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Abstract

Demand for the development of non-antibiotic growth promoters (AGP) in animal
production surged in recent years. However, elucidating the specific mechanisms and
action of prebiotics, probiotics, and synbiotics as non-AGP in animals is still in
progress. This work investigated and compared faecal microbiotas of weaned piglets
under the administration of a basal diet (CON) and with prebiotic lactulose (LAC),
probiotic Enterococcus faecium NCIMB 11181 (PRO), or their synbiotic combination
(SYN). Although prebiotics and/or probiotics in the diet significantly increased
alpha-diversity compared with CON values, no differences were detected in richness
and diversity values among the treatment groups (LAC, PRO, and SYN). At phylum
level, the Firmicutes to Bacteroidetes ratio increased in the treatment groups in
comparison to the CON group, and the lowest abundance of Proteobacteria was
found in LAC group. At family level, Enterobacteriaceae decreased in all treatments,
especially more than 10-fold reduction in LAC group compared with CON group. At
genus level, the highest abundance of Oscillibacter was detected in PRO group, the
highest Clostridium in LAC group, and the highest Zactobacillus in SYN group; the
abundance of FEscherichia was lowest in LAC group. Clustering in the DAPC plots
illustrated distinct separation of the feeding groups (CON, LAC, PRO, and SYN) from
one another, showing that microbial communities had different compositions
according to different feed additives. Effects of LAC and PRO treatments on the faecal
microbiota suggest independent mechanisms; nonetheless, the impact of SYN might
also be distinct from that when each are administered singly as LAC or PRO.
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ME

A0 W AAlele 92 AXHERE ofe}, SEC] Aol S A= 8 89 F9 siUE Q14
a1 Qltk(Valeria and Francesco, 2015; Coreen and James, 2012; O'Connor et al, 2014;
Mao et al, 2014; Lallés et al, 2007: Richards er al, 2011). &, o] £Aok= v|AgEo] gt
AE oA AT 2HN, 550 dA 24 I HYS 2-ot(Hemarajata and Versalovic,
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2012), B9 IEE BolstH(O' Connor et al, 2014), &5
o] Aot iAol B = A2EE ¥EA SItKRichards
et al., 2011). E3t, FFo] A2 Qobd AH(Kim er al,
2011), Ao](Yan er al, 2013), os{Pajarillo er al, 2014a) %
A (Unno er al, 2015y ZEZE Tzt QRlE0] <59 &
W #3ol FFe T A0E Rl v Qltk ol A=
< QIZHERE of2h, FEY] AW o E A4 I TRste
- 83 FA= R4 Qltk

HA= A she el FUjle] A4F AEFH A AlHA =
(Lalles et al, 2007. Pluske et al, 2009; Bomba et al,
2014), 53] A=Y ol Mo AU #Fo] AT ks yet
Y= Aoz a4 v QltKLalles er al, 2007; Pajarillo er al,
2014a). ol olFo= A& G thFet 8110 23] FidEe]
W7 dojum, ojAlo] Hjx]9] A7 & Ao FFE A €
o wEbA, AU S HA19] Aol 37841 HFe R RSt
7] 915 thefdt o] @ A0} majHlo] QEA AAfEo] A
wo] o, ol F3f Al 512 4o 7t WL Al A,
HAE I 5= Solo] HAY A A3 3t & A ST
of I3t {IEo] HUEQtHHemarajata and Versalovic,
2012; Kim and Isaacson, 2015; Konstantinov er a/, 2004;
Krause er al., 2010; Lee et al, 2012: Guerra-Ordaz et al.,
2014; Sattler er al, 2014).

159t probiotics®} prebiotics”} AU w0l 1A= IS A
F517] Y3l culture-dependent’} F& AREE0] £Eo™, o]Q]o]|
I quantitative PCRY} denaturing gradient gel electrophoresis
v 58 olgsto] AE Y thLee er al, 2012; Martinez
et al,, 2012; Guerra-Ordaz et al., 2014; Sattler er al,, 2014;
Pajarillo et a/, 2015a). 131} o]#fst AFHHEL A o3

o] 23] QREat o S 9] TR, AAJ] A7IALEATHS

16S rRNA gene pyrosequencing¥ bioinformatics 7|#< &
BN H Y 452 ANHoR EAT = Q0N T §&
o= U w#Fol Wt A7t 7Fsshd Aol

B AoMe 2l 98 EAE 71X Enterococcus faecium
NCIMB 111813} prebiotic lactulose® FoJ3t o] qA=9] &
= AFRE Sofl, #5Y B F oS A A7IA SR
HQl pyrosequencing 7O & H|u EA5M%t.

ERIRTE

NS HX Y ASEY
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S YT o] FAI7I(45%)7t TLe F 797 HAE ARESHL
o, 717k H(pen)oll AFEA BRI 5 25 59 2 ZiAI
G 5 Aol7h HAYSHA] s ojmgh AR H7HAIY RS
A7FolA] 2 712 ARE TS Foloiditt. 1+, 7 5
control IE{(CON; n=15), prebiotic(lactulose) TE{LAC;
n=15)(Chae et al, 2015), probiotic(£nterococcus faecium
NCIMB 11181) IE(PRO; n=20) (Pajarillo et al, 2015a),
synbiotic(lactulose+Z. faecium NCIMB 11181) IE(SYN;
n=29)0& Wiro] 257 FolAdHS Aottt Probiotic @5
ol £ faecium NCIMB 11181 (Lactiferm®; Chr. Hansen,
Nienburg, Germany) 1.0x10° colony forming units(CFU)/
Al kg 508 FoJ3191, prebioticC& AREH lactulose?]
8% 5 g/t kg 20 & Fofolqlnh. EAF & ¥ = 27
25T, 60%= fAIsHAt

2HAR| xHF

o] AR A F 23059 25) HAlstglon, 257k
7|2AMR, lactulose T . faecium NCIMB 111818 371t
AEE Fogt ol gAY FES AEste] £ At
33 Bele Zutg ofo]AukAd] o] 10T o3} ALA S
fABIY e, 7Hseh wE A)ZE Yol oy Ago] ARgstoith

Metagenomic DNA2| £2|

AFRE ol FAR=S] BRI A 4 RS IHE ¥9T &
Q= DNAZ 7] 9Jal B 3] 5 3 Az o|tfo] UltraClean”
Fecal DNA Isolation Kit(MO BIO Laboratories, Carlsbad,
CA, USA)E Argsto] B Y u]AE9] metagenomic DNAE
223519t Pajarillo et al, 2014a, b). EHo|A &3t me-
tagenomic DNAE UV/Vis spectrophotometer(Mecasys,
Daejeon, Korea)E ©1-83t0] 5ot =5 gRlsiolon, &
St metagenomic DNAY 1.5% (w/v) agarose gelo] A7]9=
< &oto] DNAY| S HS5I3IH. 16S rRNA §-34 PCR&
53l DNAY PCR Asf=d9] f75 ZRIsHirh

i #&2| 16S rRNA XM 2M

W #F 44 99 16S rRNA #7844+ high-throughput
719l pyrosequencing 7]&& o8ttt 16S rRNA
Ak hypervariable region?] V1-V3 regiong EHOE J&
3to] Roche 454 GS FLX Titanium H](454 Life Sciences,
Branford, CT, USA)E ol&st] W W 432 Ao

X B ME

ZE |
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(Jeon et al, 2013).

=24 0ME 78 B

Roche 454-pyrosequencerg &l ¥4% 7+ Al&2] DNA A¥
%014 quality checkings &3l 300bp ©I5I] AlEALY HIFE
£ AASHI. E3L, chimera AIEAE HlolE £4 T2
Mothur9] Bellrophon ®'HO& A|A3t &0 (Schloss et al,
2009), HFHOE Wit 477bp A= AWAES Sl £A]
o] A83t9tt. Operational taxonomic units(OTUs)= 97%
identity threshold® cd-hit programe ARg3le] BA5HICtH
(Li and Godzik, 2006). Taxonomic ranking®} classification
2 EzTaxon-e databaseE ©]-85}19] cut-off value {(species(x
> 97%), genus (97% > x = 94%), family (94% > x = 90%),
order (90% > x = 85%), class (85% > x = 80%), and
phylum (80% > x = 75%)} 7€l W} EHF5IHHChun er
al, 2007).

H o] 2Ask: e dbdet FHEE Mothur(v.
1.32.1) Z2IHE o83l > 97% 59 7I150= St
o}, ZF J57t) s old(Simpsond} Shannon Al 35
Z(Chaold} ACE A$)9 {94 BAL Kruskal-Wallis test
(kruskal.test {stats}) BHE AR&sto] AAIGFHTH p<0.05).
S, EABAL R software(v. 3.1.002 ©]-&3}o] AA519] 0,
7 579 A Blge] ottt fed E42 One-way
analysis of variance (aovicar}), post-hoc 42 Tukey's
test(TukeyHSD {car}) W& ARSIt AtizQl B+ 327}
0.1% oJAQl nAE &2 A9l square root (sqrt {base})

S 08510 normalization A1Z1 Fof|, AME7F SAEH £

AAol= Bray-Curtis dissimilarity®} Buclidean distance®
(vegdist {vegan}), A%H RHEHAE= ‘average’ YILEH
(hclust {statshZ AFE3IHCE. Heatmap plotS (heatmap
{vegan}) & ol-&sto] UERHIT.

E3 Adegenet 71215 o]-&5lo] WAE &3t vP¥E OTUO5%
identity cut-off)9] ThHZF EAE AHAISIE1(Jombart and
Ahmed, 2011), TPz 4 A3R= DAPC plot(scatter {ade4))z}+
canonical loading plot(loadingplot {adegenet} 22 YERHILY.

g

PyrosequencingS $Igt metagenomic DNA2| Z2|

EH MEZHE FE3F metagenomic DNAE agarose gel A
71952 Botod DNAY AHE ASotyer(data now
shown), pyroseqencing& DNAZHFE 16S rRNA 4749 &
Zo] 7h53t A] oRE PCR WRoZ APdo] ER1gko 2K (Fig.

1), pyrosequencing® 93t PCR A3EZo| ZA5H4] %422

Pyrosequencingst DNA reads

ol-fARE HHol A gt ZF DNA Al&E pyrosequencingdt 2
3}, 7+ 359 B read £ CONIE 5,350, LACTIE 6,678,
PROZE 4,907, SYNIE 7,1957H2A] (Table 1), BAEA]
FE3t AR AR Hsirt.

0= CiFEX 24

g Y OFd AeE vl E4s617] flste] alpha-
diversityS 435I tHTable 1). £ A1EA dlo|g7} A3 744
=9 TE 24 T = J=AE s Hall, 97% A

Table 1. Pyrosequencing data and diversity indices of the faecal microbiota of each group of pigs.

TOE;' rr;:r;]:er N‘:)”}tl’j;)of Chao1? ACE? Shannon” S(';'jgj?,”
CON (n=15) 80,251 669 810 1,067 451 (4.02, 5.15) 0.958 (0.890, 0.985)
LAC (n=15) 100,172 735 1,472 1,992 5.06 (4.24, 5.57) 0.977 (0.958, 0.989)
PRO (n=20) 98,156 853 1,376 1,744 5.21 (4.09, 5.68) 0.980 (0.922, 0.990)
SYN (n=29) 208,660 897 1,335 1,740 5.23 (3.74, 5.73) 0.979 (0.893, 0.991)

This table was modified from the data of Chae et al. (2016).
" OTU, operational taxonomic units.
2 ACE, abundance-based coverage estimator.

9 Calculations were generated using CD-HIT with an OTU definition between 97% and 100% identity cut-off. The median values represent
non-parametric statistical measurements. All parentheses depict the range of values from lowest to highest in each group.
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Fig. 1. 16S rRNA gene amplified from metagenomic DNA.

4 7leesg ARHE OTUst A|EA ZEE ARESHY
rarefaction curve® UEPH ZA3H= Fig. 2004 B vk} 2o,
AL BEL7L S7FESE Tt dakeiAls AE E 5 AN
o}, mEbA, 2 AJEA lofels £ A ARE HAES] nE
TS FES] T 4 Qs AR ¢ 4 U 2, F
SRS YElll: abundance coverage estimate(ACE)2t
Chaol A& ARt 23}, CON 15| Blslo] LAC I8, PRO
I%, SYN I8°] 9408 F Rt 22 A T &
AALH(p<0.05), E3] LAC 2ol tHE IFE Hlste] & &
FIE(ACE, 1992; Chaol, 1472)7} 7V & @& Uehdigith

1200

1000

HCON
2 uLAC
3 PRO
= 5SYN
Q
£
-
z
0 5000 10000

Number of sequence reads

Fig. 2. Rarefaction curves of pooled pig samples with an OTU
definition at 97% identity level. This figure was modified from the
data of Chae et al. (2016).
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(Table 1).

% oS Yeh= Shannon¥} Simpson A4~ LAC I, PRO
I3, SYN J55°] CON Il Hlsio] Jdidos w2 e wdd
= AR om(Table 1), 7F¥ =& Shannon A%:¢} Simpson A5-&
7R Y= TFL Z7F SYN T15(5.23)3, PRO 1320.980)°131
t}. Probiotic E+= prebiotice FoI3t I5 7|2ART FoIsh
CON T Hlsle] thef/d2l4(alpha-diversity) 7t o140 & F
7RE Z& ERIF 4= Q9o CON IFE A9t Al IHIAC,
PRO, SYNAPlol= T/ A14=9] 214 Aoli= giltt.

&

S #F 2T H[W (Taxon 7[H

fibt E= SEEAS Foith olfAkE EHY] o REL
+ EzTaxon Ho[HH|o]AE 7|E 08 EASIIt) BE0H4]
A % Phylum(®) SACIA ol A= 29 Y] #3 &4
oA 2Fof AFglol Firmicutes ®¥ Bacteroidetes
90% oS XAJot¥ oM, Firmicutes : Bacteroidetes H]
LAC T1&0°] 3.398A] tE Al Z1E5 vlste] foj8 o= 7}
2 235 Yefidcth. E3 F2 Heddto] ol &9
Proteobacteria £2] ¢ LAC 75, PRO &, SYN g4l
+ achs AEFE HAoH, 53] LAC 1504 7P 22 A
A BERE VeI

SHH, Family(@) GAIA B8 W F3REEE 24T 25, 11
Foll AF¢le] Ruminococcaceae 2} Prevotellaceae 7} 9F
40% olfe] BHE=E VERYQIt) E3E Enterobacteriaceae 3,
Veillonellaceae ¥}, Lactobacillaceae @}, Lachnospiraceae
H7F 38 Family@hE SA6kL A2 & 4= AHFig. 3). #
Q]S ol xZs= Lactobacillaceae ¥e] EEXE= LAC 11
$(9.20%), PRO T1%&(7.97%), SYN 1&(13.8%)°] CON 1%
(5.67%)°1 Hlsto] AriH o0& =3UtH(data not shown). RHH,
Slae @ol ZFekal Ql= Enterobacteriaceae IO 7%,
CON I&(10.1%)°] LAC 1&0.99%), PRO 15{(2.35%), SYN
T53.57%)°0 Hlst] wle- w2 $AE YERIE.

AESH] 57 DA 5 genus(&) AN #4352 EA%F 43t
24 99719] mBE o] EAHE RISl o] FolA 53
Prevotella %, Lacrobacillus 4, Oscillibacter %, Clostridium
& Fscherichia 2 557t 1.0% Vo224, o] A= A
T8 £UZ &+ A 74 IFE= Hladt 23, PRO I
ME Oscillibacter <, LAC Z159\XE Clostridium 4, SYN
IFoNA= Lactobacillus °] T 15500 Hlst] £2 FF
TE Yehiglod, dutxog WX HFog A Escherichia

>

i
o M0 My Mz B

EEE

0]

—_

e ule rruilo

o
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60%

60% s
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40% 30%
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10% 0%
0%
CON LAC  PRO  SYN

8 Ruminococcaceae i Prevotellaceae

& Firmicutes Bacteroidetes 1 Enterobacteriaceae W Veillonellaceae

% Proteobacteria Ill Tenericutes % Lactobacillaceae N Llachnospiraceae

B Other phyla # Other families

Fig. 3. The relative abundances of sequences at the phylum (A) and
family (B) levels. The EzTaxon database was used to classify the
taxon groups. Mean relative abundances were calculated from all
samples in each group. This figure was modified from the data of
Chae et al. (2016).

42 CON I5°lA 7P 2tal, LAC IEIAM 7P W2 23

=5 UehglckFig. 4).

SHH, O87He] mE EXZTE Discriminant analysis of

principal component(DAPC) B og B3t Az} 72+ 1548
ot APEA A, clustering®= 20 & Hol, fikt T

/4 HEEAE Fojold oA feHoE AR HE =

T3S Aok Ao AHEItkFig. 5).

JEe #E B2k HW (OTU 7|

Color Key

Low [ [ X +igh

1 3 5 7

Prevotella

Escherichia
Lactobacillus
Clostridium
Oscillibacter

CON SYN LAC PRO

Fig. 4. Differentially abundant bacterial genera among the CON, LAC,
PRO, and SYN groups. The heatmap shows the 5 abundant genera
(>1% mean relative abundance) after normalisation. The normalised
levels of abundance are depicted in the color key. This figure was
modified from the data of Chae et al. (2016).

OUTe 7]8ksto Z+ 159 UV&% EXLE E43 23 CON
253,

%, LAC 1%, PRO 15 ¥ SYN 1A Z7t 287,
335, 338709 OTU7} AZE|Sit. ol & ¥l tholoj 1#E Foto]
EA3 A3, & 3977019 OTUS 21709] OTUZ} core OTUYS
215t tHdata not shown).

g, ZF JE7e] % £ AJolof e = OTUZL FAYUA
£ peak? £0]& &TFE= canonical loading plot2 0]-8-5}0]
EAg A3 DQI05455_g, AM406061_g, EU259447 g & 3

7R9] wlsAE OTUZL 15719 % &olol| 7M & 9L =
Aoz yehton 1 FoA DQI05455_g2 AM406061_g=
core OTUAIAE 2415193tk EU259447_g OTUE LAC 1&°]
A 7P =2 182 YERYYtidata not shown).

%
Prebiotics ¥ probioticsE §&2] 7733 A4Hd ol 9
g 9gke sty HuE 1 QekKrause er al, 2010; Martinez
et al, 2012; Guerra-Ordaz et al, 2014; Sattler et al,
2014; Umu et al, 2015). E AFAE= lactulose &} £
faecium NCIMB 11181 ¥5& Z+Zt Fo5t9E oot =5 F
ofsli= o Yehhs HA £¥ #3Y ndE o £

£ high-throughput pyrosequencing ¥'#< S50 H|ws}t

OCON

OLAC 4
APRO A
OSYN A‘A‘

P2 - Percent variation explained 16.0%

P1 - Percent variation explained 48.9%

Fig. 5. Clustering of the faecal microbiota of the piglets of week 0
(hollow) and week 2 (solid) the group. The DAPC plot was created
using the 33 differentially abundant bacterial genera as variables.
Total 79 of samples belonging to each groups (control, CON, H;
prebiotic lactulose, LAC, @; probiotic E. faecium NCIMB 11181,
PRO, A; symbiotic, SYN, @) are depicted as symbols. This figure
was modified from the data of Chae et al. (2016).
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At
A, FANFL lactuloseE Folskd 4 n|AE Ephyla), 2
(families), €{genera), 183 OTUsS] 47 X =7} G494
o g Wkl £3] LAC IE°IA Firmicutes/Bacteroidetes
Hl-&9] -2 Z71= lactulose”} Firmicutes &0 &3+ G4 1]
e 159 3412 X0 EH B} A4 ATe] ookl tiat
A5 HaE 1T 5 A2 AAR} (Hooda er al, 2012;
Sattler er al,, 2014; Umu et al, 2015). oA 9] AZAu}o] 9
51, lactulose F7HAI7F =4l & 7HERolA Ad4E, O A4
A 9 uPE 5 ZI7MFItEE Aol B 8 itk (Fleige
et al, 2007; Cho and Kim, 2013; Zheng et al, 2014a;
Calik and Ergiin, 2015). T3}, lactulose= Y] B]YE ThFA
< 37HA1713, lactobacilli €} clostridias #3619 Firmicutes
2ol ok U2 HYEEY 442 X519 (Konstantinov
et al, 2004; Mao et al, 2014).

Family(@) @ANA E43 A3}, synbiotics ZLF°A] Lacto-
bacillaceae 7} 7V 5513t Lactobacillaceae ¥ Ui
oA A AFAE, £5] acetate, propionate ¥ butyrate®] 45
S I/ ®Ba" vk Qlck (Hooda er al, 2012;
Guerra-Ordaz et al. , 2014). &, E. faecium NCIMB 11181
% lactulose®] BAF0= Lactobacillaceae ] 434S &
sk B4t B SR P43 AARRIT g, =X
A% faist g3E& v|AE  Enterobacteriaceae L
Veillonellaceae 9] Hl&o] H= Aol #Asti=d], ©]
23t A2 55 AAMoll 3797891 ¥R il Aos Fgd
(Pluske er al., 2009; Krause er al., 2010). Veillonellaceae=
HIQIF 7 9 GI e At opdzh, 78w 2 gu g4t
Tt 2ujelr B E o] 9lo] Veillonellaceaed] TAE HA] A
7o) 342 JFL £ 4 AUt Bajaj et al, 2011; Gevers
et al, 2014).

Genus(%) TACIAE, BE H2jollA Lactobacillus 01 7t
Fom, E3] synbiotics LEFA 7P & HIES VERAIT
ol FoIdt At lactulose”t ARA Ee HHCR
Lactobacillus 42| & ZX5HH, 5T 74| A&o] AlvA] &zt
£ Y= Aog A=A (Btzold er al, 2014; Johnson and
Klaenhammer, 2014). 38, td<t9] = B Aol &
As| Aaolgl=t], £ o] Bk HEEA FojolA 7MY F
THAA YETh ol F A=A HEEAE G Aol
F= R ABAA E coli K88} & Escherichia 7+ A3t
I B oM A1AIER Xttt (Konstantinov et
al, 2004; Krause et al, 2010; Guerra-Ordaz et al, 2014).
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IZEHPO| QYA Ei= ZPH[o| QEIAS] Fojo o3t AFjn| e
Hslof Tl o]He] ArLAIEL hRE culture-dependent ¥
ol ojEgto 24 A 44| vlYE ol ek Ikt wEet
= o, ZA A7IAE EAEPH ot S =AY
2 A=) AGkA]] FEE TR 4= A = ol
HAHPHE o a9t 4 A A gE vE, dlE 50 =R
Hlo| QEA TIFIM 7H} w2 $£F0 8 BIEIL Mirsuokella <
I 22 nPEe] et R vl FEokn, 25 ofZet ndE
o] EE = HEZA At U A7l Qloixl el A4
2l o] tisiA = ol & U= AHolth

OTUel 719kt BAIL ofA7HA] BRE]A| b2 H2 vdE
AES 2goto] U 52 WskE T 4= = ol o
WS SOl Wt Aat, o7k BREA] 92 Al OTUs7 =
A AFZE Aol & FFE 717 ACE YEHTh 11 FollA
EU259447_g = lactulosegoiet et #eo] Q= A oE
Elgt=t), o] OTUY Eubacterium coprostanolignens®; 77t
L Aoz ZOIx|9tidata not shown). ©] 5= inulin,
lactulose®t 72 URAY o3t Bt =2 dWdE 7
Clostridium cluster VO] £&3FKSattler er al, 2014). Z&|8}
O|QEA Ti= TEHP|QEA Foiet £ coprostanolignens 2
29 A A7date] ATAATE o AEAA AT A=A
A} 7152 o]l thet oJsi=rt t1& Eobd Zlolt.
AEZXO0Z lactulose®t £ faecium NCIMB 111819] ©=EFod
Aoz itEe] sk 344 0E RS9l F 7HKE &
Alo] FoiT 9] B & HSE feoiyth &, i A1 ¢
1 23R 594 B Y vAYUSS B0 Aol HE 2

fial

E =82 Microbial Biotechnology (9(4), 486495, 2016;
doi: 10.1111/1751-7915.12370)°l A =5 7|22 o}
ZAstoH, 2 g2 PR Axsl) vy
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