broth without streptomycin. To assess
streptomycin sensitivity, bacteria were cultured in MRS broth supplemented with streptomycin at 64,
128, 256, 512, 1,024, 2,048, 4,096, 8,192, 16,384, 32,768, and 65,536 �g/ml; after 16 h of incubation at
37°C, growth was assessed by visual inspection of turbidity. The MIC was defined as the lowest
streptomycin concentration that prevented growth under these conditions.

Analysis of secreted proteins. Cultures of LGG-WT and the eight LGG-MTs were inoculated at 1:20
into MRS broth and then incubated as static cultures at 37°C for 24 h. Each culture then was subjected
to centrifugation (8,000 � g, 4°C, 5 min) to separate the pellet (cells) from the culture supernatant (spent
medium). An aliquot (1,500 �l) of the spent medium was combined with 300 �l of 100% (wt/vol)
trichloroacetic acid (TCA; Wako Pure Chemical Industries, Osaka, Japan); the mixture was vortexed and
then placed on ice for 3 h. The precipitate was collected by centrifugation (20,000 � g, 4°C, 15 min), and
the resulting pellet was subjected to two rounds of washing with 400 �l of acetone followed by
centrifugation (20,000 � g, 4°C, 15 min) to extract any remaining TCA. The washed pellet was dried in a
heating block at 55°C and then dissolved in 50 �l of 0.05 M NaOH. The resulting suspensions were
subjected to SDS-PAGE followed by Coomassie brilliant blue (CBB) staining. Bands of interest were
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excised and submitted for peptide mass fingerprinting (PMF) analysis (Cosmo Bio Co., Ltd., Tokyo, Japan)
by MALDI-TOF MS to identify the corresponding proteins.

Western blotting for GAPDH. Bacterial cells were suspended in 400 �l of Tris-buffered saline (TBS)
with a protease inhibitor cocktail (Roche, Mannheim, Germany); the resulting suspension was transferred
to a 2-ml screw-cap microcentrifuge tube containing 0.4 g of 0.2-mm glass beads. Tubes were subjected
to 5 rounds of shaking with a bead crusher at 3,200 rpm for 1 min alternating with 1-min incubations on
ice. To assess cell surface display of GAPDH, bacterial cells were centrifuged (8,000 � g, 4°C, 5 min) and
the supernatant was decanted. The pellet then was subjected to 3 rounds of washing with PBS at pH 4.2
or pH 7.3, followed by centrifugation (20,000 � g, 4°C, 15 min). Following the final centrifugation, the
pellets (corresponding to cell debris and insoluble material) and supernatants (corresponding to soluble
released material) were analyzed separately by Western blotting using a primary antibody (polyclonal
rabbit anti-GAPDH antibody, 1/5,000; GeneTex, CA, USA) and a secondary antibody (anti-rabbit IgG
[whole molecule] peroxidase antibody, 1/5,000; Sigma-Aldrich, MO, USA). Labeling was detected using
ImageQuant LAS 500 (GE Healthcare, WI, USA).

Fluorescent imaging of cell surface GAPDH. LGG-WT and LGG-MTK56N were inoculated at 1:20 into
MRS broth and then incubated as static cultures at 37°C for 24 h. After centrifugation (8,000 � g, 4°C,
2 min) and decanting of the supernatant, the bacterial cell pellets were subjected to 3 rounds of
washing with PBS at pH 4.2 or 7.3. The resulting pellets were incubated with the primary antibody
(polyclonal rabbit anti-GAPDH antibody, 1/1,000; GeneTex) at 4°C for 1 h. The samples then were
stained with a secondary antibody (goat anti-rabbit IgG heavy plus light chain [H�L; Alexa Fluor
488], 1/1,000; Abcam, MA, USA) at 4°C for 1 h. Stained bacteria were observed with an EVOS FL Auto
imaging system (Thermo Fisher Scientific, MA, USA). The fluorescent area was measured using
ImageJ software (NIH, MD, USA).

Imaging by scanning electron microscopy. Cultures of LGG-WT and LGG-MTK56N were washed with
PBS and then resuspended in fresh PBS. An aliquot (35 �l) of the resulting suspension was transferred to
a Nanopercolator filter (JEOL, Tokyo, Japan). The liquid was removed using a 10-ml syringe, and the cells
were fixed by immersion of the filter in 2.5% glutaraldehyde (TAAB Laboratories Equipment, Ltd., Berks,
United Kingdom) with 2.0% paraformaldehyde prepared in 0.1 M cacodylate buffer for 1 h at room
temperature. Following fixation, the plasma membrane was stained by 3 gentle washes with 0.1 M
cacodylate buffer and soaking for 1 h in 1% osmium tetroxide. After dehydration by passage through a
series of ethanol solutions, each filter was subjected to 2 rounds of incubation (52°C, 30 min) in t-butyl
alcohol and then stored at �80°C until analyzed. After overnight lyophilization using a DC401 freeze-
dryer (Yamato Scientific, Tokyo, Japan), osmium coating was performed using a Neoc-AN osmium coater
(Meiwafosis Co., Ltd., Tokyo, Japan). SEM images were collected using a JSM-7600F SEM (JEOL) at an
accelerating voltage of 5 kV.

Assay of adherence to human colonic mucin using Biacore. The Biacore assay was performed as
described previously (32). Freeze-dried bacterial samples were suspended in HBS-EP buffer (GE Health-
care) to a concentration of 1.0 mg/ml. In the present study, purified type A human colonic mucin (28) was
immobilized on a CM5 sensor chip (GE Healthcare). The assay was repeated three times.

Statistical analysis. All statistical analyses were performed using Prism software (v.7; GraphPad,
San Diego, CA, USA). P values were calculated using an unpaired Student’s t test for validation of the
Biacore assay or using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer test to
detect statistically significant differences. All comparisons were performed as two-tailed tests; P
values of �0.05 were considered significant. Results are expressed as means and standard deviations
(SD).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.

ACKNOWLEDGMENTS
The study was supported by a grant to T. Shimosato from The Food Science Institute

Foundation (Ryoushoku Kenkyukai).
We thank Takeshi Hosaka of the Institute for Biomedical Sciences, Shinshu Univer-

sity, for RE technical support. We also thank H. Kitazawa and B. Zhou of Tohoku
University for Biacore analysis. The Western blot imaging was conducted at Research
Center for Supports to Advanced Science, Shinshu University.

REFERENCES
1. Salvetti E, Torriani S, Felis GE. 2012. The genus Lactobacillus: a taxonomic

update. Probiotics Antimicrob Proteins 4:217–226. https://doi.org/10
.1007/s12602-012-9117-8.

2. Vallianou N, Stratigou T, Christodoulatos GS, Tsigalou C, Dalamaga M.
2020. Probiotics, prebiotics, synbiotics, postbiotics, and obesity: current
evidence, controversies, and perspectives. Curr Obes Rep https://doi
.org/10.1007/s13679-020-00379-w.

3. Yousefi B, Eslami M, Ghasemian A, Kokhaei P, Salek Farrokhi A, Darabi N.
2019. Probiotics importance and their immunomodulatory properties. J
Cell Physiol 234:8008 – 8018. https://doi.org/10.1002/jcp.27559.

4. Zheng J, Wittouck S, Salvetti E, Franz C, Harris HMB, Mattarelli P, O’Toole
PW, Pot B, Vandamme P, Walter J, Watanabe K, Wuyts S, Felis GE, Ganzle
MG, Lebeer S. 2020. A taxonomic note on the genus Lactobacillus:
description of 23 novel genera, emended description of the genus

Breeding for Probiotics Using Ribosome Engineering Applied and Environmental Microbiology

October 2020 Volume 86 Issue 20 e01448-20 aem.asm.org 9

https://doi.org/10.1007/s12602-012-9117-8
https://doi.org/10.1007/s12602-012-9117-8
https://doi.org/10.1007/s13679-020-00379-w
https://doi.org/10.1007/s13679-020-00379-w
https://doi.org/10.1002/jcp.27559
https://aem.asm.org


Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and Leu-
conostocaceae. Int J Syst Evol Microbiol 70:2782–2858. https://doi.org/
10.1099/ijsem.0.004107.

5. Kalliomaki M, Salminen S, Arvilommi H, Kero P, Koskinen P, Isolauri E.
2001. Probiotics in primary prevention of atopic disease: a randomised
placebo-controlled trial. Lancet 357:1076 –1079. https://doi.org/10.1016/
S0140-6736(00)04259-8.

6. Fölster-Holst R, Muller F, Schnopp N, Abeck D, Kreiselmaier I, Lenz T, von
Ruden U, Schrezenmeir J, Christophers E, Weichenthal M. 2006. Prospec-
tive, randomized controlled trial on Lactobacillus rhamnosus in infants
with moderate to severe atopic dermatitis. Br J Dermatol 155:
1256 –1261. https://doi.org/10.1111/j.1365-2133.2006.07558.x.

7. Helin T, Haahtela S, Haahtela T. 2002. No effect of oral treatment with an
intestinal bacterial strain, Lactobacillus rhamnosus (ATCC 53103), on
birch-pollen allergy: a placebo-controlled double-blind study. Allergy
57:243–246. https://doi.org/10.1034/j.1398-9995.2002.1s3299.x.

8. Neau E, Delannoy J, Marion C, Cottart CH, Labellie C, Holowacz S, Butel
MJ, Kapel N, Waligora-Dupriet AJ. 2016. Three novel candidate probiotic
strains with prophylactic properties in a murine model of cow’s milk
allergy. Appl Environ Microbiol 82:1722–1733. https://doi.org/10.1128/
AEM.03440-15.

9. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M,
Bashiardes S, Kotler E, Zur M, Regev-Lehavi D, Brik RB, Federici S, Cohen
Y, Linevsky R, Rothschild D, Moor AE, Ben-Moshe S, Harmelin A, Itzkovitz
S, Maharshak N, Shibolet O, Shapiro H, Pevsner-Fischer M, Sharon I,
Halpern Z, Segal E, Elinav E. 2018. Personalized gut mucosal colonization
resistance to empiric probiotics is associated with unique host and
microbiome features. Cell 174:1388 –1405.e21. https://doi.org/10.1016/j
.cell.2018.08.041.

10. Joshi DS, Singhvi MS, Khire JM, Gokhale DV. 2010. Strain improvement of
Lactobacillus lactis for D-lactic acid production. Biotechnol Lett 32:
517–520. https://doi.org/10.1007/s10529-009-0187-y.

11. Nadkarni MA, Chen Z, Wilkins MR, Hunter N. 2014. Comparative genome
analysis of Lactobacillus rhamnosus clinical isolates from initial stages of
dental pulp infection: identification of a new exopolysaccharide cluster.
PLoS One 9:e90643. https://doi.org/10.1371/journal.pone.0090643.

12. Sato Y, Okamoto-Shibayama K, Takada K, Igarashi T, Hirasawa M. 2009.
Genes responsible for dextran-dependent aggregation of Streptococcus
sobrinus strain 6715. Oral Microbiol Immunol 24:224 –230. https://doi
.org/10.1111/j.1399-302X.2008.00499.x.

13. Seme H, Bogovic Matijasic B, Svigelj K, Langerholc T, Fujs S, Horvat J,
Zlatic E, Gjuracic K, Petkovic H, Stempelj M, Kos B, Suskovic J, Kosec G.
2017. Generation of Lactobacillus plantarum strains with improved po-
tential to target gastrointestinal disorders related to sugar malabsorp-
tion. Food Res Int 94:45–53. https://doi.org/10.1016/j.foodres.2017.01
.022.

14. Hosaka T, Tamehiro N, Chumpolkulwong N, Hori-Takemoto C, Shirouzu
M, Yokoyama S, Ochi K. 2004. The novel mutation K87E in ribosomal
protein S12 enhances protein synthesis activity during the late growth
phase in Escherichia coli. Mol Genet Genomics 271:317–324. https://doi
.org/10.1007/s00438-004-0982-z.

15. Hosoya Y, Okamoto S, Muramatsu H, Ochi K. 1998. Acquisition of certain
streptomycin-resistant (str) mutations enhances antibiotic production in
bacteria. Antimicrob Agents Chemother 42:2041–2047. https://doi.org/
10.1128/AAC.42.8.2041.

16. Kurosawa K, Hosaka T, Tamehiro N, Inaoka T, Ochi K. 2006. Improvement
of alpha-amylase production by modulation of ribosomal component
protein S12 in Bacillus subtilis 168. Appl Environ Microbiol 72:71–77.
https://doi.org/10.1128/AEM.72.1.71-77.2006.

17. Ochi K, Hosaka T. 2013. New strategies for drug discovery: activation of
silent or weakly expressed microbial gene clusters. Appl Microbiol Bio-
technol 97:87–98. https://doi.org/10.1007/s00253-012-4551-9.

18. Okamoto-Hosoya Y, Hosaka T, Ochi K. 2003. An aberrant protein syn-

thesis activity is linked with antibiotic overproduction in rpsL mutants of
Streptomyces coelicolor A3(2). Microbiology 149:3299 –3309. https://doi
.org/10.1099/mic.0.26490-0.

19. Waters M, Tadi P. 2020. Streptomycin. StatPearls, Treasure Island, FL.
20. Shen X, Liu L, Peek RM, Acra SA, Moore DJ, Wilson KT, He F, Polk DB, Yan

F. 2018. Supplementation of p40, a Lactobacillus rhamnosus GG-derived
protein, in early life promotes epidermal growth factor receptor-
dependent intestinal development and long-term health outcomes.
Mucosal Immunol 11:1316 –1328. https://doi.org/10.1038/s41385-018
-0034-3.

21. Gao J, Li Y, Wan Y, Hu T, Liu L, Yang S, Gong Z, Zeng Q, Wei Y, Yang W,
Zeng Z, He X, Huang SH, Cao H. 2019. A novel postbiotic from Lactoba-
cillus rhamnosus GG with a beneficial effect on intestinal barrier function.
Front Microbiol 10:477. https://doi.org/10.3389/fmicb.2019.00477.

22. Sánchez B, Schmitter JM, Urdaci MC. 2009. Identification of novel pro-
teins secreted by Lactobacillus rhamnosus GG grown in de Mann-
Rogosa-Sharpe broth. Lett Appl Microbiol 48:618 – 622. https://doi.org/
10.1111/j.1472-765X.2009.02579.x.

23. Malhotra H, Kumar M, Chauhan AS, Dhiman A, Chaudhary S, Patidar A,
Jaiswal P, Sharma K, Sheokand N, Raje CI, Raje M. 2019. Moonlighting
protein glyceraldehyde-3-phosphate dehydrogenase: a cellular rapid-
response molecule for maintenance of iron homeostasis in hypoxia. Cell
Physiol Biochem 52:517–531. https://doi.org/10.33594/000000037.

24. Carmona P, Rodriguez-Casado A, Molina M. 1999. Conformational struc-
ture and binding mode of glyceraldehyde-3-phosphate dehydrogenase
to tRNA studied by Raman and CD spectroscopy. Biochim Biophys Acta
1432:222–233. https://doi.org/10.1016/s0167-4838(99)00113-2.

25. Sirover MA. 1999. New insights into an old protein: the functional
diversity of mammalian glyceraldehyde-3-phosphate dehydrogenase.
Biochim Biophys Acta 1432:159 –184. https://doi.org/10.1016/s0167
-4838(99)00119-3.

26. Harada N, Yasunaga R, Higashimura Y, Yamaji R, Fujimoto K, Moss J, Inui H,
Nakano Y. 2007. Glyceraldehyde-3-phosphate dehydrogenase enhances
transcriptional activity of androgen receptor in prostate cancer cells. J Biol
Chem 282:22651–22661. https://doi.org/10.1074/jbc.M610724200.

27. Kinoshita H, Uchida H, Kawai Y, Kawasaki T, Wakahara N, Matsuo H,
Watanabe M, Kitazawa H, Ohnuma S, Miura K, Horii A, Saito T. 2008. Cell
surface Lactobacillus plantarum LA 318 glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) adheres to human colonic mucin. J Appl Micro-
biol 104:1667–1674. https://doi.org/10.1111/j.1365-2672.2007.03679.x.

28. Kinoshita H, Wakahara N, Watanabe M, Kawasaki T, Matsuo H, Kawai Y,
Kitazawa H, Ohnuma S, Miura K, Horii A, Saito T. 2008. Cell surface
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) of Lactobacillus
plantarum LA 318 recognizes human A and B blood group antigens. Res
Microbiol 159:685– 691. https://doi.org/10.1016/j.resmic.2008.07.005.

29. Kinoshita H, Imoto S, Suda Y, Ishida M, Watanabe M, Kawai Y, Kitazawa
H, Miura K, Horii A, Saito T. 2013. Proposal of screening method for
intestinal mucus adhesive lactobacilli using the enzymatic activity of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Anim Sci J 84:
150 –158. https://doi.org/10.1111/j.1740-0929.2012.01054.x.

30. Saad N, Urdaci M, Vignoles C, Chaignepain S, Tallon R, Schmitter JM,
Bressollier P. 2009. Lactobacillus plantarum 299v surface-bound GAPDH:
a new insight into enzyme cell walls location. J Microbiol Biotechnol
19:1635–1643. https://doi.org/10.4014/jmb.0902.0102.

31. Konings WN, Lolkema JS, Bolhuis H, van Veen HW, Poolman B, Driessen
AJ. 1997. The role of transport processes in survival of lactic acid
bacteria. Energy transduction and multidrug resistance. Antonie Van
Leeuwenhoek 71:117–128. https://doi.org/10.1023/a:1000143525601.

32. Uchida H, Fujitani K, Kawai Y, Kitazawa H, Horii A, Shiiba K, Saito K, Saito
T. 2004. A new assay using surface plasmon resonance (SPR) to deter-
mine binding of the Lactobacillus acidophilus group to human colonic
mucin. Biosci Biotechnol Biochem 68:1004 –1010. https://doi.org/10
.1271/bbb.68.1004.

Ishida et al. Applied and Environmental Microbiology

October 2020 Volume 86 Issue 20 e01448-20 aem.asm.org 10

https://doi.org/10.1099/ijsem.0.004107
https://doi.org/10.1099/ijsem.0.004107
https://doi.org/10.1016/S0140-6736(00)04259-8
https://doi.org/10.1016/S0140-6736(00)04259-8
https://doi.org/10.1111/j.1365-2133.2006.07558.x
https://doi.org/10.1034/j.1398-9995.2002.1s3299.x
https://doi.org/10.1128/AEM.03440-15
https://doi.org/10.1128/AEM.03440-15
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1007/s10529-009-0187-y
https://doi.org/10.1371/journal.pone.0090643
https://doi.org/10.1111/j.1399-302X.2008.00499.x
https://doi.org/10.1111/j.1399-302X.2008.00499.x
https://doi.org/10.1016/j.foodres.2017.01.022
https://doi.org/10.1016/j.foodres.2017.01.022
https://doi.org/10.1007/s00438-004-0982-z
https://doi.org/10.1007/s00438-004-0982-z
https://doi.org/10.1128/AAC.42.8.2041
https://doi.org/10.1128/AAC.42.8.2041
https://doi.org/10.1128/AEM.72.1.71-77.2006
https://doi.org/10.1007/s00253-012-4551-9
https://doi.org/10.1099/mic.0.26490-0
https://doi.org/10.1099/mic.0.26490-0
https://doi.org/10.1038/s41385-018-0034-3
https://doi.org/10.1038/s41385-018-0034-3
https://doi.org/10.3389/fmicb.2019.00477
https://doi.org/10.1111/j.1472-765X.2009.02579.x
https://doi.org/10.1111/j.1472-765X.2009.02579.x
https://doi.org/10.33594/000000037
https://doi.org/10.1016/s0167-4838(99)00113-2
https://doi.org/10.1016/s0167-4838(99)00119-3
https://doi.org/10.1016/s0167-4838(99)00119-3
https://doi.org/10.1074/jbc.M610724200
https://doi.org/10.1111/j.1365-2672.2007.03679.x
https://doi.org/10.1016/j.resmic.2008.07.005
https://doi.org/10.1111/j.1740-0929.2012.01054.x
https://doi.org/10.4014/jmb.0902.0102
https://doi.org/10.1023/a:1000143525601
https://doi.org/10.1271/bbb.68.1004
https://doi.org/10.1271/bbb.68.1004
https://aem.asm.org

	RESULTS
	Isolation of LGG-MTs. 
	Identification of secreted protein with a mass of approximately 40 kDa. 
	Characterization of LGG-MTs: morphological observations and growth rates. 
	Detection of GAPDH. 
	GAPDH displayed on the cell surface. 
	Adherence to human colonic mucin. 

	DISCUSSION
	MATERIALS AND METHODS
	Ribosome engineering of LGG. 
	Growth curve and streptomycin sensitivity. 
	Analysis of secreted proteins. 
	Western blotting for GAPDH. 
	Fluorescent imaging of cell surface GAPDH. 
	Imaging by scanning electron microscopy. 
	Assay of adherence to human colonic mucin using Biacore. 
	Statistical analysis. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

