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To investigate carbohydrate preference of a potential probiotic, Lactobacillus rhamnosus FSMM15, six prebiotics, 
including two milk-derived prebiotics, galactooligosaccharides and lacto-N-biose I, and four plant-origin prebiotics, 
EHHW�ROLJRVDFFKDULGH�V\UXS��GLIUXFWRVH�DQK\GULGH�,,,��IUXFWRROLJRVDFFKDULGHV��DQG�UDI¿QRVH��ZHUH�H[DPLQHG��7KH�VWUDLQ�
utilized the milk-derived prebiotics at similar levels to glucose but did not utilize the plant-origin ones in the same 
PDQQHU��UHÀHFWLQJ�WKHLU�JHQHWLF�EDFNJURXQG��ZKLFK�DOORZV�WKHP�WR�DGDSW�WR�GDLU\�HFRORJLFDO�QLFKHV��7KHVH�SUHELRWLFV�
KDG�OLWWOH�LQÀXHQFH�RQ�WKH�H[SUHVVLRQ�SDWWHUQ�RI�FHOO�VXUIDFH�DVVRFLDWHG�SURWHLQV�LQ�WKH�VWUDLQ��KRZHYHU��DQ�$73�ELQGLQJ�
cassette transporter substrate-binding protein and a glyceraldehyde-3-phosphate dehydrogenase were suggested to be 
XSUHJXODWHG�LQ�UHVSRQVH�WR�FDUERQ�VWDUYDWLRQ�VWUHVV�

.H\�ZRUGV��$%&�WUDQVSRUWHU�VXEVWUDWH�ELQGLQJ�SURWHLQ��JO\FHUDOGHK\GH���SKRVSKDWH�GHK\GURJHQDVH��ODFWR�N-biose I, 
starvation-stress response

Lactobacillus rhamnosus strain FSMM15 (FSMM15) 
was recently isolated as a potential probiotic from a 
fermented mare milk, which was traditionally produced 
by domestic farmers living on Sumbawa Island in 
Indonesia [1]. FSMM15 was tolerant to low pH and bile 
salts at a level comparable to a commercial probiotic, 
L. rhamnosus GG ATCC53103 (LGG) [1]. FSMM15 
showed the ability to adhere to a porcine gastric mucin 
DW� D� OHYHO� VLPLODU� WR�/**��ZKHUHDV� LW�ZDV� VLJQL¿FDQWO\�
less adhesive to a mouse derived glycoprotein, laminin, 
which constitute the extracellular matrix [1]. Prebiotics 
are nutritional substances that promote growth of 
probiotics preferentially, but known prebiotics are 
not necessarily utilized by all the probiotics reported. 
Furthermore, little is known about effects of prebiotics 
consumption on the cell surface proteins in lactobacilli 

DQG�%L¿GREDFWHULD��DOWKRXJK�6FKDU�=DPPDUHWWL�HW�DO��>�@�
UHSRUWHG�WKDW�WKH�FRQFHQWUDWLRQ�RI�FHOO�VXUIDFH�DVVRFLDWHG�
proteins of Lactobacillus acidophilus increased slightly, 
with the physicochemical properties and structure 
of the cell wall remaining almost unchanged, when 
the carbohydrate content in the culture medium was 
largely reduced. In terms of cytosolic proteins, van 
=DQWHQ�HW�DO��>�@�GHPRQVWUDWHG�WKDW�D�SRWHQWLDO�SUHELRWLF��
FHOORELRVH��XSUHJXODWHG�WZR�ȕ�JO\FRVLGH�K\GURODVHV�LQ�L. 
acidophilus NCFM. It is important for desirable use of 
aimed probiotics in the food industries to clarify which 
prebiotics are effectively utilized by them. We evaluated 
the growth of FSMM15 for this purpose using six 
prebiotics, beet oligosaccharide syrup (BOS), difructose 
anhydride III (DFA III), fructooligosaccharides (FOSs), 
JDODFWRROLJRVDFFKDULGHV� �*26V��� ODFWR�N�ELRVH� ,� �/1%�
,���DQG�UDI¿QRVH��5$)���DV�VROH�FDUERQ�VRXUFHV�DGGHG�WR�
GH�0DQ��5RJRVD�DQG�6KDUSH��056��EURWK�LQ�WKLV�VWXG\��
)XUWKHUPRUH��VLQFH�FHOO�VXUIDFH�SURWHLQV��VXFK�DV�6�OD\HU�
SURWHLQV� >�@� DQG� /3;7*�DQFKRUHG� SURWHLQV� >�@�� DUH�
GLUHFWO\� UHODWHG� WR� KRVW�EDFWHULD� LQWHUDFWLRQV�� HIIHFWV� RI�
SUHELRWLFV�VXSSOHPHQWDWLRQ�RQ�H[SUHVVLRQ�SUR¿OHV�RI�FHOO�
VXUIDFH�DVVRFLDWHG� SURWHLQV� H[WUDFWHG� E\� D� FRPELQDWLRQ�
of lysozyme and lithium chloride were investigated.

FSMM15 was obtained from our library of lactic 
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acid bacteria at Obihiro University of Agriculture and 
Veterinary Medicine. A single colony of FSMM15 
IRUPHG� RQ� DQ� 056� DJDU� SODWH� ZDV� LQRFXODWHG� LQWR�
��PO� RI�056� EURWK� VXSSOHPHQWHG�ZLWK� ��� JOXFRVH� DV�
D�FDUERQ�VRXUFH�DQG�LQFXEDWHG�VWDWLFDOO\�DW����&�IRU����
hr under anaerobic conditions (a CO� concentration of 
DSSUR[LPDWHO\������XVLQJ�DQ�$QDHUR3DFN�.HQNL�V\VWHP�
�0LWVXELVKL� *DV� &KHPLFDO� &R�� ,QF��� 7RN\R�� -DSDQ��� $�
���ȝO� DOLTXRW� RI� WKLV� FXOWXUH� EURWK� ZDV� LQRFXODWHG� LQWR�
��PO� RI� D� IUHVK� 056� EURWK� XQGHU� VWHULOH� FRQGLWLRQV�
DQG� LQFXEDWHG� DV� GHVFULEHG� DERYH�� $IWHU� WKH� ���KU�
incubation, cells were harvested, washed twice with 
SKRVSKDWH�EXIIHUHG� VDOLQH� �3%6��� DQG� LQRFXODWHG� LQWR�
���PO� RI� D� PRGL¿HG� 056� EURWK� VXSSOHPHQWHG� ZLWK�
���HDFK�RI� WKH�VL[�����ȝP�¿OWHU�VWHULOL]HG�SUHELRWLFV�DV�
D� VROH� FDUERQ� VRXUFH� �7DEOHV� �� DQG� �), resulting in an 
RSWLFDO�GHQVLW\��2'��RI�����DW�D�ZDYHOHQJWK�RI�����QP��
0RGL¿HG� 056� EURWKV� VXSSOHPHQWHG� ZLWK� RU� ZLWKRXW�
glucose were used as positive (termed GLC) and 
negative (termed BM) controls, respectively. All these 
EURWKV� ZHUH� WKHQ� LQFXEDWHG� DW� ���&� IRU� ���� KU� XQGHU�
WKH�DQDHURELF�FRQGLWLRQV��2QH�PO�DOLTXRWV�RI�WKH�FXOWXUH�
broths were sampled under sterile conditions in every 
��� KU�� 2'���QP values of the samples were measured 
spectrophotometrically, and their colony forming units 
(CFUs) were determined by counting colonies formed by 
VWUHDNLQJ�GLOXWHG� FXOWXUH�EURWK�ZLWK�3%6�RQ�056�DJDU�
plates under sterile conditions. All the experiments were 
done in triplicate. Generation time (Tg) was calculated 
ZLWK�WKH�IROORZLQJ�HTXDWLRQ�

 Tg� �WORJ��ORJ�1��KU�10hr),

where t is the appropriate time interval during the 
logarithmic phase, N0hr indicates the viable cell count at 
the starting time point (0 hr) of the interval, and N��KU 

LQGLFDWHV�WKH�YLDEOH�FHOO�FRXQW�DW�WKH�HQG�WLPH�SRLQW�����
hr) of the interval.
7KH� PDMRU� VWUXFWXUDO� GLIIHUHQFH� EHWZHHQ� WKH� PLON�

GHULYHG� �*26V� DQG� /1%� ,�� DQG� SODQW�RULJLQ� �')$� ,,,��
)26V��DQG�5$)��SUHELRWLFV�LV�WKH�SUHVHQFH�RI�JDODFWRVH�
and fructose residues, respectively, in the nonreducing 
end. To utilize such carbohydrates, bacteria should 
SRVVHVV� VSHFL¿F� VXJDU� WUDQVSRUWHUV� DQG� HQ]\PHV� WKDW�
enable metabolism of them. As shown in Fig. 1, DFA 
III (Tg� �����PLQ���)26V��Tg� �����PLQ���DQG�5$)��Tg 
 � ����PLQ�� H[KLELWHG� DOPRVW� WKH� VDPH� JURZWK� DV� %0�
(Tg�  � ����PLQ��� LQGLFDWLQJ� WKHVH� WKUHH� SUHELRWLFV� ZHUH�
apparently unutilized by FSMM15. Hence, FSMM15 
may lack either enzymes metabolizing these prebiotics, 
VXFK�DV�IUXFWRVLGDVH�>�@�DQG�')$�,,,DVH�>�@��RU�IXQFWLRQDO�
WUDQVSRUWHU�PDFKLQHU\��VXFK�DV�WKH�SKRVSKRHQROS\UXYDWH�
GHSHQGHQW� SKRVSKRWUDQVIHUDVH� V\VWHP� �3(3�376�� DQG�
VXJDU�VSHFL¿F� SHUPHDVH��ZKLFK� DUH� UHTXLUHG� IRU� XSWDNH�
RI� WKHP�� 7KHVH� SODQW�RULJLQ� SUHELRWLFV� DUH� VLPSO\� QRW�
the primary carbohydrates for FSMM15 to adapt to the 
ecological niche where they survive. On the other hand, 
as expected, the best prebiotic for the growth of FSMM15 
was GOSs (Tg� �����PLQ���ZKLFK�UHVXOWHG�LQ�DQ�2'����QP 
YDOXH�RI�DSSUR[LPDWHO\�����DQG�D�VLPLODU�FHOO�SRSXODWLRQ��
DERXW�����ORJ&)8�PO��FRPSDUHG�ZLWK�*/&��Tg� ����PLQ��
in the stationary phase. FSMM15 grew on BOS (Tg = 
����PLQ�� LQ� D� PDQQHU� VLPLODU� WR� LWV� JURZWK� RQ� *26V��
however, this was not due to its major oligosaccharide 
FRQWHQW��5$)��EXW�ZDV�GXH�WR�RWKHU�FDUERK\GUDWHV�LQ�%26�
(Table 1). It is well documented that lactose and GOSs 
are utilized by lactobacilli via the common metabolic 
SDWKZD\V�� 3(3�376�SKRVSKR�ȕ�JDODFWRVLGDVHV� DQG�
SHUPHDVH�ȕ�JDODFWRVLGDVH� >UHYLHZHG� LQ� �@�� 0RUHRYHU��
FSMM15 was capable of utilizing LNB I (also known 
DV� ȕ�'�JDODFWRV\O�����N�DFHW\O�'�JOXFRVDPLQH�� Tg = 

Table 1. Prebiotics used in this study

Name Description
Beet oligosaccharide syrup (BOS) %HHW�2OLJR��1LSSRQ�%HHW�6XJDU�0DQXIDFWXULQJ�&R���/WG���7RN\R��-DSDQ���PDGH�IURP�EHHW�PRODVVHV��

FRQWDLQLQJ�����RI�ROLJRVDFFKDULGHV�DQG�����RWKHU�FDUERK\GUDWHV
Difructose anhydride III (DFA III) $�F\FOLF�GLVDFFKDULGH��GL�d�IUXFWRIXUDQRVH����¶����¶�GLDQK\GULGH��HQ]\PDWLFDOO\�SURGXFHG�IURP�LQXOLQ�

(Nippon Beet Sugar Manufacturing Co., Ltd.)
Fructooligosaccharides (FOSs) 0HLROLJR�3��0HLML�6HLND�.DLVKD�/WG���7RN\R��-DSDQ���D�PL[WXUH�RI�������NHVWRVH������Q\VWRVH��DQG�

����)�ȕ�IUXFWRIXUDQRV\OQ\VWRVH
Galactooligosaccharides (GOSs) 2OLJRPDWH���13��<DNXOW�+RQVKD�&R���/WG���7RN\R��-DSDQ���FRQWDLQLQJ�QRW�OHVV�WKDQ�����

JDODFWRROLJRVDFFKDULGHV�DQG�QRW�PRUH�WKDQ�����VLPSOH�VXJDU�DQG�ODFWRVH
/DFWR�N�ELRVH�,��/1%�,� $�GLVDFFKDULGH����DFHWDPLGR���GHR[\���O��ȕ�d�JDODFWRS\UDQRV\O��d�JOXFRS\UDQRVH��HQ]\PDWLFDOO\�

V\QWKHVL]HG�E\�'U��1LVKLPRWR�DQG�'U��.LWDRND�DW�WKH�1DWLRQDO�)RRG�5HVHDUFK�,QVWLWXWH��7VXNXED��-DSDQ�
5DI¿QRVH��5$)� $�WULVDFFKDULGH��ȕ�d�IUXFWRIXUDQRV\O�O�Į�d�JDODFWRS\UDQRV\O���ĺ���Į�d�JOXFRS\UDQRVLGH��

SXULW\!�����1LSSRQ�%HHW�6XJDU�0DQXIDFWXULQJ�



())(&76�2)�35(%,27,&�&2168037,21�21�L. RHAMNOSUS FSMM15 43

Fig. 1. Growth curves of L. rhamnosus�)600���FXOWLYDWHG�LQ�WKH�PRGL¿HG�056�EURWK�VXSSOHPHQWHG�ZLWK�YDULRXV�SUHELRWLFV�DV�
solo carbon sources.
,QGLYLGXDO�JURZWK�FXUYHV�IRU�%0��$���*/&��%���%26��&���')$�,,,��'���)26V��(���*26V��)���/1%�,��*���DQG�5$)��+��DUH�VKRZQ��
Values of OD����QP and logCFU are indicated by solid and broken lines, respectively. These experiments were performed in triplicate.
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����PLQ���ZKLFK�LV�IRXQG�LQ�QDWXUH�DV�D�SDUWLDO�VWUXFWXUH�RI�
KXPDQ�PLON�ROLJRVDFFKDULGHV�>�@��LQ�D�PDQQHU�XQOLNHO\�WR�
%L¿GREDFWHULXP�ORQJXP strains that have a gene cluster 
IRU� WKH� XWLOL]DWLRQ� RI� /1%� ,�� LQFOXGLQJ� D� ODFWR�N�ELRVH�
phosphorylase gene [10]. Although the Tg with LNB I 
VXSSOHPHQWDWLRQ������PLQ��ZDV�VKRUWHU�WKDQ�WKDW�RI�*26V�
�����PLQ��IRU� WKH�¿UVW����KU�RI�FXOWLYDWLRQ�� LW�GHFUHDVHG�
afterward, leading to slower growth of FSMM15 with 
LNB I than GOSs. Despite the fact that the maximum 
OD����QP value obtained for LNB I was around 3.5 in the 
stationary phase, the cell population was similar to those 
with GLC and GOSs supplementation. In fact, utilization 
of LNB I by FSMM15 was not surprising, because it 
was previously reported that strains belonging to the 
/DFWREDFLOOXV� FDVHL�SDUDFDVHL�UKDPQRVXV subgroup 
KDYH� D� XQLTXH� JHQH� FOXVWHU�� gnbREFGBCDA, enabling 
XWLOL]DWLRQ�RI�JDODFWR�N�ELRVH��ZKLFK�LV�IRXQG�LQ�PXFLQ��
DQG� /1%� ,� YLD� WKH� DFWLRQ� RI� SKRVSKR�ȕ�JDODFWRVLGDVH�
[11]. To elucidate the presence of a similar gene cluster 
in FSMM15, further studies are needed.

Next, to investigate effects of prebiotic supplementation 
RQ� H[SUHVVLRQ� SUR¿OHV� RI� FHOO� VXUIDFH�DVVRFLDWHG�
SURWHLQV� RI� )600���� FHOO� VXUIDFH�DVVRFLDWHG� SURWHLQV�
of FSMM15 were extracted from cells harvested at the 
end of the logarithmic growth phase by centrifugation 
(3,000 × g�� ���PLQ�� ��&�� IURP� ���PO� RI� WKH� PRGL¿HG�
056�EURWK��7DEOH��). The harvested cells were washed 
WZLFH�ZLWK�FROG�3%6��VXVSHQGHG�LQ�DQ�DGHTXDWH�YROXPH�
���PO�����J�ZHW�ZHLJKW�RI� WKH�KDUYHVWHG�FHOOV��RI���PJ�
PO� O\VR]\PH� �6LJPD�$OGULFK�� 6W�� /RXLV�� 02�� 86$��
GLVVROYHG�LQ�����0�7ULV�+&O��S+������FRQWDLQLQJ����P0�
NaCl and 50 mM MgCl��� DQG� WKHQ� LQFXEDWHG� DW� ���&�
for 1 hr. After that, the supernatant was collected by 
FHQWULIXJDWLRQ���������î�g�����PLQ����&���7KH�FHOO�SHOOHW�
ZDV� VXVSHQGHG� FRQVHFXWLYHO\� LQ� DQ� DGHTXDWH� YROXPH�
���PO�����J�ZHW�ZHLJKW�RI�WKH�KDUYHVWHG�FHOOV��RI���0�/L&O�
�6LJPD�$OGULFK��VROXWLRQ�DQG�WKHQ�LQFXEDWHG�DW����&�IRU�
���KU�DFFRUGLQJ�WR�WKH�PHWKRG�RI�D�SUHYLRXV�UHSRUW�>��@��
The supernatant was collected by centrifugation (8,000 
× g�� ���PLQ�� ��&��� (DFK� RI� WKH� FROOHFWHG� VXSHUQDWDQWV�
ZDV�¿OWHUHG�ZLWK�D�QLWURFHOOXORVH�PHPEUDQH������ȝP�RI�
pore size, Merck Millipore, Billerica, MA, USA). Their 
protein concentrations were estimated by measuring 
WKH� DEVRUEDQFH� DW� D� ZDYHOHQJWK� RI� ����QP�� DVVXPLQJ�
WKH� PRODU� DEVRUSWLRQ� FRHI¿FLHQW�� , to be 10. After 
VXEMHFWLQJ� WKH�¿OWUDWHV� WR�D�GHVDOWLQJ�SURFHGXUH�XVLQJ�D�
3'����FROXPQ��*(�+HDOWKFDUH��%XFNLQJKDPVKLUH��8.��
DFFRUGLQJ� WR� WKH�PDQXIDFWXUHU¶V� LQVWUXFWLRQV�� WKH\�ZHUH�
lyophilized and kept as extracted protein fractions in a 
desiccator until used.

The cell viability of FSMM15 after the extraction 

treatments is summarized in Table 3, in which 
representative values obtained by two independent 
experiments are shown. The wet weights of the harvested 
FHOOV� JURZQ� LQ� WKH� PRGL¿HG�056� EURWK� VXSSOHPHQWHG�
with the prebiotics, except for LNB I, showed good 
agreement with their viable cell counts in Fig. 1. The 
ORZ�\LHOG�RI�FHOOV�IURP�WKH�PRGL¿HG�056�VXSSOHPHQWHG�
with LNB I seems simply to be an experimental error, as 
large variations were observed in the viable cell counts 
of FSMM15 grew on LNB I, especially at the end of the 
logarithmic growth phase (Fig. 1). In general, cell viability 
ZDV�GUDVWLFDOO\�GHFUHDVHG��WR�OHVV�WKDQ������E\�WUHDWPHQW�
with lysozyme and LiCl, indicating possible leakage 
of cytoplasmic proteins into the extracts. Interestingly, 
damage to the cells by the extraction procedure was 
VWURQJO\�SUHYHQWHG��E\�PRUH�WKDQ������ZKHQ�)600���
grew on DFA III and FOSs and moderately prevented 
������ ZKHQ� )600��� JUHZ� RQ� /1%� ,� �7DEOH� ���� EXW�
the mechanism is unclear. In contrast to cell growth, 
WKH� \LHOGV� RI� H[WUDFWHG� FHOO� VXUIDFH�DVVRFLDWHG� SURWHLQV�
SHU� FHOO�ZHUH� QRWDEO\� KLJK� LQ�%0��')$� ,,,�� DQG�5$)��
In general, nutrient starvation leads to growth arrest, and 
hence lactobacilli have developed individual strategies to 
VXUYLYH�VWDUYDWLRQ��H�J���PRGL¿FDWLRQ�RI�FHOO�PRUSKRORJ\�
and cell division at entry into the stationary phase, 
resulting in diminished cell size [13]. Cytosolic proteins 
differentially expressed in response to starvation in fact 
varied among lactobacilli. For example, Hussain et al. 
[14] reported that /�� FDVHL� XSUHJXODWHV����SURWHLQV� WKDW�
are primarily responsible for sugar metabolism in cytosol 
during the stationary growth phase. The same author also 

7DEOH���� &RPSRVLWLRQ�RI�WKH�PRGL¿HG�056�EURWKa)

Componentb) &RQFHQWUDWLRQ��J�O�
Ammonium citrate tribasic �
Carbon sourcec) ��
Dipotassium hydrogen phosphate �
/DE�/HPFR�SRZGHUd) 8
Magnesium sulfate heptahydrate ���
Manganese (II) sulfate tetrahydrate 0.05
Peptonee) 10
Sodium acetate trihydrate 5
Tween 80 1
<HDVW�H[WUDFWe) 4

a)All components except for the carbon source were dissolved in dis�
WLOOHG�ZDWHU��IROORZHG�E\�S+�DGMXVWPHQW�WR����±����DQG�VWHULOL]DWLRQ�DW�
����&� IRU� ���PLQ��$� ¿OWHU�VWHULOL]HG� FDUERQ� VRXUFH�ZDV� DGGHG� XQGHU�
sterile conditions to the mixture afterward. b)All chemicals were analyti�
cal grade unless otherwise stated. c)0RGL¿HG�056�PHGLD�VXSSOHPHQWHG�
with or without glucose was prepared as a positive control (GLC) and 
a negative control (BM), respectively. d)From Oxoid Ltd. (Basingstoke, 
UK). e)From BD Biosciences (Sparks, MD, USA).
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UHSRUWHG�WKDW����RXW�RI����XSUHJXODWHG�SURWHLQV�LQ�VWDUYHG�
cells were associated with amino acid metabolism, 
lipids biosynthesis, or energy metabolisms other than 
glycolysis in L. rhamnosus, suggesting that starved cells 
began to hunt for alternative energy sources, i.e., amino 
acids, lipids, or pentose sugars, when they starved for 
lactose [15]. It was unclear why FOSs produced such a 
low protein yield per cell, although they exhibited low 
FHOO�JURZWK�VLPLODU�WR�%0��')$�,,,��DQG�5$)�
([SUHVVLRQ� SUR¿OHV� RI� WKH� FHOO� VXUIDFH�DVVRFLDWHG�

proteins extracted with LiCl were then monitored 
E\� VRGLXP� GRGHF\O� VXOIDWH�SRO\DFU\ODPLGH� JHO�
HOHFWURSKRUHVLV��6'6�3$*(��XVLQJ�D�����DFU\ODPLGH�JHO�
DQG�7ULV�JO\FLQH� EXIIHU� V\VWHP� �������0�7ULV�+&O� �S+�
������������0�JO\FLQH�������6'6���(DFK�RI�WKH�O\RSKLOL]HG�
protein extracts was dissolved in 100 µl of loading buffer 
������0�7ULV�+&O��S+�������������JO\FHURO�������6'6��
��������EURPRSKHQRO�EOXH�������PHUFDSWRHWKDQRO���DQG�
WKHQ�D����ȝO�DOLTXRW�RI�HDFK�VROXWLRQ�ZDV�KHDW�GHQDWXUHG�
DW����&�IRU���PLQ��FRROHG�GRZQ�RQ�LFH��DQG�ORDGHG�RQWR�
WKH� SRO\DFU\ODPLGH� JHO�� 3URWHLQV�ZHUH�PLJUDWHG� DW� ����
V for approximately 40 min at room temperature using 
D� 0LQL�3527($1� 7HWUD� &HOO� �%LR�5DG� /DERUDWRULHV��
Hercules, CA, USA) and a PowerPac Basic Power Supply 
�%LR�5DG� /DERUDWRULHV�� DQG� WKHQ� ZHUH� YLVXDOL]HG� ZLWK�
&RRPDVVLH�%ULOOLDQW�%OXH�5������%LR�5DG�/DERUDWRULHV���
3UHFLVLRQ� 3OXV� 3URWHLQ� 'XDO� &RORU� 6WDQGDUGV� �%LR�5DG�
Laboratories) were used as protein size markers. For 
SHSWLGH�3$*(� WR� PRQLWRU� WKH� H[SUHVVLRQ� SUR¿OHV� RI�
O\VR]\PH�H[WUDFWV��D�������SRO\DFU\ODPLGH�JHO�DQG�7ULV�
WULFLQH�EXIIHU�V\VWHP�������0�7ULV�+&O��S+�����������0�
WULFLQH�� ������6'6��ZDV�XVHG��7KH� O\RSKLOL]HG�SURWHLQ�
extracts were dissolved in 100 µl of loading buffer 
�����P0� 7ULV�+&O� �S+� ������ ��� 6'6�� ���� JO\FHURO��
������ &RRPDVVLH� %ULOOLDQW� %OXH� 5������ DQG� IXUWKHU�
treated as described above. Proteins were migrated at 100 
9�IRU�DSSUR[LPDWHO\����PLQ�DW� URRP�WHPSHUDWXUH�XVLQJ�

WKH�VDPH�HTXLSPHQW�DV�DERYH��.DOHLGRVFRSH�3RO\SHSWLGH�
6WDQGDUGV� �%LR�5DG�/DERUDWRULHV��ZHUH�XVHG�DV�SURWHLQ�
size markers.
3URWHLQ�EDQGV�WKDW�DSSHDUHG�RQ�WKH�6'6�3$*(�JHO�ZHUH�

H[FLVHG� DQG� ZDVKHG� WKRURXJKO\� ZLWK� ���� DFHWRQLWULOH�
(ACN) in 10 mM NH4HCO3. After removing the solvent, 
JHO� SLHFHV�ZHUH� GHK\GUDWHG�ZLWK� �����$&1� DQG� WKHQ�
GULHG� XVLQJ� D� 6SHHG9DF� �7RN\R� 5LNDNLNDL� &R��� /WG���
7RN\R�� -DSDQ��� 1H[W�� WKH� VXOIK\GU\O� JURXS� RI� F\VWHLQH�
residues was protected by carbamidomethylation. In 
brief, the dehydrated gels were individually incubated 
ZLWK�JHQWO\�VKDNLQJ�LQ������O�RI����P0�'/�GLWKLRWKUHLWRO�
�6LJPD�$OGULFK��GLVVROYHG�LQ����P0�1+4HCO3 at room 
temperature for 10 min. Then, the solvent was replaced 
E\� �����O� RI� ���P0� LRGRDFHWDPLGH� �6LJPD�$OGULFK��
dissolved in 10 mM NH4HCO3 and incubated with 
gently shaking at room temperature for 10 min in the 
GDUN��7KH�H[FLVHG�JHOV�ZHUH�WKHQ�ZDVKHG�WZLFH�ZLWK�����
ACN in 10 mM NH4HCO3 and then dried as described 
DERYH��(DFK����O�RI�����QJ�ȝO�SURWHRPLF�JUDGH� WU\SVLQ�
�6LJPD�$OGULFK��� GLVVROYHG� LQ� ����� $&1� LQ� ���P0�
NH4HCO3 containing 0.1 mM HCl, was added to the 
dried gels and incubated on ice for 5 min. To this mixture, 
30 µl of 10 mM NH4HCO3 was added and incubated 
DW� ���&� RYHUQLJKW�� 7KH� WU\SWLF� GLJHVWV� ZHUH� H[WUDFWHG�
twice from the gel pieces with 50 µl of a mixture of 
�����WULÀXRURDFHWLF�DFLG��7)$�������$&1�������Y�Y��E\�
sonication for 15 min. Furthermore, the remaining tryptic 
GLJHVWV�ZHUH�H[WUDFWHG�ZLWK�����O�RI�D�PL[WXUH�RI������
7)$������ $&1� ������ Y�Y�� E\� VRQLFDWLRQ� IRU� ���PLQ��
Solvents were totally removed from the extracted peptide 
solutions using the SpeedVac. The dried peptides were 
GLVVROYHG�LQ�����O�RI������7)$�E\�VRQLFDWLRQ�IRU����PLQ��
DQG�WKHQ�GHVDOWHG�XVLQJ�=LS7LS�&���SLSHWWH�WLSV��0HUFN�
0LOOLSRUH���DFFRUGLQJ�WR�WKH�PDQXIDFWXUHU¶V�LQVWUXFWLRQV��
One microliter of the desalted peptide solution was 
PL[HG� ZLWK� DQ� HTXDO� YROXPH� RI� VDWXUDWHG� Į�F\DQR���

Table 3. The cell viability of L. rhamnosus�)600���DIWHU�WKH�O\VR]\PH�/L&O�H[WUDFWLRQ�WUHDWPHQWV

Carbon source Harvest time 
(hr)

Wet weight of the 
harvested cells (g)

9LDEOH�FHOO�FRXQWV��&)8�PO� Cell viabilityc) 
���Before extractiona) After extractionb)

BM 48 0.10 �����î���� �����î���5 11.11
GLC �� ���� �����î���� �����î���8 �����
BOS �� ���� 1.45 × 108 �����î���� �����
DFA III 48 ���� �����î���� �����î���� 88.3
FOSs 48 0.35 �����î���8 �����î���8 �����
GOSs 48 ���� 8.50 × 10� 1.48 × 10� �����
LNB I �� ���� �����î���� 3.00 × 10� �����
5$) 48 ���� �����î���� �����î���5 ����

F �E�D����
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hydroxycinnamic acid (Bruker Daltonik GmbH, Bremen, 
*HUPDQ\�� GLVVROYHG� LQ� D� PL[WXUH� RI� ����� 7)$������
$&1�������Y�Y���DQG�WKHQ�D���ȝO�DOLTXRW�ZDV�PRXQWHG�RQ�
an MTP 384 target plate ground steel T F (Bruker Daltonik 
GmbH). After the spots were dried, the target plate was 
ORDGHG� LQWR�D�PDVV�VSHFWURPHWHU� �DXWRÀH[�,,�72)�72)��
%UXNHU� 'DOWRQLN� *PE+��� 3HSWLGH� PDVV� ¿QJHUSULQWLQJ�
�30)��ZDV� FDUULHG� RXW� XVLQJ� WKH� SUH�LQVWDOOHG�PHWKRG��
53B�±�N'D� �D� UHÀHFWRU�SRVLWLYH� LRQ�PRGH� IRFXVLQJ�RQ�
WKH�PDVV� UDQJH�RI��±��N'D���ÀH[$QDO\VLV����� VRIWZDUH�
(Bruker Daltonik GmbH), and BioTools 3.0 interface 
(Bruker Daltonik GmbH) connected to the Mascot 
VHDUFK� HQJLQH� >��@�� 7DQGHP� PDVV� �06�06�� DQDO\VLV�
ZDV�SHUIRUPHG�E\�/,)7�PRGH�ZLWK�WKH�DXWRÀH[�,,�72)�
TOF. Peptide Calibration Standard II (Bruker Daltonik 
GmbH) was used for external calibration of the mass 
spectrometer.
3URWHRPLF� DQDO\VHV� XVLQJ� RQH�GLPHQVLRQDO� 3$*(V�

were performed independently on the proteins extracted 
ZLWK�O\VR]\PH�DQG�FRQVHFXWLYHO\�ZLWK�/L&O�E\�SHSWLGH�
3$*(� DQG� 6'6�3$*(�� UHVSHFWLYHO\�� 1R� VLJQL¿FDQW�
difference was observed in the protein expression 
SUR¿OHV� RI� FHOO� VXUIDFH�DVVRFLDWHG� SURWHLQV� H[WUDFWHG�
ZLWK�O\VR]\PH��)LJ���$). The major band that appeared 
DURXQG����N'D�ZDV�LGHQWL¿HG�DV�O\VR]\PH�E\�30)��GDWD�
not shown). On the other hand, there was variation in 
WKH� SURWHLQ� EDQG� SUR¿OHV� DPRQJ� WKH� H[WUDFWHG� SURWHLQV�
IURP� WKH� PRGL¿HG� 056� EURWK� VXSSOHPHQWHG� ZLWK� WKH�
SUHELRWLFV� �)LJ�� �%��� $OWKRXJK� VXI¿FLHQW� DPRXQWV� RI�
SURWHLQV� IURP� */&� �����J�� DQG� /1%� ,� �����J�� ZHUH�
ORDGHG�RQWR� WKH�6'6�3$*(�JHO�� WKH� UHVXOWV� VKRZHG�QR�
visible bands. This is likely because the major parts of 
these fractions were contaminated by other biological 
compounds such as nucleic acids and small peptides, 
ZKLFK� UHVXOWHG� LQ� 89� DEVRUEDQFH� DW� ����QP�� 2Q� WKH�
other hand, 4 protein bands at most were seen in the 
H[SUHVVLRQ�SUR¿OHV�IRU�%0��%26��')$�,,,��)26V��*26V��
DQG�5$)��7KHVH�EDQGV�ZHUH�YHU\�IDLQW�LQ�WKH�H[SUHVVLRQ�
SUR¿OHV�IRU�%26�DQG�*26��LPSO\LQJ�WKDW�WKH�H[SUHVVLRQ�
levels of these proteins were enhanced under starved 
FRQGLWLRQV�LQ�%0��')$�,,,��5$)��DQG�)26V��$PRQJ�WKH�
IRXU�SURWHLQ�EDQGV�� WZR�ZHUH�VXFFHVVIXOO\� LGHQWL¿HG�E\�
PMF (Fig. 3���%DQG����LQGLFDWHG�E\�DQ�DUURZKHDG�LQ�)LJ��
�%��ZDV�LGHQWL¿HG�DV�DQ�$73�ELQGLQJ�FDVVHWWH�WUDQVSRUWHU�
VXEVWUDWH�ELQGLQJ� SURWHLQ� �$%&�6%3�� �JL�������������
$OVR�� EDQG� �� WXUQHG� RXW� WR� EH� JO\FHUDOGHK\GH���
SKRVSKDWH�GHK\GURJHQDVH��*$3'+���JL�������������$V�
D�UHVXOW�RI�06�06�DQDO\VLV��EDQG���ZDV�VXVSHFWHG�WR�EH�
D� SDUWLDO� IUDJPHQW� RI�$%&�6%3� �JL������������ZLWK� D�
SUREDELOLW\�EDVHG�02:6(�VFRUH�RI�����ZKLFK�ZDV�ORZHU�
WKDQ�WKH�WKUHVKROG�YDOXH�IRU�VLJQL¿FDQFH�RI�����GDWD�QRW�

VKRZQ��� $%&�6%3V� DVVRFLDWH� ZLWK� $%&� WUDQVSRUWHUV��
which are membrane proteins that translocate a wide 
variety of molecules, including sugars, amino acids, 
lipids, metabolites, and drugs, across the cellular 
PHPEUDQH� >��@�� $%&�6%3V� ELQG� OLJDQGV� ZLWK� KLJK�
DI¿QLW\�DQG�GHOLYHU� WKHP�WR� WKH� WUDQVPHPEUDQH�GRPDLQ�
of ABC transporters. According to the annotation of 
$%&�6%3��JL������������LQ�WKH�GDWDEDVH�RI�WKH�1DWLRQDO�
&HQWHU�IRU�%LRWHFKQRORJ\�,QIRUPDWLRQ��KWWS���ZZZ�QFEL�
QOP�QLK�JRY����LW�FRQWDLQV�D�SHULSODVPLF�FRPSRQHQW�RI�WKH�
$%&�W\SH� VXJDU� WUDQVSRUW� V\VWHP�� VWURQJO\� VXJJHVWLQJ�
WKDW�WKLV�FHOO�VXUIDFH�DVVRFLDWHG�SURWHLQ�LV�XSUHJXODWHG�LQ�
response to carbohydrate starvation. Watanabe et al. [18] 
UHSRUWHG� WKDW�/DP����ZKLFK� LV�DQ�DGKHVLRQ�OLNH�SURWHLQ�
of /DFWREDFLOOXV� PXFRVDH� 0(����� FDSDEOH� RI� ELQGLQJ�
to human blood group A and B antigens, showed high 
VLPLODULW\�WR�DQ�$%&�6%3�IURP�/DFWREDFLOOXV�IHUPHQWXP 

)LJ����� ([SUHVVLRQ� SUR¿OHV� RI� FHOO� VXUIDFH�DVVRFLDWHG� SURWHLQV�
extracted with lysozyme (A) and LiCl (B) from L. rhamnosus 
)600���JURZQ�LQ�WKH�PRGL¿HG�056�EURWK�VXSSOHPHQWHG�ZLWK�
various prebiotics.
M indicates molecular size markers. The extracted proteins loaded 
RQWR�WKH�JHOV�ZHUH�DV�IROORZV��*/&�������J���%26�������J���%0�
������J���')$�,,,�������J���5$)�������J���)26V�������J���*26V�
������J���DQG�/1%�,�������J��LQ�SDQHO�$�DQG�*/&������J���%26�
�����J���%0������J���')$�,,,������J���5$)������J���)26V������J���
*26V������J���DQG�/1%�,������J��LQ�SDQHO�%��9LVLEOH�SURWHLQ�EDQGV�
in panel B are indicated by arrowheads with numbers on the left 
side of the bands.
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,)2� ������ ,Q� WKLV� FRQWH[W�� WKH�$%&�6%3� RI� )600���
may function as an adhesin. Several proteins show 
multiple biological functions when they are expressed 
in different cellular locations, and these proteins are 
UHIHUUHG� WR� DV� ³PRRQOLJKWLQJ� SURWHLQV´� >��@�� *$3'+�
is an enzyme involved in the glycolytic pathway in 
F\WRSODVP�� KRZHYHU�� LW� LV� DOVR� NQRZQ� WR� PRRQOLJKW�
as an adhesin with respect to carbohydrates when it 
is present on or attached to the cell surface of many 

bacteria, including different strains of Lactobacillus 
>��@��Staphylococcus� >��@��Candida� >��@��6WUHSWRFRFFXV 
>��±��@�� DQG�/LVWHULD� >��@�� 7KHUHIRUH�� *$3'+� LV� DOVR�
likely to be upregulated in response to carbohydrate 
starvation. In /�� FDVHL�� HQRODVH� DQG�*$3'+� LGHQWL¿HG�
on the bacterial cell surface correlated with acid stress 
FRQGLWLRQV� >��@�� ZKLOH� LQ�L. rhamnosus, these proteins 
ZHUH�LGHQWL¿HG�RQ�WKH�EDFWHULDO�FHOO�VXUIDFH�LQ�UHVSRQVH�
WR�ERWK�KHDW�DQG�DFLG�VWUHVV�FRQGLWLRQV�>��@��)XUWKHUPRUH��

)LJ����� 30)�DQDO\VHV�RI�FHOO�VXUIDFH�DVVRFLDWHG�SURWHLQV�H[WUDFWHG�ZLWK�/L&O�IURP�L. rhamnosus FSMM15
06�VSHFWUD�REWDLQHG�IRU�EDQGV���DQG����LQGLFDWHG�E\�DUURZKHDGV�LQ�)LJ���%��DUH�VKRZQ�LQ�SDQHOV��$��DQG��%���
UHVSHFWLYHO\��0$6&27�VHDUFK�UHVXOWV�DUH�LQGLFDWHG�DV�LQVHWV�LQ�WKH�¿JXUH��%DQG���ZDV�LGHQWL¿HG�DV�$73�
ELQGLQJ� FDVVHWWH� WUDQVSRUWHU� VXEVWUDWH�ELQGLQJ� SURWHLQ� �JL������������ZLWK� D� SUREDELOLW\�EDVHG�02:6(�
VFRUH�RI�����%DQG���ZDV� LGHQWL¿HG�DV�JO\FHUDOGHK\GH���SKRVSKDWH�GHK\GURJHQDVH��JL������������ZLWK�D�
SUREDELOLW\�EDVHG�02:6(�VFRUH�RI�����7KH�WKUHVKROG�YDOXH�IRU�VLJQL¿FDQFH�ZDV�����S��������2QH�OHWWHU�
UHSUHVHQWDWLRQV�RI�DVVLJQHG�DPLQR�DFLG�VHTXHQFHV�DQG�WKHLU�PRQRLVRWRSLF�PDVVHV�DUH�VKRZQ�LQ�WKH�¿JXUH��
$PLQR�DFLG�UHVLGXH�QXPEHUV�IURP�WKH�VWDUWLQJ�PHWKLRQLQH�DUH�LQGLFDWHG�DV�VXSHUVFULSWV�LQ�WKH�VHTXHQFHV�
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1H]KDG�HW�DO��>��@�GHPRQVWUDWHG�WKDW�ODFWREDFLOOL�VWUDLQV�
UDSLGO\�PRGL¿HG�WKHLU�VXUIDFH�SURSHUWLHV�E\�XSUHJXODWLRQ�
of these glycolytic enzymes in response to changes in 
pH. However, the molecular mechanism of transport of 
moonlighting proteins onto the cell surface is still unclear. 
&HOO� YLDELOLW\�RI�)600��� VLJQL¿FDQWO\�GHFUHDVHG� DIWHU�
lysozyme treatment under our experimental conditions, 
DQG�KHQFH� LW� UHTXLUHV� IXUWKHU�H[SHULPHQWV� WR�FODULI\� WKH�
original localization of the extracted GAPDH.

In conclusion, the results of this study unraveled 
favorable prebiotics for the potential probiotic L. 
rhamnosus FSMM15. L. rhamnosus FSMM15 
SUHIHUUHG� PLON�UHODWHG� SUHELRWLFV�� *26V� DQG� /1%� ,��
UDWKHU� WKDQ� SODQW�RULJLQ� SUHELRWLFV��')$� ,,,�� )26V�� DQG�
5$)��3UHELRWLF� VXSSOHPHQWDWLRQ�KDG� OLWWOH� HIIHFW�RQ� WKH�
YDULDWLRQ�RI�FHOO�VXUIDFH�DVVRFLDWHG�SURWHLQV�RI�)600����
whereas energetically starved conditions enhanced the 
H[SUHVVLRQ�OHYHOV�RI�$%&�6%3�DQG�*$3'+��ZKLFK�ZHUH�
PRVW�OLNHO\�H[SUHVVHG�RQ�WKH�FHOO�VXUIDFH�WR�SURPRWH�WKH�
chance to capture carbohydrates in the surrounding area. 
Therefore, GOSs or LNB I consumption is unlikely to 
KDYH�DQ� LQÀXHQFH�RQ� WKH� LQWHUDFWLRQ�EHWZHHQ�)600���
DQG�LWV�KRVW�YLD�FHOO�VXUIDFH�DVVRFLDWHG�SURWHLQV�
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